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Abstract

The use of waste plastic as aggregate in cement composites can solve the problem of the disposal of waste plastics in a
sustainable way, and it reduces the need for extracting traditional materials like sand and gravel, which causes erosion and
environmental degradation. The reaction of plastics with certain oxidizing chemicals is believed to result in chemical or elec-
trostatic bonding between the plastic surface and the cement matrix. The present study investigates the effect of pre-treating
plastic aggregates (with sodium hydroxide and sodium hypochlorite) on certain engineering properties of cement mortars.
Five types of recycled plastics are used as partial sand replacements. Two replacement levels (5 and 15% by volume of sand)
and two methods of chemical treatment are investigated. The results showed a decline in the properties of mortars made with
chemically treated plastic aggregates: the addition of treated plastic aggregates makes the matrix porous, thereby degrading
the mechanical properties. This behaviour intensifies with increasing plastic dosage. The polyoxymethylene (POM) and
acrylonitrile butadiene styrene (ABS) plastic mortars performed best, while the polyethylene terephthalate (PET) mortars
achieved poor results. Water-rinsing the treated aggregates removed reactive species from the plastic surface, and neutralized

the matrix alkalinity resulting in comparatively less porous structures.

Keywords Chemical treatment - Sodium hypochlorite - Sodium hydroxide - Plastic aggregates - Chemical bonding -

Strength properties - Waste plastic management

Introduction

Managing waste plastic has become one of the most chal-
lenging problems worldwide due to its unprecedented
growth owing to a continuously growing population and to
the prevalent lifestyle. Plastic has outgrown most man-made
materials and has long been under scrutiny for its negative
environmental impact [1]. The production of plastic has
reached to 311 million tonnes in 2014, and it is expected to
increase three times by 2050 [2]. Industrial sources revealed
that the global plastic production rates of different plastics
for the year 2016 were: polyoxymethylene (POM) 18.5 mil-
lion tons/year, acrylonitrile butadiene styrene (ABS) 10.8
million tons/year, polycarbonate (PC) 5100 kilotons/year
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and polyethylene terephthalate (PET) 30.3 million tons [3,
4]. This substantial growth in the consumption of plastic has
led to huge quantities of waste plastic. Annually, approxi-
mately 300 million tonnes of plastic waste are produced
worldwide.

Plastic is non-biodegradable, and it contains various toxic
elements such as heavy metals like cadmium and lead which
can leach, polluting the surrounding environment. Therefore,
disposal of waste plastic by illegal dumping, landfilling, or
incinerating is not a viable solution. Recycling of waste plas-
tic is considered as the best solution to reduce the environ-
mental impact [5]. Recycling of virgin plastics is limited to a
few cycles, generally 2-3, as the plastic loses some strength
and stability, after each recycling cycle, due to thermal deg-
radation [6]; thereafter it ends up in landfills. On the other
hand, recycling plastic for construction applications can
solve the solid waste management problem in an environ-
mentally friendly and economical way. The use of recycled
plastic in the form of aggregates in cementitious mixtures,
eases environmental concerns arising from the over-dredg-
ing of natural sand and gravel resources that are depleting
rapidly. The use of recycled plastic as an alternative material
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to produce lightweight composite material, asphalt mixtures,
filler and insulation materials, concrete and mortars for
structural and non-structural applications has been continu-
ously investigated in the last decade [7, 8].

Plastic aggregates in cement based
composites: effect on physical
and mechanical properties

A worldwide review on the performance of recycled plastic
aggregates in cement composites revealed weaker interfacial
adhesion between plastic particles and cement matrix due to
the smooth surface of the plastic. The cracks or flaws present
in the plastic-cementitious matrix interface become nuclei
for further crack growth and propagation during loading [9],
thereby affecting the mechanical and durability properties of
cement composites.

