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Abstract

It is widely acknowledged that beverage consumption generates significant amounts of non-
biodegradable polyethylene terephthalate (PET) bottle waste. It was shown that these wastes could
be effectively incorporated into mortars for the construction of cleaner green buildings. The present
work aims to study the properties of a mixture of silica sand and shredded PET bottles that were
subjected to thermal treatment. The final product obtained, i.e. lightweight synthesized sand (LSS),
is intended to replace natural sand in volume, at rates of 25%, 50%, 75% and 100%. In addition, a
series of destructive, non-destructive, and durability tests were carried out on the obtained waste
plastic synthetic sand (WPSS) composite mortar. The results showed that high LSS percentages
increase the thermal efficiency of the composite mortar but reduce their density. In particular, there
was a 23% reduction for composite WPS5100. On the other hand, it was found the dynamic modulus
of elasticity of this composite mortar decreased by 70%. Moreover, no alkali-silica reaction (ASR) was
detected. In addition, the mortar samples incorporating 25% LSS satisfied the minimum standards
for compressive strength. Based on the above, it can then be concluded that the integration of these
composites in the construction of sustainable buildings may represent an effective and sustainable
solution for judicious management of plastic waste, significant reduction of CO, emissions, and
effective promotion of circular economy.

Keywords: PET plastic waste; eco-materials; circular economy; synthesized lightweight sand;
thermal properties; alkali-silica reaction

1. Introduction

Sustainable development highlights the necessity of conserving natural resources and reducing
environmental pollution. Today, plastic waste is viewed as a valuable resource that requires effective
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management policies and efficient recycling mechanisms [1, 2] . In Algeria, the largest country in
Africa by area, more than 13.1 million tons of household and similar wastes (HSW) were generated
in 2019, and15.31% of that quantity were plastic [3]. Today, the major challenge lies in the disposal of
this waste which is often buried or incinerated. However, over the past few years, a new trend that
consists of using recycled plastic waste as artificial aggregates to replace natural aggregates in
cementitious materials has emerged [4].

It was shown that the properties of the incorporated aggregates have a significant impact on the
quality of concrete [5, 6], which means that their selection and the proportions used are highly
important.

Lightweight aggregates (LWA) are used in cementitious materials because they possess several
advantages, such as their reduced density as well as their insulating and soundproofing properties[7].

It is worth noting that the direct incorporation of recycled plastics as aggregates or fibers in the
construction materials has shown promising signs of feasibility [8-34]. To the best of our knowledge,
little research has focused on the possibility of incorporating plastic-based synthesized aggregates in
concrete as an indirect replacement [35-38] [39-43]. In this context, [44] and et [45] prepared synthetic
lightweight aggregates (SLAs) from a mixture of fly ash and plastics, such as polystyrene (PS), low-
density polyethylene (LDPE), high-density polyethylene (HDPE), and a mixture of various plastics
(MP), at different (fly ash-to-plastic) ratios ranging from 0:100 to 80:20, to be incorporated into
concrete and pavement. In this context, Binici et al. [46] developed cement-free concretes, using
different types of sand, with 33.3% PET by weight. For this, the PET plastic waste was mechanically
crushed and transformed into fibers. Then, mortars were prepared by mixing the PET fibers with
different types of sands, in a temperature range extending from 200 to 210 °C. The same authors
found out that the composites, which contained plastics without cement, exhibited satisfactory test
results. It was particularly shown that the strengths of the composites containing quartz and
limestone were higher than those of control samples by 35%. In addition, waste plastic lightweight
aggregates (WPLAs) could be produced from PET plastic wastes using granulated blast furnace slag
(GBFS) [47] and also from PET wastes with river sand aggregates [48-50]. Likewise, Bouaziz et al. [51]
manufactured a lightweight composite aggregate containing polypropylene coated with a layer of
ceramic powder to replace ordinary natural aggregates in concrete. They then noticed that their
compressive strength increased by 8% in compared with that observed for the same content of
polypropylene beads introduced directly into the cement matrix. The previous 8% strength increase
was recorded following the addition of 30% of polypropylene beads coated with fine ceramic
powder. The authors explained this observation by the fact that the polypropylene grains remain in
their volume space, which engenders good homogenization of the lightweight concrete matrix. They
then concluded that wrapping the polypropylene beads with marble powder improves the
compressive strength of concrete. As for Alqahtani et al. [52], they manufactured recycled plastic
aggregates (RPA) by mixing recycled plastic, i.e. linear low-density polyethylene (LLDPE), and red
sand, fly ash, quarry fines or silica fumes, in respective proportions of 30 and 70%. Likewise, Liu et
al. [53] showed that it is indeed possible to manufacture lightweight aggregates by incorporating
shredded automobile plastics waste into clay at 1200°C. With regard to Ennahal et al. [54], they
prepared lightweight aggregates based on marine sediments and recycled thermoplastic waste
(PP/PS and PP/PE) using a vacuum extruder, at mixing temperatures ranging from 200 to 230 °C.

