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Abstract: A composite material comprising expanded polystyrene (EPS), granulated tyre rubber
(GTR), and a compatibilizer is demonstrated as a possible replacement for fine and coarse agglom-
erates in mortar and concrete systems, respectively. Two different polymer blending processes
(solvent/low shear blending and melt/high shear blending) are used, and the resulting composite
material utilized as aggregate to replace sand and cement for mortar and concrete block development.
Critical properties such as workability, compressive and flexural strengths, water absorption, bulk
density, and porosity are measured before and after aggregate replacement. The novel compos-
ite material led to significant improvements, boosting compressive strength by 7.6% and flexural
strength by 18% when sand was replaced and further increasing compressive strength by 22.2%
and flexural strength by 5.26% with cement replacement. However, a decrease in compressive and
flexural strength was observed when plain EPS and plain GTR were used separately as aggregate
replacements. This work proposes a pathway for the successful reincorporation of difficult-to-recycle
materials such as EPS and GTR, otherwise destined for landfill, back into the supply chain for the
construction industry. Moreover, this research represents the first reported work where the overall
properties of mortar have surpassed those of standard mortar when substituted with recycled EPS
or GTR.

Keywords: recycling; sustainability; expanded polystyrene; granulated tyre rubber; blending; mortar;
concrete

1. Introduction

The rapid increase in global population over the past few decades has greatly enhanced
the demand for raw materials [1]. This high demand has consequently increased the raw
material cost [2], thus necessitating a sustainable material solution. An optimal solution for
this crisis is to utilise waste material from other industries as raw material in the construc-
tion industry, thereby achieving the dual outcome of waste recycling the waste/closing the
loop and addressing the raw material demand [3]. The prime example can be the use of
resilient and environmentally friendly structural elements for the construction industry [4].
This includes the use of geopolymers [5], recycled steel [6], bamboo [7], hemp [8], and more
importantly, recycled plastic composites [9]. However, it is very challenging to achieve
properties comparable to existing materials using raw waste materials [10].

Thermoplastics such as Polystyrene (PS), Polypropylene (PP), and Polyethylene (PE)
are among the largest parts of landfill waste worldwide [11-13]. PS. in its expanded form
(EPS) is widely used in the packaging/insulating industry and is difficult to effectively
recycle due to its brittle nature and very low weight-to-volume ratio [14]. Per estimations
conducted in [15], 14 million tons of EPS are produced worldwide annually, with most of
the EPS produced going to landfills, leading to serious environmental concerns. Recently,
there has been a concerted effort [16] to use this EPS waste for construction applications
due to its inherent high thermal insulation, low weight, high durability, and low moisture
absorption properties [17]. For instance, Menezes et al. replaced 20-40% of sand with EPS to
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develop mortars and studied physical, thermal, and mechanical properties. They managed
to enhance water absorption, but a significant drop of 50% in compressive strength was
observed [18]. In another study, A. Milling et al. explored the full replacement of cement
with EPS paste in acetone as binder. Compressive strength decreased massively from
10.96 MPa to 0.9 MPa, but was enough for masonry construction [19]. However, these two
studies show a significant drop in compressive strength, which can be due to the EPS’s
inherent high porosity and brittle nature [20].

Another material that has been explored for a similar purpose is granulated tyre
rubber (GTR). GTR waste management is another big issue currently facing the world
due to the increasing usage of automobiles. Around 1.5 billion tyres are being produced
annually around the globe [21]. Landfilling discarded tyres can postpone the issue but
raises problems for the environment in the future [22]. Using GTR waste in the construction
industry possesses a lot of potential, and researchers are focusing on resolving the chal-
lenges [23]. Particles/crumbs of GTR have natural elongation and can provide the structure
with some required flexibility [24]. One of the biggest challenges is addressing the inter-
facial interaction between the relatively hydrophobic GTR and the relatively hydrophilic
materials comprising civil raw materials [25]. The interfacial tension and consequent low
adhesion reduce the workability and compressive strength of the fabricated civil structure.
Recently, M. Sambucci et al. replaced 50% sand with GTR to develop lightweight concretes.
Flexural strength and compressive strength dropped significantly, which was due to the
low interfacial interaction of DTR with cement [26]. A relatively facile way to reduce
interfacial tension is to treat the surface of the GTR [27], but that itself reduces the inherent
properties of the GTR and further adds a step to the overall process, thereby reducing the
process economy.