Previous authors state that it is possible to develop good
quality, lightweight cementitious composites using plastic
aggregates [10]. The characteristics of the plastic aggregates
including shape, size and texture, as well as the recycling
techniques greatly influence the properties of the resultant
composites. Through an appropriate mix design and the right
choice of plastic, structural performance can be maintained
[11]. Plastic aggregates have also been used in the prepa-
ration of high-performance concretes. Sadrmomtazi et al.
[12] studied the combined effect of waste PET particles and
pozzolanic materials, namely fly ash and silica fume, on the
properties of self-compacting concrete wherein pozzolanic
materials compensated the loss of strength caused by add-
ing PET.

Addition of plastic aggregates lowers the slump value of
fresh mix, and this effect intensifies with further increase
in plastic aggregate content [13, 14]. The morphology of
plastic aggregates also alters the fresh properties [5, 15]
e.g. non-uniform shapes lower fluidity [5]. In addition, the
grading and particle size distribution of plastic aggregates
influence workability [16]. PET aggregates (being angular
and flakier) decreased the workability of fresh concrete [15].
Many researchers observed 43-95% reduction in workability
of cement composites containing 0-20% of shredded PET
as sand replacement [17]. Plastic fibres are usually more
detrimental to workability than particles [18]. However, a
few studies [19, 20] report improved slump with increas-
ing substitution levels of PET aggregates. According to the
authors, the smooth surface and hydrophobic nature (almost
zero water absorption capacity) of plastics led to increased
slump value due to reduced internal friction between plastic
particles and the cement matrix.

Plastics usually have lower density than natural aggre-
gates, so adding plastic aggregates in concrete or mortar
reduces its density proportionally. Hence, the relationship
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between the unit weight of plastic-modified mixtures and
plastic aggregate content is linear with a decreasing trend.
Compared to the reference sample, a density reduction of
8%, 16% and 36% was obtained for mortar containing 10%,
25% and 50% (by volume) of porous foamed aggregates,
replacing natural quartz sand [21]. Badache et al. [22]
reported 5-25% reduction in the apparent density of a con-
trol mortar on increasing HDPE content (15-60%) as sand
replacement. The reduction of bulk density remains small
at low substitution levels (0% and 30%), however, when
the volume exceeds 50%, the bulk densities of the com-
posites decrease significantly reaching values of 1000 kg/
m? [23]. Similarly, the dry density of a control mortar (0%
of plastic aggregates) decreased from 2173 kg/m> to 1755
and 1643 kg/m?, respectively, for mortars containing 50%
of PET and PC aggregates [24, 25].

The porosity and water permeability of cementitious
mixtures containing plastic aggregates are higher than
those of conventional cement composites, and this is usu-
ally attributed to a weak bond at plastic—matrix interface
[25-28]. The non-absorbent nature of plastic generates a
greater amount of free water in the mortar, which leads to
a higher porosity after its evaporation [29]. Few authors
claimed that the inability of plastic and natural aggregates
to mix sufficiently in the matrix results in porous mortars
[26, 30]. The flat shape of PET particles leads to higher
porosity in the interface between PET and the hydrated
cement [31]. Recycled plastic substitution (10-50%) by
weight of sand enhances the open porosity of mortars,
causing an increase in the water vapour permeability [18].
Hannawi et al. [25] showed that replacing a small volume
of sand in PC and PET based mortars does not exert a
significant influence neither on water absorption nor on
apparent porosity of the composites; however, both values
increased with increasing plastic content.

Researchers have found that replacement of 0-20% of
sand with PET decreased the compressive strength of con-
crete by 9-62% [18]. However, some authors report slightly
increased strength at lower replacements. For instance, mor-
tars containing 7.5% and 10% of ABS as sand replacement
by volume, increased the compressive strength of the con-
trol specimens by 15.4% and 7.8%, respectively [32]. Kaur
and Pavia [33] reported a mild increase in the compressive
strength of mortars made with ABS, PC, POM, PET, and
ABS/PC plastic particles at 5% substitutions. In general,
specimens containing plastic aggregates were found to fail
in a ductile manner, being more capable of resisting loads
after failure without fully disintegrating [34]. Liu et al. [35]
reported superior energy absorption capability and impact
resistance of concrete containing different content of ABS/
PC (5-20% by volume of sand) when compared to normal
concrete. Hannawi et al. [25] illustrates that substituting
3-50% of sand with PET and PC plastic particles not only
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improves the equivalent flexural strength and the toughness
factor, but also causes the composites to absorb more energy.