On the other hand, Del Rey Castillo et al. [36] conducted a study on the development of
lightweight concrete using artificial aggregates made from plastic waste. According to these authors,
the mixture with 15% substitution percentage showed quite interesting compressive strength
properties (20 MPa at 28 days) with a density of 1800 kg/m3. Moreover, Gorak et al. [55] produced
lightweight composite aggregates from waste, mainly recycled PET. Furthermore, two production
technologies, using various synthesis mechanisms and different temperatures, were tested. On the
other side, Erdogmus et al. [56] investigated the possibility of using expanded polystyrene (EPS) as
well as used waste rubber tire power (WRTP) in fired clay bricks for green and cleaner constructions.
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For this, different ratios of EPS and WRTP were mixed with clay. The resulting mixtures were then
fired at 1000 °C.

Furthermore, it was found that increased porosity was formed between the cement paste and
plastic aggregates with smooth surfaces and flaky shapes, leading to decreased bond strength,
increased permeability of the resulting concrete, and decreased overall mechanical performance of
the final composite. To address these problems, it is highly recommended to use finer plastic waste
fractions, in the form of granules or powder, rather than coarser fractions or elongated and flaky
shapes. In addition, the mechanical or chemical treatment of the surface of the plastic aggregate
particles to increase their roughness can improve the bonding within the interstitial zones (ITZ). In
addition, the addition of pozzolanic admixtures, such as supplementary binders, is also
recommended to improve the microstructure of the matrix. Finally, the conversion of plastic particles
into new lightweight aggregates by thermal treatment and their combination with natural or mineral
admixtures are also recommended. It has been revealed that all these corrective measures are viable
guidelines for future research work [57].The synthesized hybrid material (LSS), used in this study,
containing silica sand in a flexible matrix and originating from PET bottle waste, may have promising
properties. In order to address the lack of research on the possibility of using plastic waste-based
synthesized aggregates as substitutes for natural aggregates in cementitious materials, it was deemed
appropriate to carry out an experimental program that consists in studying the effect of partial or
total substitution of sand with these LSS aggregates on the physico-mechanical behavior and thermal
properties of WPSS composite mortars, on their ductility and adhesion, by examining the ITZ using
a scanning electron microscope. The durability factors, such as porosity and alkali silica reaction
(ASR), were investigated as well. The present work is therefore an approach that allows for the
implementation of efficient waste management. The purpose is to reduce the use of natural resources,
and hence contribute to creating an important circular economy loop.

2. Materials and Methods

CEM 1II 42.5 N cement from the LCO Cement Plant of LAFARGE Group, located in the small
town of OGGAZ in the Wilaya (Province) of Mascara (northwestern Algeria) is used in this study.
This cement has a fineness of 4500 cm?/g and an absolute density of 3.09 g/cm3. The average
compressive strength was found equal to 22 MPa at 2 days and 48 MPa at 28 days. Its chemical
compositions are presented in Table 1, while the mineralogical composition of its clinker is given in
Table 2.

In this work, a composite containing LSS aggregates based on PET plastic waste and silica sand
was thermally synthesized according to the flowchart drawn in Figure 1. Next, The synthetic rocks
were crushed, and then sieved to obtain different granular fractions, as depicted in the same Figure.
The LSS aggregate fraction with size < 3.15 mm was used in this study. It should be noted that silico-
calcareous sand with a fraction smaller than 3.15 mm was also used. The chemical composition of the
two sands, the particle size of LSS and that of the sand used, as well as their physical characteristics
are summarized in Table 1, Figure 2, and Table 3, respectively. It is worth noting that the WPSS
composite mortars were developed according to the standard EN 196-1 [58].The sand used was then
replaced by the synthesized LSS aggregates, with volume percentages equal to 25, 50, 75 and 100%,
as shown in Table 4. For all formulations, the water-to-cement (W/C) ratio was set at 0.5. In addition,
the superplasticizer SUPERIOR 9 WG, with a density of 1.10 and a dry extract of 33%, was added in
order to achieve an almost homogeneous consistency.

Furthermore, prismatic molds of dimensions (4x4x16 cm?®) were cast and then mechanically
compacted using an electric shock table [58]. This step was intended to investigate the properties of
the samples in the fresh state. The molds were then covered with a plastic film and stored in
laboratory conditions. Afterwards, these samples were unmolded after 24 hours, and then kept in a
lime-saturated water environment at temperature T = (20 £ 2) °C and relative humidity RH = 100%,
until the moment of testing.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The mechanical strengths of mortars were determined at 7, 28 and 90 days, according to
Standard NF EN 196-1[58]. It is worth mentioning that the loading rate was (50 + 10) N/s for the
flexural strength, and (2400 = 200) N/s for the compressive strength.