There have been several efforts to incorporate both EPS and GTR in concrete and
mortar structures. The previous literature suggested that much of the work uses the EPS
and GTR separately, with no blending being conducted. A more convincing methodology
is to fabricate a composite aggregate that can enhance the interactions between GTR and
civil raw materials while still maintaining the overall mechanical/ductile performance
of the GTR [28]. By fabricating a composite comprising EPS and GTR, potential material
synergy can be created whereby the interfacial interaction can be improved and the inherent
brittleness of the EPS can be reinforced.

Also, most of the work uses both the GTR [29] and EPS [30] as replacements for
sand [31], but there are examples where the EPS [32] and GTR [33] replace coarse aggregate
(gravel) and some rare examples where cement is replaced [34]. Mostly, the use of EPS and
GTR as aggregate generally results in a net reduction in compressive and flexural strength;
there are works wherein this drop is not prohibitively high (being of the order of 10% as
compared to the control specimen) [31]. However, the porosity and water absorption trends
are a bit more unpredictable, as both an increase and a reduction are possible depending
on the system explored.

Considering the definite lack of work in using a blend /composite of EPS/GTR as an
aggregate material for mortar/concrete in the available literature, we have, in this work,
successfully developed a composite aggregate comprising EPS and GTR. The effective
reinforcement of EPS with the GTR phase and, therefore, an attempt towards generating
material synergy is aimed at. In this regard, a thorough analysis of the properties developed
in both mortar and concrete is conducted, and the case for more sustained use of the
developed composite aggregate is presented. For the first time, using EPS and GTR,
we have improved compressive and flexural strength without any treatment to the raw
material. This paper demonstrates that blending EPS and GTR can help in reinforcing
mortar and concrete structures. All existing literature uses either plain EPS or plain GTR,
and in both cases there seems to be an overall trend towards property reduction. In our
work, there is a categorical improvement in properties without sacrificing on other critical
facets such as workability and bulk density, amongst others.
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2. Materials and Methods
2.1. Raw Material Details and Compositions Made

Recycled expanded polystyrene (EPS) was sourced in the form of shredded foam
pieces (Figure 1a) with a density of 0.026 + 0.01 g/cm? from Polyfoam Australia Pty Ltd.
(Dandenong, VIC, Australia) Frubber Pty Ltd. (Mount Waverley, VIC, Australia) provided
the granulated tyre rubber (GTR; Figure 1b) with a 300-600 pum particle size range and a
density of 0.50 4= 0.01 g/cm?. Styrene-Butadiene-Styrene (SBS; Figure 1c) block copolymer
(a compatibilizer) with a density of 1.04 g/cm? was supplied by Merck Australia. Acetone
and Toluene (>99.5%) were also obtained from Merck Australia for solvent blending of the
samples. General-purpose cement, fine-washed sand and coarse aggregate were purchased
locally from C. Fulton Pty Ltd., Cheltenham, Victoria, Australia, and marble was purchased
from Barossa Quarries, South Australia, Australia.

Figure 1. (a) Recycled EPS, (b) GTR, (c) SBS compatibilizer.

2.2. Fabrication Methods

Two different methodologies were used to develop composite aggregate mixture:
solvent blending and melt blending.

2.2.1. Melt Blending

In melt blending, pre-melted EPS, GTR, and SBS were first mixed with the specific
ratio (Table 1). The mixed raw material was then fed in a Haake PolyLab QC 3'400V/N/PE
32A (Filabot, USA) for 12 min at 190 °C using 60 rpm rotor speed (Figure 2a—c). The dough
made, as shown in Figure 2¢c, was then shredded using a Wittmann MASI granulator
(Vienna, Austria) to reduce the size of the composite aggregate (M; Figure 2d).