Surface modification of plastic aggregates

To enhance the bonding characteristics between the cement
matrix and the plastic, certain surface treatments have been
proposed in the literature. Plastic aggregate surfaces have
been modified by granulation, coating with sand or with
slag powder [19, 20] or by treating the plastic with oxidiz-
ing chemicals [9, 11, 36]. These treatments are expected to
improve mechanical performance by enhancing the interac-
tion between cement paste and plastic aggregate.

Purnomo et al. [37] reported that concrete specimens
made of sand-coated plastic aggregates have higher compres-
sive strength than those with untreated plastic aggregates.
The authors claim that the improved compressive strength is
an indirect measure of the improved bond strength between
plastic and matrix. Choi et al. [19, 20] also confirmed prom-
ising results using blast furnace-coated plastic aggregates.

The bond formed between plastic and matrix is assumed
to be based on nonpolar van der Waals forces, which are
considered weak. Chemical treatment introduces the R-OH
(alcohol) and R-COOH (carboxylic acid) species into the
polymeric chains of plastic, and these species are polar and
hydrophilic, which allows stronger hydrogen bonds to be
formed [24]. Therefore, to induce chemical bonding, treating
plastic with strong chemicals like bleach, caustic soda, and
hydrogen peroxide has been proposed in the literature. Naik
et al. [9] illustrated the positive effect of chemical treatment
on the HDPE plastic particles, by showing the improvement
in compressive and tensile strengths of concrete including
4.5% plastic. Lee et al. [36] claimed that the higher com-
pressive strength, lower porosity and lower permeability of
recycled plastic concrete are due to the reduced ITZ between
the cement matrix and chemically treated PET aggregates.
Although treating plastic aggregates chemically is expected
to improve the plastic-matrix bond, contradictory results
exist in the literature. Thorneycroft et al. [11] reported sig-
nificant lowering of compressive strength and density upon
using chemically treated PET.

Research significance

To boost the mainstream uptake of post-consumer/recycled
plastic in construction, it is important to be able to employ
a substantial amount of plastic in cementitious compos-
ites, which is currently restricted (< 10% volumetric sand
replacement) in the literature. Moreover, the scanty litera-
ture on chemically treated plastic aggregates is limited to
compressive strength and density measurements only. The

present study investigates the influence of chemical treat-
ment on plastic aggregates, measured in terms of physical
(density and water absorption by capillarity) and mechani-
cal properties (compression, tension and flexure), in mortars
containing 5% and 15% plastic aggregates as sand replace-
ment. As a novelty, this paper applies previously adopted
chemical treatments to waste plastics (PC, POM, ABS, and
ABS/PC) that have not been treated to date.

Experimental design, materials,
and methods

Materials

Portland cement (CEM I 42.5R) manufactured by Irish
Cement Ltd, with a specific gravity of 3.05 g/cm?, was
used. Locally available sand of specific gravity 2.64 and
bulk density 1.57 g/cm® was used as fine aggregate. Recy-
cled plastic granules were procured from Wellman Interna-
tional Ltd and Polyfab Plastics Ltd (Fig. 1). The physical
and mechanical properties of these aggregates were provided
by the recycling plants and shown in Table 1. These plas-
tics were tested according to the relevant polymer standards
currently used by the polymer industry. The morphology
of the plastic aggregates was qualitatively assessed with a
digital camera. The PET aggregates were flat and angular
in shape and smooth in texture; PC and ABS aggregates
were sub-rounded and exhibited partially rough surfaces;
ABS/PC aggregates appeared mostly sub-rounded in shape
with a pored/scored texture; POM granules were mostly
round and elongated in shape with a smooth texture. The
gradation of sand and plastic aggregates by sieve analysis
was carried out conforming to EN1015-1 [38]. Figure 2a
presents the cumulative particle size distribution curves of
sand and plastic aggregates. Figure 2b shows that the sand
has a wide spread of particle size. Also, most of the plas-
tic aggregates (PET, PC, and POM) show a predominant
particle size range between 2 and 5 mm. However, ABS is
partially coarse (c.50% of the particles are sized between 5
and 10 mm) and ABS/PC is comparatively coarsest, where
the predominant particle size ranges between 5 and 10 mm.