Furthermore, the thermal properties of the WPSS composites were measured according to
Standard ASTM D5334 [59], while the ultrasonic tests were performed in accordance with the
recommendations of Standard ASTM C597 [60]. Additionally, their dynamic modulus of elasticity
was calculated according to the methods that were developed by Malesev et al. and Guptaetal [24,
61].

Likewise, the QUANTA 250 FEI scanning electron microscope was employed for the
microscopic analysis of our composite mortars.

Dune sand (< 1mm) Shredding
(5 to 15 mm)

I_ll_l

Mass mixing : 35% PET + 65% dune sand

‘l Cooling by natural air circulation of the WPSS

Crushing and
sieving
(£ 3.15mm)

Figure 1. Semi-industrial process for the synthesis of LSS aggregates.
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Figure 2. Particle size distribution curves of LSS and sand used.

Table 1. Chemical composition of CP] CEM II /B 42.5 N cement, silica sand, and calcareous.

Eléments SiO: Al:Os Fe:03 CaO MgO K:0 SOs Na:O PAF Cl- CaCOs CO:

Ciment 1740 4.12 297 6115 116 0.66 246 0.13 885 0.017 - -
Ss 8329 021 045 703 420 - - - - - 1.00
Sc 11.76 - 091 4435 - - - - - - 59.09 26.00

Table 2. Mineralogical composition of clinker.

CsS C2S C3A C4AF
64.00 15.00 8.00 12.16

Table 3. Physical parameters of sands used.

Physical properties Natural Sand LSS

Shape Angular Angular
Absolute density (g/cm?3) 2.630 1.68
Apparent density (g/cm?) 1.460 1.020

Equivalent of sand «%» 77.00 -

Fineness modulus «<FM» 2.42 2.93
Absorption coefficient (%) 0.56 0.040
Coefficient of curvature «Cc» 0.55 0.60
Coefficient of uniformity «Cu» 4.72 5.83
Thermal conductivity «k» (W/m.K) - 0.589

Table 4. Composition of waste plastic synthetic sand (WPSS) lightweight composite mortars.

. Sand Mix(g) Admixture Cement(g PN
Composites L(E/OS) /*S LSS Sand (%) ** ) E/C Spreading (%)
NWM 0 0.0 1350.0 0.90 450 0.5 70
WPSS25 25 235.8 10125  0.50 450 0.5 74
WPSS50 50 4716  675.0 0.40 450 0.5 73
WPSS75 75 707.4  337.5 0.35 450 0.5 80
WPSS100 100 943.2 0.0 0.30 450 0.5 69

* Volume substitution of sand by LSS. ** Percentage of admixture with respect to cement weight.
Yy g P &
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3. Results and Discussion

3.1. Density in the Fresh and Hardened State

Figures 3 and 7 show, respectively, the effects of synthesized lightweight aggregates (LSA) on
the fresh and hardened densities of composite mortars. It is easily noticed that the fresh density
decreased proportionally to the rate of aggregate addition. This decrease was 22% for WPSS100
compared to that of natural witness mortar (NWM).

M Fresh density M Dry density

2300

R?=0.9756
2200
2100 /
E 2000 L
S~
oo
¥ 1900
z 1800
‘«»
S 1700 _—
()
R2=0.9844
1600
1500
NWM WPSS 25 WPSS 50 WPSS 75 WPSS 100
Mix code

Figure 3. Effect of substituting natural sand with synthesized sand on the density in the fresh and hardened state
(28 days) of mortars.

The above results are consistent with those reported by Alqahtani et al. [52] who found a very
small difference, not more than 3%, between the fresh density of LAC (1935 kg/m?) and that of
RP2F1C100 (1987 kg/m?3). This difference in density helps to reduce the proper weight of the structure
during the construction period.

Likewise, a gradual reduction in the hardened density of WPSS composites was also noticed.
Indeed, Figure 3 clearly shows that at 28 days, drops of 4, 9, 17 and 23% were recorded, respectively,
for WPSS25, WPSS50, WPSS75 and WPSS100, in comparison with NWM. It should be noted that, in
this study, the density of WPS5100 is 1592 Kg/m? because of the low density of LSS (1.68 g/cm?)
compared to that of natural sand (2.630 g/cm?). It was also found that the densities of the composites
with the replacement percentages 75 and 100% meet well the classification criteria of lightweight
aggregate concrete as required by the ACI 213R Guide [7].These results are consistent with those
found by [62, 63].