Figure 2. (a) Dry mixing of EPS, GTR and SBS (b), batch mixing (c), output dough of batch mixing,
(d) shredded material.
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Table 1. Blend compositions explored in this work.
Sample Code EPS (wt%) SBS (wt%) GTR (wt%) GTR/EPS Ratio (%)
Melt blend (M) 70 10 20 28.6
Solvent blend (S) 70 0 30 42.8

2.2.2. Solvent Blending

In solvent blending, firstly, the 70 wt% of EPS was dissolved in toluene at room tem-
perature. After dissolving, acetone solvent was added. The weight ratio of acetone/toluene
was 70:30. The 30 wt% GTR was then added in solution to complete the composite mixture.
The mixture was then constantly stirred for 2 h at room temperature (Figure 3a). After-
wards, the mixture was poured onto Al foil trays and dried at room temperature for 48 h
(Figure 3b—c) and crushed into smaller-size aggregate (see Figure 3d).

Figure 3. Different stages of solvent blending of EPS with GTR: (a) Solution mixing, (b) Composite
solution for drying, (c¢) Cured composite, (d) Shredded material.

2.2.3. Mortar and Concrete Mixtures

Two different types of mortar and one concrete mixture were used for investigation.
The control specimens were prepared first for reference, and then 10% of the sand/cement
was replaced by solvent and melt-blended aggregate (Table 2 and Figure 4 for sample
details). The reasoning behind the replacement of sand and cement by waste plastic is the
substantial environmental benefits in terms of preventing sand over-dredging, as shown
in [35], and remediation of greenhouse gas emissions, as shown in [36]. In all samples,
raw material and aggregate were mixed in a planetary mixer (Hobart N50 3-speed, C-2251,
Tianjin, China) for around 5 min. Water was poured into the mixture during mixing. A
perfectly blended paste was cast in steel moulds and placed at room temperature (24 h) for
hardening. After 24 h, samples were demoulded and were cured in water for 28 days for
curing (see Figure 5).

Table 2. Compositions and sample names.

Coarse
Composite Composite o Fine Aggregate Water
SampleName o oregate Type  Aggregate (wt%) ~ Coment (W) Ag(fjt‘ff;‘te (Sand) (wt%) (Wt%)
Control (C1) - - 22 - 64 14
10% Sand
replacement Melt blend 7 22 - 57 14
(M1)
10% Sand
replacement Solvent blend 7 22 - 57 14

(S1)
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Table 2. Cont.

Coarse
Composite Composite o Fine Aggregate Water
Sample Name Aggregate Type  Aggregate (wt%) Cement (wt%) A%%::,}g?te (Sand) (wt%) (wt%)
10% cement
replacement Melt blend 2 20 - 64 14
(M2)
10% cement
replacement Solvent blend 2 20 - 64 14
(82)
Concrete
control (C2) ) 17 42 32 9
1% aggregate
replacement Melt blend 1 17 415 31.5 9
(MC3)
1% aggregate
replacement Solvent blend 1 17 415 31.5 9
(5C3)

10% sand replacement shows that 10% sand by weight is being replaced with aggregate and all the calculations in
this table is according to the quantity of sand. Similarly, 10% cement replacement represents to the 10% cement
replacement by weight is replaced with aggregate and all the calculations are according to the quantity of cement.

Figure 4. (a) Dry mix of the mortar constituents viz., cement, sand, composite aggregate and
water, (b) cylinder mould for fabrication of concrete specimens, (c) concrete cylinder obtained post
demolding and 28 days curing in water, (d) blended mortar cast into cube moulds, (e) cubes obtained
post demolding and 28 days curing in water, (f) rectangular prism mould for fabrication of flexural
testing specimens, (g) flexural testing specimen obtained post demolding and 28 days curing in water.