Chemical treatment of plastic aggregates

Plastic aggregates were treated with two chemical
schemes. The first treatment (TS1) was adopted follow-
ing the approach suggested by Naik et al. [9] wherein
plastic aggregates were soaked in a solution of sodium
hypochlorite (NaOCl) and sodium hydroxide (NaOH) (5%
NaOCl+4% NaOH) for 6 days and then dried at room tem-
perature for 12 h before being used to prepare mortars. In
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Fig. 1 Types of plastic aggre-
gates used in the experimental
program. a Acrylonitrile butadi-
ene styrene (ABS), b polycar-
bonate (PC), ¢ ABS/PC blend,
d polyoxymethylene (POM),

e polyethylene terephthalate
(PET)

A\

Acrylonitrile-butadiene-styrene (ABS)

(e)

S

Polyetﬁyléflé terehhalate (PET)

Table 1 Physical and
mechanical properties of

plastic aggregates used as sand
replacement

pC* POM* ABS* ABS/PC* PET* Sand
Density (g/cm?) 1.20 1.38-1.40 1.05 1.15 0.45 1.57
Compressive strength (MPa) 86 31 70-85 - 24-77 -
Flexural modulus (GPa) 2.10 4.60 2.10 2.25 2.30 -
Tensile modulus (GPa) 2.60 4.90 2.10 2.27 2.7 -

2Wellman International Ltd., Cavan, Ireland
#Polyfab Plastics Ltd., Cavan, Ireland

the second treatment (TS2), a slightly modified method as
implemented by Thorneycroft et al. [11] was used where
plastic aggregates were first washed with the solution of
common household bleach, sodium hypochlorite (NaOCl)
and sodium hydroxide (NaOH) i.e. (5% NaOCl+4%
NaOH), and then with water, before being dried and fur-
ther used in mix preparation.

@ Springer

Mix proportions, casting, and test methods

The composition of the reference mix i.e. 1:3 cement-sand
mortar by mass and one-half part of water (w/c=0.5) has
been decided in compliance with EN196-1 [39]. EN 1015-2
[40] also suggests that mortar should be proportioned to a
consistency to give a flow of 1204+ 10 mm to 160 £ 10 mm
depending on its use. The target-flow and target air volume
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Fig.2 Sieve analysis results of sand and plastic aggregates a Cumula-
tive particle size distribution of sand and plastic aggregates. b Parti-
cle size of sand and plastic aggregates

were not pre-established before the mix design. The aver-
age value of slump flow of the reference mix at 0.5 w/c was
observed to be 160 mm. The average of three values has
been considered. The reference mixture in fresh state looked
homogeneous and no segregation or bleeding was observed
after mixing. This water-to-cement ratio (w/c=0.5) was kept

constant in all other mixtures. For the remaining mixtures,
each plastic type is added at 5% and 15% volumetric substi-
tution of sand without varying other ingredients. The mix
proportions of eleven mortar mixtures are given in Table 2.
The slump values of mortars containing plastic aggregates
(Table 2) were obtained in the range 120 mm to 140 mm
without making any adjustments in the water content. This
observation is in agreement with the literature that reports
lower slump values of fresh concrete due to the incorpora-
tion of several types of plastic aggregates than that of the
conventional concrete mix.