Furthermore, Gouasmi et al. [64] found out that the densities of composite mortars tend to
decrease as the WPLA replacement rate increases, which means that the resulting modified mortar is
lighter. The density ranges from 2090 to 2420 kg/m3, which corresponds to a reduction between 3%
and 16% when compared to that of the control mortar. In this regard, Alqahtani et al. [63] suggested
that lightweight composite concrete can be produced with a replacement level of up to 100% as this
can help to reduce the size of the elements used in building and consequently diminish their
manufacturing costs.

Moreover, Figure 3 shows the existence of a good correlation between the addition rate and
density, with a coefficient of determination R? = 0.9756 for the fresh mortar density, and R? = 0.9844
for the hardened mortar density.

3.2. Compressive Strength

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figures 4 and 7 depict the compressive strength values of composite mortars, at different time
points. It is observed that the compressive strength of all the mixtures increases with age (7, 28, and
90 days). The low densities of the different composite mortars (Figure 1) indicate that these mortars
have different compressive strengths.

It was also revealed that the addition of synthesized aggregates leads to a decrease in strength.
In addition, the strength differences between the prepared composite mortars and the control mortar
indicate that these different mortars exhibit different performances. These performance differences
were found around 20, 35, 52 and 70% for composites WPSS25, WPSS50, WPSS75 and WPSS5100,
respectively. These findings are consistent with those reported in other studies that were conducted
on other types of composite aggregates, by Gouasmi et al. [64], Alqahtani et al. [63], Ennahal et al.
[54], Bouaziz et al. [51] and Binici et al. [46].

Indeed, Gouasmi et al. [64] found that the compressive strength values, at 28 days, evolved
negatively for all WPLA composite mortars compared to the unmodified mortar.

Similarly, Alqahtani et al. [63] suggested that the smallest compressive strength reduction was
observed for RP2F3A concrete, which was 40% less than that of conventional concrete containing
lightweight aggregates (LWA). In contrast, the maximum compressive strength reduction of 53% was
observed for RP1F2A concrete as compared to that of conventional concrete. The authors then
confirmed that the RP1F3C0.5 and RP2F3C0.5 formulations met well the strength requirements of
Standard ASTM C330 (greater than 17 MPa).

With regard to Ennahal et al.[54], they compared the compressive strength of the control mortar
with those of the MSPE1-30% mortars. They then found out that the compressive strength of the
MSPE1-30% was 59.77% lower than that of the control mortar, while the strength of the MSPE2-30%
was 52.97% lower. These results show that the MSPE2-30% mortar is more resistant than the MSPE1-
30% mortar by 14.46%. The authors then concluded that the compressive strength difference between
the MSPE1-30% and MSPE2-30% mortars was due to the differences in the cement and aggregates
proportions used.

Figure 5 shows a good correlation between the hardened concrete density and the compressive
strength at 28 days, with a coefficient of determination R? = 0.9793.

aNwM O WPSS25 WPSS50 OWPSS75 O WPSS100
60
g 50
=)
= 40
o
=
g 30 - = =
)
I
g 20
7
w2
=3 10
g
3 T R e =
3 days 7 days 28 days 90 days

Time (days)

Figure 4. Variation of compressive strength of WPSS composites.
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Figure 5. Correlation between the compressive strength and dry concrete density at 28 days.

3.3. Flexural Strength

Figures 6 and 7 present the data relative to the flexural strength measurements. They indicate a
systematic flexural strength reduction as the synthesized PET-silica sand aggregate percentage
increases. It was found that, this reduction, at 28 days, was 31, 43, 64 and 71% for composites WPSS25,
WPSS50, WPSS75 and WPSS100, respectively, with respect to that of NWM.

In this context, Gouasmi et al. [64] noticed that, among all the composite mortars developed,
WPLAZ25 presented the highest strength that was equal to 5.23 MPa. However, the flexural strength
of WPLAO was 4.81 MPa which is represents an 8% gain in flexural strength. They then justified this
by the elastic nature and non-brittle characteristic of PET plastic aggregates under loading.

On the other hand, Alqahtani et al. [63] found out that the flexural strength decreases when
plastic-based composite aggregates are added. In addition, Ennahal et al.[54] revealed that the
flexural strength of MSPE2-30% mortar (mortar containing 30% polypropylene and polystyrene) was
about 42.13% lower than that of the reference mortar due to the addition of aggregates in the
composite mortars.

3 ONWM OWPSS25 WPSS50 OWPSS75 OWPSS100

N
N "

=
6]

H
(]

Flexural strength (MPa)

i I 01T

3 days 7 days 28 days 90 days
Time ( Days)

[—
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Figure 6. Variation in flexural strength of WPSS composites.
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Figure 7. Percentage of change in densities and strengths as compared to control mortar.