Polymers 2024, 16, 3207

6 of 19

Dry mixing of raw material (Melt blending)

Solution mixing of raw material (Solvent blending)

Batch mixing (Melt blending)
Room temperature curing (Solvent blending)

Mixing of shredded aggregate with cement, sand, and water

Compacting by use of vibrator
Pre-Curing for cne day
Demoulding

Water curing for 28 days

Figure 5. Flowchart of experimental setup.

2.3. Characterisation

The workability of the mortar compositions shown in Table 3 was measured on a Time
Tronic™ rotating /vibrating platform (Manufactured by Vtech, Treviolo, Italy) using the
slump cone method (setup in Figure 6). The mixtures were mixed on the Hobart N50 mixer
(Tianjin, China) for 5 min and then filled into the slump cone. After packing in the mortar
and removing the slump cone, the vibrating platform was activated for 30 repetitions.
Workability was measured per standard ASTM C230 as the difference in diameter of the
slumped mortar pre (100 mm) and post vibration.

Table 3. Workability, porosity, and density of fabricated mortar samples.

Workability Bulk Density (g

Type Sample (mm) cm-3) Porosity (%)
Control 115+ 5 2.032 £ 0.004 8.85 £0.18

Sand Solvent blending 105 + 4 1.816 + 0.011 17.46 £ 0.10
replacement Melt blending 107 £ 3 1.828 + 0.012 17.75 + 2.65
Cement Solvent blending 110 + 6 1.966 + 0.033 9.01 + 0.24
replacement Melt blending 108 + 4 1.947 + 0.014 9.59 £2.26

Cubes of 50 mm x 50 mm x 50 mm were cast and cured for 28 days from all com-
positions detailed in Table 2. These cubes measured properties such as capillary water
absorption, compressive strength, porosity, and density (in triplicate). Capillary water
absorption coefficient (CWAC) was measured by periodically measuring the increase in
mass of the cube samples after immersion in water. The mass uptake per unit area of



Polymers 2024, 16, 3207 7 of 19

the samples was then plotted against the square root of the time in min, and the slope
of the graph was presented as the CWAC in kg/m?/min’>. The compressive strength of
the cube and (for concrete specimens) cylinder samples were measured on a Techno™
mechanical testing machine per AS 1012.9: 2014 standards (Figure 7a,c). In addition to the
50 mm x 50 mm x 50 mm cubes, prisms of 250 mm x 50 mm X 50 mm were prepared to
perform flexural testing using the setup shown in Figure 7b per AS 1012.11: 2014.

N

Figure 6. Workability setup with packed slump cone.

Figure 7. Setup for (a) Compression testing of mortar/concrete cubes, (b) Flexural testing of mor-
tar/concrete cubes, (c) Compression testing of concrete cylinders.
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The Porosity (P) of the cast cubes was measured using Equation (1) [37].
P— [W—Sat - Wd} % 100 1)
Wgat — Wg

In Equation (1), wgt is saturation weight obtained post-curing after 28 days in water,
Wy is dry weight measured after drying the cubes in an oven overnight at 110 °C, and wy
is suspended weight. The overall setup for measuring the suspended weight is shown in
Figure 8. Further, using wy, the bulk density of the mortar was measured.

Figure 8. Setup for measurement of sample porosity.

3. Results
3.1. Workability

The workability results of the mortar specimens are shown in Table 3, and images of the
testing are shown in Figure 9. The control sample possessed a workability of 115 + 5 mm,
which is ideal for a mixture in civil applications [38]. All composite aggregate samples,
including M1, M2, 51, and S2, show workability from 105 to 110 mm, which is a little less
than control but still within the required range. These results show that the inclusion of
composite aggregate does not significantly influence the workability.
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Figure 9. Workability measurements of mortar compositions. (a) Control specimen post measurement.
(b) Melt-blend specimen post measurement. (c) Solvent-blend specimen post measurement.