The mix volume calculations were done considering
the number of specimens to cast. For mixing, the different
constituents of the mortar were accurately weighed, mixed
and dry-homogenised. The mixing was done in a standard
mixing machine of 5000 cm? capacity. The appropriate
amount of water was gradually added to the mixture. The
mixing duration was slightly raised with increasing content
of plastic aggregates to get a homogeneous mixture. Figure 3
demonstrates that homogeneity was achieved practically
while mixing and casting of plastic aggregate specimens.
The fresh mortar mixtures were cast into prism and cylinder
molds. Prism specimens of 40 X 40 x 160 mm size were cast
to determine the flexural and compressive strength of hard-
ened mortars. Split-tensile strength tests were carried out on
cylinders of 150 mm diameter and 300 mm height. For the
dry density, porosity and water absorption tests, additional
prism specimens of 40 x40 X 160 mm size were cast. Three
specimens per each test were cast to evaluate the desired
properties by obtaining the averaged results. The compac-
tion of fresh mix was achieved using a vibrating table. The
vibration was stopped once no air bubbles were seen at the
surface and until a smooth surface was obtained i.e. approxi-
mately after 16 s. The freshly prepared specimens were cov-
ered with polythene sheets to avoid any loss of moisture and
then kept as such under normal laboratory environment for

Table2 Composition and flow Mix Cement (kg/m®) Water Sand PAs (kg/m?) Total aggregate Flow
values of mortars (ke/m®) (keg/m?) cement value
ratio (mm)

Control 473 236 1418.3 0 3.00 160

PC5 473 236 1347.38 54.96 2.96 135

PC15 473 236 1205.55 164.88 2.90 130

ABSS5 473 236 1347.38 69.14 2.99 140

ABS15 473 236 1205.55 207.43 2.99 135

ABS/PC5 473 236 1347.38 46.54 2.95 140

ABS/PC15 473 236 1205.55 139.61 2.84 132

POMS5 473 236 1347.38 50.97 2.96 130

POM15 473 236 1205.55 152.91 2.87 120

PET5 473 236 1347.38 60.19 2.98 130

PET15 473 236 1205.55 180.57 2.93 132
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Fig.3 Representation of homo-
geneous mixture from casting
to testing stage of specimens
containing plastic aggregates

a Fresh mix prepared during
casting of specimens, b freshly
prepared specimens ¢ ABS/PC
based hardened specimen sliced
from the centre

Fresh mix prepared
during casting of
specimens

24 h. The specimens were demoulded after 24 h and cured in
water bath maintained at 20 +2 °C until the test age.

The methods described RILEM TC 25-PEM [41] were
used to determine the real and bulk densities and porosity of
hardened mortars at the age of 28 days. The water absorption
coefficients of mortars due to capillary action were calcu-
lated in accordance to EN 1925-1999 [42]. To determine
the 28-day compressive and flexural strength of hardened
mortars the test method specified in EN1015-11 [43] was
used. The splitting tensile strength test is an indirect method
of testing the tensile strength of the mix, and it has been per-
formed in compliance with IS 5816-1999 [44]. The physical
and strength properties of mortars containing untreated plas-
tic aggregates were determined previously in Kaur and Pavia
[33]. The test results obtained from both treatment schemes
are compared with their respective untreated counterparts
and with the reference mortar.

Results and discussions
Bulk and real density

The bulk and real densities of the reference mix were
observed as 2293 kg/m® and 1873 kg/m? respectively. Fig-
ures 4 and 5 show the bulk and real densities of mortars
containing treated plastic aggregates. In general, the investi-
gated plastic types have a lower density than sand (Table 1);
therefore, the weight of the plastic mortars is reduced when
compared to the reference mix. As expected, the bulk and
real densities of plastic aggregate mortars decreased further
upon increasing the amount of plastic aggregates. These
observations are consistent with many studies where natural
aggregates/sand were substituted with plastics at different
replacement levels [23, 24, 36]. The bulk densities of the
plastic aggregate mortars (1804—-2082 kg/m?) are lower that
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the reference mix (c.2293 kg/m*)—Fig. 4, meeting the dry
density requirement for structural lightweight concrete [45].

In comparison to the reference mix, PET mortars contain-
ing 5-15% treated aggregates show a reduction (17-21%:
TS1-series and 13—-18%: TS2-series) in the bulk density.
This outcome agrees with Thorneycroft et al. [11], which
reported 19% reduction in the dry density of PET mix con-
taining 10% treated PET aggregates as sand replacement.
The authors attributed this behaviour to a large number of
voids in the mix, which lowered the density values.