3.4. Scanning Electron Microscopy (SEM) Analysis

The SEM images, which are illustrated in Figures 8 and 9, clearly show the interface transition
zone (ITZ) between the cement matrix and aggregates. A good adhesion was observed, on the one
hand, between this matrix and natural aggregates and, on the other hand, between this same matrix
and LSS aggregates. The findings are quite consistent with those reported in several other works [51],
[50], [47] and [65].

Furthermore, Ge et al. [65]indicated that the PET and sand particles were well bonded, and the
ITZ was dense. Also, no microcracks or voids were detected. As for Gouasmi et al. [66], they asserted
that a perfect microstructural arrangement existed between PET aggregates and silica sand grains,
which explains the strong adhesion between the composite aggregate and cement paste. Likewise,
Ennahal et al. [54] reported that sediment particles were well distributed in the thermoplastic matrix
for both types of synthesized aggregates. There was a good interaction between the matrix and these
particles.

In contrast, Choi et al. [47] found out that the ITZ between waste plastic lightweight aggregates
(WPLASs) and cement paste tended to get larger than that of the natural aggregate. This was certainly
due to the fact that WPLA aggregates are s]il_eiggl in shape with a smooth surface.

R i DR R e
) 7\‘7 . - \ -‘ R oy A& Tx N N ‘A_

Figure 8. Scanning electron microscopy examination of NWM. NA: Natural aggregate.
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Figure 9. Scanning electron microscopy examination of WPSS100.

Figure 10 shows the condition of the samples after the compression and bending tests. After the
tests, WPS5100 composite mortars exhibited slightly higher ductility than NWM, meaning that the
mortar becomes slightly more elastic and less rigid.

The above findings agree well with those reported by Saikia and Brito [67], Marzouk et al.
[10] and Algahtani et al. [63] who found out that the crack propagation range was extended due to
the presence of recycled plastic particles. However, despite this, it can be said that the waste that has
not undergone any heat treatment has a better ductility than that of the synthesized aggregates. This
is certainly due to the fibrous aspect of the untreated plastics.

Likewise, Jayasinghe et al. [42] used the scanning electron microscopy technique to show that
the PET plastic mixture presents a homogeneous crystallization when mixed with quarry dust, which
is not the case for mixtures incorporating HDPE and PP.

As for Badache et al. [27], they obtained better results. They then found out that this was due to
the shape and rigidity of the HDPE aggregates which do not have the same characteristics as natural
aggregates, and particularly those having a fiber shape. This allows, therefore, saying that the wastes
that have not undergone heat treatment possess a better ductility compared to that of synthesized
aggregates.

Figure 10. a) Surface of the composite WPSS100 after the bending test, (b) State of the WPSS100 composite after
compression, (c) State of the NWM and WPSS100 mortars after the bending test, at 28 days.

3.4. Ultrasonic Pulse Velocity (UPV) Test

The UPV test results of the composites under study, at 28 days and 90 days, are presented in
Figure 11.
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It was shown that the ultrasonic pulse velocity in a material depends on its density, moisture
content, and elastic properties [68]. It was also observed that, at 28 days, the UPV decreases by 8, 17,
30, and 39% for composites WPSS525, WPSS50, WPSS75, and WPSS100, respectively, compared to that
of NWM.

Regarding Gouasmi et al. [66], they found out that the UPV value decreases as the WPLA content
in the composite increases. They indeed indicated that the UPV decreases by 3.5%, 9%, 14%, and 23%
for composites WPLA25, WPLA50, WPLA75, and WPLA100, respectively, as compared to that of
WPLAO (control mortar). They then concluded that this was certainly due to the discontinuous
presence of air voids within the cement matrix since the ultrasonic wave should bypass these voids
to propagate.

Similar results were obtained for composites based on recycled lightweight aggregates by
Azhdarpour et al. [69], Senhadji et al. [21] and Akcadzoglu et al. [70].

Further, Azhdarpour et al. [69] and Senhadji et al. [21]reported that when a sound pulse passes
through various materials, i.e. plastic aggregates, cement matrix, and pores, it is only partially
transmitted, implying that the pulse velocity decreases. It was also revealed that the UPV depends
on the volumetric concentration of the different constituents of the material. When plastic aggregates
replace natural aggregates, plastic particles with a sheet-like structure act as a refraction barrier for
ultrasonic pulses. It is important to highlight that Standard IS 13311-1-92 [71] classifies the quality of
composite mortars according to their UPV values. Figure 14 shows that the compressive strength
values of reference sample (NWM) and composite WPSS25 may be considered as acceptable. On the
other hand, the quality of WPSS50 and WPSS75 specimens is considered to be fair and quite poor,

respectively.
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Figure 11. Effect of WPSS on UPV of composite mortars, at 28 and 90 days.