3.2. Bulk Density and Porosity

The bulk density and porosity of control and composite aggregate-based mortar
samples are shown in Table 3. Porosity plays a critical role in the bulk density of mortar
samples. Control samples had a bulk density of 2.032 & 0.004 g cm 2 with a porosity of
8.85%. The 10% sand replacement samples (both solvent and melt blended) almost show
an identical bulk density, as shown in Table 3. The reported bulk density is 10% less than
control samples, which can be due to a 100% increase in porosity [37]. The increase in
porosity can be due to the size difference in sand particles and composite aggregate. Sand
particles failed to cover spaces due to a 10% quantity reduction. On the other hand, in
cement replacement, more sand particles are present to cover the empty spaces in mortar.
However, it failed to cover all empty spaces due to a 10% reduction in cement particles.
The increase in porosity was reduced to only 10% in the case of cement replacement, which
is why the density of cement replacement samples was reduced to only 4%. These results
proved that sand replacement had more impact on the weight of the mortar and made
the samples lightweight. Moreover, both sand and cement replacement samples were
lightweight, which is crucial for the civil industry.

3.3. Water Absorption

Figure 10a shows that the water absorption increased with 10% sand replacement by
the composite aggregate. This increase in water absorption is due to a high increase in
porosity, as shown in Table 3. M1 possessed more porosity, which resulted in an increased
water absorption than S1. Similar trends were observed in cement replacement mortar, but
the percentage increase is not as much as sand replacement due to an average increase in
porosity (see Figure 10b). These results show that both open and closed pores are present
in the aggregate-based mortars, providing water droplets a pathway to move within. The
number of pores increased in aggregate-based concrete due to variations in coarse aggregate
and composite aggregate size, which increases porosity. More porosity leads to high water
absorption (see Figure 10c). In concrete, solvent blends possess more water absorption,
which is due to the higher size variation. Melt blended composite is more consistent in size.
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Figure 10. Water absorption of (a) sand replacement mortar, (b) cement replacement mortar, and
(c) aggregate replacement concrete.

3.4. Compressive Strength

Compressive strength was measured after seven days and 28 days of curing for all
samples, including sand replacement mortar, cement replacement mortar, and aggregate re-
placement concrete, to study the effects of composite aggregate inclusion in mortar/concrete
fabrication. Four samples were prepared besides the control sample for sand and cement
replacement mortars. The 10% sand replacement compressive strength values are shown
in GTR-based mortar, which exhibits lower compressive strength than control samples,
which can be due to the very low interface interactions between GTR particles and cement
binder (see Figure 11a) [39]. EPS-based mortar also possesses lower compressive strength
than control, but the reduction in strength is about 27%, which was more than 50% in the
case of GTR. It is evident that EPS shows better interface interactions with cement binders
than GTR. However, a 27% reduction in strength can be related to the brittle nature of
EPS [17]. Due to these contrasting problems of GTR and EPS, we produced the idea of
mixing these two materials together so GTR can reduce the brittle nature of EPS and EPS
can hold the GTR together and provide the necessary interface interaction with the binders.
Two different techniques, melt blend and solvent blend, were used, and the compressive
strength of these two samples was recorded against control samples. M1 shows a similar
compressive strength of 27 MPa, and S1 shows a 10% improvement (29 MPa). The 10%
cement replacement mortar samples also show a similar trend. However, compressive
strength increased from 5 to 10% for all samples from sand replacement samples. M2
shows a higher compressive strength of 30.3 MPa from M1, which can be due to the low
porosity of M2 samples (see Figure 11b) [40]. These results prove our theoretical idea
that the synergetic effect of EPS and GTR blends can improve the mechanical properties
of mortars.
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Figure 11. Cont.
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Figure 11. Compressive strength of (a) 10% sand replacement mortar, (b) 10% cement replacement

mortar, (c) 1% aggregate replacement in concrete cubes, and (d) 1% aggregate replacement in concrete

cylinders at different curing periods.