It can also be observed from Fig. 3 that irrespective of the
type of plastic, the mortars carrying TS2 plastic aggregates
have higher bulk densities than the TS1 counterparts. The
bulk densities of TS2 based mortars ranged between 1839
to 2082 kg/m>, whereas the corresponding bulk densities of
TS1 mortars varied from 1804 to 2014 kg/m>. The relative
porous microstructure of TS1 mortars must have resulted in
reduced bulk densities of these composites. This observation
becomes quite evident with the matching downtrend in the
real density values of TS1 mortars (Fig. 5). The prolonged
soaking period of plastic aggregates in aqueous solution
(TS1 method) affected the microstructure of the composites.

The lower density values of treated plastic aggregate
mortars (Table 3), downplay the role of chemical treatment,
especially for the TS1 samples. Literature suggests the for-
mation of oligomers or alcohol (R-OH) and carboxylic acid
(R-COOR) based reactive species on the plastic surface after
chemical treatment. However, the likelihood of oligomers
to remain precipitated on the plastic surface during mixing
process is not confirmed. Moreover, the possibility of these
reactive species dissolving or decomposing into the fresh
mortar and altering the pH cannot be ruled out.

Table3 The bulk density (kg/m?) of plastic aggregate mortars at
28 days

Mix Code Untreated plastic Treated plastic aggregates
a
aggregates TS1 p—

PC5 2094 1927 (-8) 2007 (—4)
PC15 2008 1814 (-10) 1866 (=7)
POMS 2085 2014 (-3) 2082 (0)
POM15 1915 1879 (-2) 1908 (0)
PETS 2086 1914 (-8) 1999 (—4)
PET15 1892 1804 (-5) 1869 (-1)
ABS5 2136 1948 (-9) 2038 (-5)
ABS15 1980 1817 (-8) 1907 (—4)
ABS/PC5 2104 1940 (-8) 2012 (—4)
ABS/PCI15 1949 1827 (—6) 1873 (—4)

Values in brackets represent the percentage reduction in density for
treated samples against the untreated samples

“Density values for samples containing untreated plastic aggregates
from Kaur and Pavia [33]

No distinct pattern from the density results (Table 3)
of mortars could be observed on the five types of treated
plastics used in this investigation. However, POM-based
mortars appeared slightly denser and PET based mortars
emerged somewhat lighter. This behaviour can be roughly
correlated with the higher density value of the POM plastic
(1.38-1.40 g/cm?) and the low density of the PET (0.45 g/
cm3).

Porosity and capillary absorption

The porosity and capillary test results of mortars containing
treated aggregates are shown in Figs. 6 and 7, respectively.

The mortars incorporating treated plastic aggregates
increased porosity when compared to the reference mix
(10.2%), hence it can be concluded that addition of chemi-
cally treated plastic aggregates resulted in porous mortars
(Fig. 6). The increased porosity can be associated with the
modified pore structure resulting from chemical treatment.
This agrees with the results in Table 4, which indicate the
percentage increase in porosity for TS1 and TS2 mortars
when compared to the mortars containing untreated plastic
aggregates. Previous authors [9, 25] attributed the increased
porosity of plastic aggregate composites to the week plas-
tic-matrix bond, which in turn increased the permeability
of mixtures.

Figure 6 also reports higher porosity for the TS1 mortars
than the TS2 mortars. The TS1 mortars increased porosity
by 12-15% (PC); 11-13% (POM); 12-18% (PET); 11-15%
(ABS) and 12-15% (ABS/PC) when compared to the equiv-
alent TS2 mortars.