3.5. Dynamic Modulus of Elasticity

Figure 12 depicts the dynamic modulus of elasticity (Ed) values which decrease as the LSS
aggregate content rises. At 28 days, Ed drops by 18%, 36%, 58% and 69% for the mixtures containing
25%, 50%, 75% and 100% of LSS, respectively. This can be attributed, firstly, to the weak bonding
between the cement matrix and plastic particles of the different composites [72], [73] and [18]and,
secondly, to the low elastic modulus values of PET (Erer = 2.7 GPa) [74], [66].

In addition, Figure 13 shows that the correlation between the compressive strength and Ed is
quite good. It was indeed observed that the coefficients of determination for the correlations, at 28
days and 90 days, were R? =0.9897 and R? = 0.9724, respectively.
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3.6. Thermal Properties

3.6.1. Thermal Conductivity of WPSS Composite Mortars

The thermal conductivity A of the samples, measured at different time points, is depicted in
Figure 14. At 90 days, the value of A for control mortar (NWM) is 1.30 W/m.K, while for WPSS5100, it
is smaller, around 0.60 W/m.K. Moreover, the incorporation of LSS aggregates into the composites
resulted in a decrease in the thermal conductivity of the different samples.

It was actually observed that increasing the proportions of LSS (A = 0.589 W/m.K) that is based
on PET (A =0.15 W/m.K) as a replacement for natural sand (A silica =3.59W/m.K [75], with A of natural
aggregate = 2.0 W/m.K [76]) leads to a decrease in the conductivity of composite mortars.

The above findings have been confirmed by Boudenne [77], Gouasmi et al.[78], Hannawi et
al.[76], Erdogmus et al. and Akgadzoglu et al. [56, 70].

Likewise, Alqahtani et al. [79] reported that the thermal conductivity decrease in their
composites was essentially due to the porous structure of the synthesized aggregates and also to the
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air trapped in voids. Moreover, Erdogmus et al. [56] suggested that for inhomogeneous mixtures
containing pores of different sizes, the distribution of these pores as well as the microcracks formed
after the addition of plastic waste do have an impact on the thermal conductivity and porosity of the
composites.

Since the thermal conductivity results of our WPSS75 and WPSS100 composites are lower than
0.75 W/m.K.,, as depicted in Figure 15, then it may be said that their compressive strengths are greater
than 3.5 MPa (Rc > 3.5 MPa). It is therefore possible to deduce that these composite mortars can be
used as insulating materials, according to the functional classification of lightweight concretes by
Rilem (1978) [80].

Figure 15 indicates that the thermal conductivity decrease is directly related to the reduction in
density. As for Figure 16, it presents the different correlation coefficients (R? > 99%). It actually shows
that a good correlation exists between the thermal conductivity values and UPV values, for all WPSS
composites. Similarly, Figure 17 clearly shows the effect of LSS aggregates on the outcomes of the
different non-destructive tests carried out on WPSS composites.
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3.6.2. Heat Capacity

Figure 18 depicts the evolution of the heat capacity Cp as a function of time, at room
temperature. One can easily see that as the LSS addition rate increases, the heat capacity decreases.
Furthermore, it is also noticed that, over time, Cp varies slightly. Indeed, it is clearly indicated that at
180 days, the rate of Cp decrease went from 4% to 14%. It should also be mentioned that the heat
capacity of NWM reached an average value of 1.96 J/m3K which is higher than that of mortar
WPSS100 (1.69 J/m3.K), which can be explained by the fact that the thermal properties of PET and
conventional aggregates are different. In this context, Mounanga et al. [81] indicated that the effect of
polyurethane (PUR) foam on the heat capacity of mortars is quite low, which is certainly due to the
small value of Cp of foam (0.04x10¢ J]/m3.K). This is compensated with the very high heat capacity of
water (Cp water =4.18x106 J/m? K), which contributes to saturating the porosity of mortars. However,
this value is compensated by the very high heat capacity of water. In addition, Gouasmi et al.
[78]revealed that the heat capacity of WPLAQ can reach an average value of 1.76x106 J/m?3.K which is
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significantly higher than that of the other composite mortars. This finding is in agreement with that
reported by Badache et al.[27], Attache et al. [82]and Latroch et al. [26].
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Figure 18. Variation of heat capacity of WPSS composites.