The results in Figure 11c,d show that in concrete (cube/cylinder), there is only a 4%
reduction in strength due to 1% coarse aggregate replacement with composite aggregate.
This reduction in strength was less than expected because it is very hard to replace coarse
aggregate. This shows that composite aggregate can replace 1% coarse aggregate with sand

and cement.
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3.5. Flexural Strength

The flexural strength of both sand replacement and cement replacement was recorded
and compared with the control to further verify the effects of composite aggregate on the
mechanical properties of mortar. Figure 12a shows that 10% sand replacement by prepared
aggregate M1 increased the flexural strength from 3.8 MPa to 4.4 MPa, which is almost
a 16% enhancement. S1 shows even more enhancement (18.5%) from the control sample,
which is quite high compared to the expectations. With the increase in porosity from 8%
to almost 18%, the expectations were that M1 and S1 would lose some flexural strength.
However, flexural strength increased significantly. This shows that our composite aggregate
acts as a reinforcement material and increases the interface interactions between aggregate
and cement, as mentioned before.

(a) Mortar 10% sand replacement |l 4 week

(]

4.5

4.4

N

Flexural strength (MPa)
N

Control Melt blend Solvent blend
Sample
(b) Mortar 10% cement replacement I 4 week
— 6 B
)
S
- 4
L 3.8
D 4l
c
£
()]
g
2k
3
TR
0
Control Melt blend Solvent blend

Sample

Figure 12. Flexural strength of (a) 10% sand replacement and (b) 10% cement replacement mortars.
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In contrast, 10% cement replacement provides almost the same flexural strength for
the melt blend and a little increase of 5% for the solvent blend, which is understandable
(see Figure 12b). Large cement replacement reduced the binding material, so interface
interactions are not as strong as in sand replacement/control samples. However, composite
aggregate by both methods still provides enough stability that M2 and S2 hold almost equal
flexural strength to the control samples.

Moreover, composite aggregate inclusion decreased the brittleness of mortar samples,
which was clearly observed during flexural testing. Control samples were brittle and
broken straightway into two pieces under loading, while composite aggregate-based mortar
samples did not exhibit brittleness.

4. Discussion

It is clear from the results and literature (see Table 4) that compressive and flexural
strength decreased by replacing sand/cement/aggregate with GTR or EPS, which can be
due to the following reasons:

1.  GTR possessed very low interface interactions with civil aggregate and raw materials
due to availability in the volcanized form. Many researchers used acid/chemical treat-
ments to increase the interface interactions but ended up decreasing the GTR strength.

2. EPS shows a brittle nature, which affects the mortar/concrete compressive strength.
Moreover, the high porosity of EPS increased the porosity, which resulted in lower
compressive/flexural strength of mortar/concrete samples.

Table 4. Literature analysis of GTR and EPS use as aggregate in mortar and concrete systems.

Compressive Flexural Water
. Strength Strength Absorption Porosity
System Replacement Details Variation After  Variation After Coefficient Variation (%) Ref.
28 Days (%) 28 Days (%) Variation (%)
10% Sand 7.6% increase 18.4% increase 26.6% increase 97.3% up
replacement
Solvent blend 10% C .
o Lemen 22.2% increase  5.26% increase 3.3% increase 100% up
replacement .
This work
10% Sand Equal 15.8% increase 60% increase 1.8% up
replacement
Melt blend 10% C
o Cement 12.2% increase Equal 13.3% increase 8.4% up
replacement
Sand with 10 wt% 27% drop - 4% increase 4% increase
GTIR
T — [31]
Sand with 7.5 wt% 26% drop - 2% increase 3% increase
EPS
GTR added at 0.6 o N o o
W% of total 7% drop 8% drop 14% drop 2% increase
Mortax EPS added at 0.6 wt% i
added at 0.6 wt% o o o o :
of total 51% drop 53% drop 31% drop 15% increase
53% by volume EPS; 86% drop ) ) ) [30]
no sand
Sand with 30 vol% C
black obtained from 40% drop - - - [42]