In the TS1 mortars, the reactive oligomers resulting from
the treatment might have decomposed during cement hydra-
tion, due to the high pH environment, and this could have
increased the amount of pores in the matrix. However, in
the TS2 mortars, washing the treated plastic aggregates with
water before mixing must have washed away the reactive

oTs2

18 16.5 BTS1

Reference
10.2 %

—
5]

Porosity (%)

Fig.6 Water accessible porosity of plastic aggregate mortars
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Table 4 Porosity (%) of plastic aggregate mortars at 28 days

Mix Code Untreated Elastic Treated plastic aggregates
aggregates — p—
PC5 7.1 13.7 (93) 12.2(72)
PC15 7.3 15.6 (114) 13.6 (86)
POMS - 11.6 10.3
POM15 - 13.9 12.5
PETS 12 15.3 (28) 13.7 (14)
PET15 12.5 16.5 (32) 14.1 (12)
ABSS5 6.4 12.4 (94) 11.2 (75)
ABSI5 6.8 14.6 (115) 12.7 (87)
ABS/PC5 7.3 12.9 (77) 11.5 (58)
ABS/PCI15 11.8 14.8 (24) 129 (9)

Values in brackets represent the percentage increase in porosity for
treated samples against the untreated samples

#Porosity values for samples containing untreated plastic aggregates
from Kaur and Pavia [33]
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species from the plastic surface thus resulting in less pores.
Thorneycroft et al. [11] claimed that mortars containing
chemically treated PET aggregates, which were washed with
water before mixing in concrete, are not distinctly different
than untreated PET aggregates.

Porosity and water absorption are closely related. It is
evident from the literature that the size, amount, and inter-
connectivity of pores affect the capillary suction of mortars.

All the treated plastic aggregate mortars at 5% replace-
ments show either comparable or lower water absorption
than the control mix. Plastics are hydrophobic which must
have slowed down or disrupted the propagation of water.
However, with an increase in plastic replacement, porosity
and capillary suction increased. This effect is more promi-
nent for TS1 mortars. Therefore, TS1 mortars have large
number of interconnected pores thus displaying higher
porosity and a greater amount of overall water absorbed.
The higher values of capillary rise for PET15 i.e. 0.0052 g/
(cmz.\/sec) and 0.0043 g/(cmz.\/sec) corresponding to
TS1 and TS2 based treatments respectively, suggest that the
PET15 mortars have the greatest capillary suction, both after
one minute and long term (Fig. 7).

It can be concluded from Fig. 6 that the average coeffi-
cient of water absorption by capillarity for the TS1 and TS2
mortars lies in the range of 0.0020-0.0052 g/(cm>. \/ sec) and
0.0016-0.0043 g/(cmz.\/ sec), respectively, in comparison
to the 0.0041 g/(cm?. \/ sec) for the reference mix. The TS1
mortars, being more porous, resulted in higher water absorp-
tion values (Fig. 7a) compared to the TS2 mortars (Fig. 7b).

Compressive strength

The summary of 28-day compressive strength values of mor-
tars containing plastic aggregates is presented in Table 5.
The plastic aggregate mortars from both treatment series
showed reduced compressive strength values compared to
the reference mix (60.61 MPa). The mortars containing
treated (POMS and ABSS) aggregates show a 2—-6% reduc-
tion in compressive strength with respect to the reference
mix. Both treatments result in strengths close to the con-
trol mix. These mortars are denser (Figs. 3 and 4) and less
porous (Fig. 5) than other plastic types. Their aggregates
contain more fines, which might have resulted in a denser
packing. Mortars containing higher levels of treated plastic
aggregates further lowered the compressive strength values:
maximum reductions (up to 37% of the reference mix value)
were observed for mortar including 15% TS1 treated PET.
The strength values of the treated plastic aggregate mor-
tars are lower than the equivalent untreated plastic aggre-
gate values in Kaur and Pavia [33]. As discussed earlier,
the increased porosity of the plastic aggregate mortars due
to the formation of pores and openings resulting from the
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Table 5 Summary of 28-day compressive strength results

Mix Code Average  Average compressive Change in TS1 mor-  Change in TS2 mor-  Change in TS1 mor-  Change in TS2 mortars
com- strength of untreated  tars compared to the  tars compared to the  tars compared to the  compared to the refer-
pressive mortars (N/mm?) untreated equivalents untreated equivalents reference mix (%) ence mix (%)
strength (%) (%)
of treated
mortars
(N/mm?)