3.6.3. Thermal Diffusivity

Figure 19 illustrates the variation of thermal diffusivity (a) as a function of time, at room
temperature. At 7 days, WPSS25 exhibited a 1% thermal diffusivity decrease, while WPSS5100 showed
a decrease of 39% with respect to that of control mortar. Likewise, at 180 days, WPSS25 presented a
decrease of 3%, while WPS5100 exhibited a decrease of 45% compared to that of the control mortar.
It was also observed that the addition of synthesized aggregates leads to a reduction in the thermal
diffusivity of WPSS (a = 0.398x10-¢ m?/s), which is certainly due to the high LSS content. This would
also cause a reduction in heat transfer within the composite mortars. It can therefore be said that the
lower the diffusivity value, the longer the heat front will take to cross the thickness of the material.
These results are similar to those reported by Gouasmi et al. [78]and Attache et al. [82]. It should be
noted that this can be highly advantageous when these types of composite mortars are used in
sustainable buildings with high energy performance.
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Figure 19. Variation of the thermal diffusivity of WPSS composites.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202506.2140.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2140.v1

16 of 24

3.7. Porosity

Figure 20 presents the variation of open porosity as a function of the addition rate of the
synthesized LSS aggregates. The water accessible porosity of NWM, WPS525, WPSS50, WPSS75 and
WPSS100 mortars are respectively equal to 18%, 19%, 19%, 21% and 27%. The porosity of NWM,
WPSS25 and WPSS 50 mortars is almost the same. It was found that the porosity starts to change
beyond 50% addition. Furthermore, Erdogmus et al. [56] noticed that when the EPS and WRTP
dosages increase, the apparent porosities of the brick specimens also increase. They then explained
this by the fact that, following the addition of plastic waste, there was formation of a non-
homogeneous mixture which affected the porosity of the brick specimens. The authors then justified
this result by the fact that porosity can be disturbed by two factors, namely the compactness of the
mixture and the intrinsic characteristics of LSS. Figure 21 shows the correlation between the porosity
values and UPV values, with a R?=0.74 at 90 days.
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Figure 20. Effect of synthesized aggregates on the water accessible porosity.
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Figure 21. Correlation between the UPV values and porosity values.

3.8. The Alkali-Silica Reaction
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The alkali-silica reaction (ASR) in concrete causes expansion and structural deterioration due to
swelling pressures that produce microcracks and make them propagate as a result of the chemical
interaction between alkalis and reactive components of the aggregates [83].

Figure 22 presents the results of the expansion of mortar samples .According to Standard ASTM
C1260 [84], if a specimen expands less than 0.10%, it can be considered as an acceptable mixture which
does not present any significant risk of deleterious expansion. However, if the expansion is greater
than 0.10%, the risk of deleterious expansion of the mix is likely possible. Finally, if the expansion is
greater than 0.20%, then the risk of deleterious expansion in the mix is high.

It was found that the highest expansion value recorded in this test was 1.57%o at the age of 66
days, for the WPSS75 composite. This value then confirms that there was no ASR reaction in all WPSS
mortars. Indeed, the specimens under study were regularly inspected in order to detect the possible
appearance of cracks on the surface or to identify probable changes in the color of the specimens
(Figure 23). In this same figure, a slight degradation of the edges of the WPS5100 samples was noted.
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Figure 22. Expansion of WPSS composites as a function of exposure time to a 1N NaOH solution at 80 °C.

3.9. Correlation Between Physico-Mechanical and Thermal Properties of WPSS

Table 6 summarizes all possible correlations that can be used to predict any parameter under
study.

Table 6. Correlations between different properties of WPSS composites.

Properties Correlation equation Correlation coefficient
Cs-UPV Y=0.0522x+1.7967 R?=0.9878
UPV- density Y=0.2935x+0.8611 R?>=0.9978
Ea—Cs Y=11.954x+2.9406 R?=0.9897
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A— density Y=0.6153+1.2119 R?=0.9953
A-UPV Y=2.0971+1.1941 R?=0.9984
Fs-Cs Y=19.408+4.2017 R?=0.9612

Cs -Density Y=0.0153+1.3899 R?=0.9793

A— Porosity Y=29.056x2-68.331x+57.257 R?=0.9434

Cs-porosity Y=0.167x2-1.2285x+39.65 R?2=0.9697

Figure 24 depicts the physico-mechanical and thermal characteristics of WPSS composite
mortars. It shows all the physico-mechanical and thermal characteristics of the different formulations
under study.

WPSS 100 WPSS 25
WPSS 75 WPSS 50
==@==Thermal conductivity ==0==J|trasonic pulse velocity
Flexural strength Dynamic modulus of elasticity
==@=Density ==@=Compressive strength

Figure 24. Relationship between physical, mechanical, and thermal properties of the composites under

consideration in this study.