GIR
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Table 4. Cont.
Compressive Flexural Water
. Strength Strength Absorption Porosity
System Replacement Details Variation After  Variation After Coefficient Variation (%) Ref.
28 Days (%) 28 Days (%) Variation (%)
Sand with 10 wt% o o
shoe rubber 22% drop 22% drop - -
Sand with 10 wt% (3
and wit wt% o o
SBR. 27% drop 17% drop - -
Sand with 60 vol% o
EPS 65% drop - - - [44]
Light weight
Mortar aggregate with 15% 53% drop 33% drop - - [45]
crumb rubber
All mortar with 25 o
Wit% GTR - - - 40% increase [46]
Sand with 40 vol% o
GTR 27% drop - - - [47]
Sand with 20 vol% 40% drop 32% drop 34% increase - [48]
GTR
Cement ‘ggg 15 vol% 23% drop 19% drop 25% increase - [34]
Sand with 10 wt% o o o
GTR 17% drop 7% drop 9% drop - [29]
Coarse gravel with o
10 vol% EPS 23% drop i i - [32]
Coarse aggregate o o _ )
with 25 val% GTR 16% drop 20% drop [33]
Coarse aggregate o ) . )
with 163 vol% EPs 047 drop [49]
Concrete ;
Coarse and fine
aggregate with 10 - 14% drop 28% increase - [50]
vol% GTR
Coarse gravel
aggregate with 10 33% drop - - - [51]
vol% GTR
Coarse gravel with o "
10 vol% GTR 26% drop i i i [52]
Coarse aggregate o . ) _ .
with 4 wt% GTR 3% drop [53]
Coarse gravel with 7% drop ) } ) [54]

10 vol% EPS

*—7 day compressive strength.

Many researchers focused on improving these properties of GTR and EPS to obtain
more compressive and flexural strengths but failed to increase them from control samples.
However, we mixed these two waste materials with two different methodologies and
developed a composite aggregate in which EPS provides the required interface interaction
with the cement and GTR provides the required flexibility (see Figure 12). Both of our
composite aggregates managed to increase both compressive and flexural strength from the
control samples, as shown in Table 4. It is also clear that future research in this area has to
deal with increasing the level of replacement. While in this work, an aggregate replacement
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level of 10% in mortar and 1% in concrete has been demonstrated to show improvements
in mechanical performance, a more categorical development would entail replacement of
whole or half of the conventional aggregates, i.e., all future research needs to be focussed
on 50% or 100% replacement of the fine and coarse aggregates with the EPS/GTR/SBS
composite developed in this work. Also, it has to be noted that while the solvent-assisted
blending of composite showed slightly higher mechanical performance when used as the
aggregate replacement, its prospects as a sustainable and green alternative are reduced
owing to the use of volatile organic solvents (acetone and toluene). In terms of both
sustainability and scalability, the melt blended approach seems to possess higher potential.

5. Conclusions

This work explores the recycling of two difficult-to-recycle materials, such as EPS
and GTR, in the construction industry. A review of the literature shows that the EPS and
GTR may be used separately and can achieve significant weight reduction for both mortar
and concrete structures. However, the structural properties, including compressive and
flexural strength, are compromised. To counter this, an effective blending strategy was
developed that could achieve synergy by combining the individual positive structural
attributes of EPS and GTR. Two different blending methodologies, viz., solvent and melt
blending, were considered, and the composite aggregate thus fabricated was then used in
mortar and concrete. Irrespective of the blending technique, we managed to improve the
compressive strength and flexural strength of both 10% sand (7.6% increase in compressive
strength and 18.4% increase in flexural strength) and cement replacement (22.2% increase
in compressive strength and 5.26% increase in flexural strength) mortar samples for the
first time without any pre-treatment of the raw materials. Additionally, the bulk density
of all the aggregate-replaced samples was reduced, confirming that composite aggregate
decreases the structural weight, resulting in an overall lightweight product. Moreover, we
managed to maintain the compressive strength for the concrete samples after replacing 1%
of the total aggregate. All these excellent results open a potential avenue for the construction
industry to use a composite of recycled EPS and GTR, and all future work needs to now
focus on replacing whole or half of the conventional aggregate with the EPS/GTR/SBS
composite developed in this work.
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