3.10. Impact of Incorporating PET Waste Into Mortar on the Environment

It has been reported that incineration, which is often touted as having the capacity to transform
plastic waste into energy, contributes significantly to greenhouse gas emissions. Carbon dioxide
(COy) was shown to be the main end product of oxidation in an incinerator. Therefore, it is important
to estimate the carbon dioxide emissions from the decomposition of carbon contained in the
incinerated waste. As part of our study, the amounts of CO, emitted were estimated following the
incineration of different types of plastics, including PET waste. The recorded data show that CO2
emissions vary in accordance with the type of plastic incinerated.

Belmokkadem et al. [85] used PP, PE, and PVC plastic waste into concrete and concluded that
incorporating recycled plastic waste into the formulation of concrete mixes may be viewed as one of
the best solutions to reduce pollution due to energy consumption, waste disposal, and global
warming. This approach has several advantages because incorporating recycled plastics into concrete
helps to reduce the amount of plastic waste in our environment. By doing so, it is possible to limit
the extraction and consumption of natural resources in a significant way. This technique contributes
considerably to reducing the carbon footprint and to establishing a more sustainable circular
economy. Table 7 gives a comparison of the amounts of CO:2 emitted during the incineration of
various plastics, such as PE, PP and PVC, as reported by [85], and the combustion of PET that is used
in this study
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Table 7. emissions from different plastics.

Carbon content Fossil carbon share Oxidation rate Emission of

(% by weight) (% of total carbon) (%) C (kg eq C/t)
PE [85] 85,6 100 95 813
PP [85] 85,5 100 95 812
PVC[85] 40,1 100 95 381
PET (The
current 62,5 100 95 594
study)

4. Conclusion

This paper presents the results of a systematic study that was conducted on the effect of
incorporating lightweight synthesized sand (LSS) aggregates on the properties of composite eco-
materials. The results obtained allowed drawing the following conclusions:

- The incorporation of LSS into composite mortars reduces the density by 4, 9, 17 and 23% for
WPSS25, WPSS50, WPSS75 and WPSS100 mortars, respectively, as compared to that of the control
mortar (NWM). This reduction is due to the fact that the density of LSS is lower than that of natural
sand. This is very interesting because using lightweight eco-composites can help to reduce the size of
the elements used in construction and consequently diminish the costs of the building materials, their
handling, transportation, and overall costs.

- The mechanical performance of composite mortars improved over time (3 - 90 days). The
incorporation of 25, 50, 75 and 100% of LSS reduced the compressive strength of WPS525, WPSS50,
WPSS75 and WPSS100 mortars by 20, 35, 52 and 70%, respectively, compared to that of the NWM
control mortar. This could be useful when these eco-composites are used in applications requiring
low strengths, such as paving stones or sidewalk borders.

- The incorporation of this type of these thermally treated aggregate (LSS) improved the ITZ,
which is not the case with plastic wastes without thermal treatment. This suggests that the
synthesized aggregates performed better than the shredded aggregates.

- LSS aggregates incorporated into WPSS100 composite mortars slightly increased the ductility
but reduced the dynamic modulus of elasticity (Ed) by 18%, 36%, 58% and 69% for the mixtures
containing 25%, 50%, 75% and 100% LSS, respectively, compared to that of NWM. These mortars can
therefore be used to produce more flexible and more resistant eco-cementitious materials.

e  The thermal performance of WPSS composites was improved. Indeed, the thermal conductivity
of WPS525, WPSS50, WPSS75, and WPSS5100 mixtures was improved by 4%, 8%, 14%, and 18%,
respectively, compared to that of NWM. This result encourages us to apply this type of
synthesized aggregates in thermal insulation materials due to their energy performance.

e  The study of porosity revealed that increasing the percentage of LSS aggregates increases the
water sensitivity of WPSS composites.

e  The eco-friendly composite mortars are not susceptible to alkali-silica reaction, which confirms
their potential to improve the durability of structures. This feature offers a promising solution
to prevent problems related to the reactivity of aggregates.

e  Comparing the different eco-composites developed in this study helped to identify the most
suitable material for direct use in the construction sector. The selection of the materials to be
used is based on the analysis of their specific properties. Adopting such an approach allows
maximizing the efficiency and performance of these materials in real-life applications.

e The integration of these composites in the field of construction can contribute to developing
more efficient and sustainable strategies that allow managing plastic waste, reducing CO,
emissions, and helping to develop a circular economy.

It may finally be concluded that it is possible to produce clean and ecological polymer waste
mortars in order to improve the performance of construction elements, develop efficient waste
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management, and promote sustainability in construction as well. This study represents an important
contribution to the field of recycling plastic waste as aggregates to be used in mortar and concrete. It
has provided valuable information on various potential applications of these aggregates in clean
green buildings. It is then highly recommended to carry out more in-depth and detailed
investigations on gas emissions resulting from the synthesis of composite aggregates.
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