TS1 TS2

Reference - - 60.6 - - - -

PC5 52.8 55.8 67.7 22 —18 -13 -8

PC15 42.1 47.8 60.4 =30 =21 =30 -21

POMS 56.2 59.3 68.2 —18 -13 =7 -2

POM15 443 523 55.6 -20 -6 =27 —14

PETS 48.2 534 58.7 -18 -9 =20 -12

PET15 383 414 438 -13 =5 =37 -32

ABSS 55.6 592 712 =22 -17 -8 -2

ABSI5 46.3 53.8 57.0 -19 -6 —24 —11

ABS/PC5 51.1 57.8 68.7 —26 -16 -16 =5

ABS/PC15 45.0 50.2 52.8 -15 =5 —26 -17

65 @pC-TSI strength. For instance, PET15 exhibits the lowest compres-

PRl sive strength (TS1-treated: 38.26 MPa and TS2-treated:

o XABS-TSI 41.42 MPa) and highest porosity (TS1-treated: 16.5% and
F s | v U TS2-treated:14.1%).
§ POM-TS2 It can be concluded from the compressive strength results
E‘ 50 | RN -PAZTSTTSSZ, that neither the TS1 nor the TS2 treatment have favored the
t"'.’: + ™ S5 Y SABS/PESTS2 compressive strength of any plastic type agreeing with previ-
FI R ML R ous authors [8, 9].
£ w LI
S 40t \

X Flexural strength
35 .
9 10 11 12 13 14 15 16 17

Porosity (%)

Fig.8 Compressive strength vs porosity of TS1 and TS2 mortars

interaction between the chemical treatments and the cement
matrix, probably reduced the compressive strength. Fig-
ure 8 depicts the reduced values of compressive strength
with the increasing porosity of the plastic aggregate mortars.
Thorneycroft et al. [11] also reported a similar trend (77%
compressive strength reduction for concrete containing TS1-
treated, PET aggregates when compared with the untreated
PET concrete mix).

The compressive strength of TS1 mortars containing
5-15% plastic aggregates reduced by 5-12% for PC, 5-15%
for POM, 8-10% for PET, 6-14% for ABS and 10-12%
for ABS/PC when compared to their equivalent TS2 mor-
tars. This performance agrees with their reduced porosity,
lower water absorption coefficient. The results evidence
the inverse relationship between porosity and compressive

Flexural strength represents the highest bending stress expe-
rienced within the material at the collapse load [13]. Table 6
shows the summary of 28-day flexural strength of plastic
aggregate mortars.

The flexural strength decreased with the substitution
of sand with plastic aggregates. Numerous studies have
reported lower flexural strength for cement composites con-
taining PET aggregates, accrediting this trend to the weak
interface/weak bond between matrix and plastic aggregate
[24, 46]. The reduced flexural strength of TS1 and TS2-
treated mortars disagrees with the chemical enhancing bond
at the interface. There is no significant change in flexural
strength for TS2 mortars containing 5% of treated plastic
aggregates when compared to the reference mix except for
PETS. The percentage reduction in the flexural strength for
TS2 mortars are 7%, 2%, 13%, 3% and 5% for PC5, POMS5,
PETS, ABSS5 and ABS/PCS, respectively. However, a signifi-
cantly greater reduction in the range of 15-29% is observed
for the TS 1-treated mortars at lower replacements. The mor-
tars containing 15% plastic content showed further reduction
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Table 6 Summary of 28-day flexural strength results

Mix Code Average  Average flexural Change in TS1 mor-  Change in TS2 mor-  Change in TSI mor-  Change in TS2 mortars
flexural strength of untreated  tars compared to the  tars compared to the  tars compared to the  compared to the refer-
strength mortars (N/mm?) untreated equivalents untreated equivalents reference mix (%) ence mix (%)
of treated (%) (%)
mortars
(N/mm?)

TS1 TS2

Reference - - 80 - - - -

PC5 57 75 84 -32 —11 -29 =7

PC15 54 6.1 69 -22 -12 -32 —24

POMS5 6.0 79 8.1 =27 -3 —26 -2

POM15 54 67 13 —26 -8 -32 -16

PETS 56 7.0 84 -33 -17 =30 -13

PET15 49 63 69 -29 -8 -39 -21

ABSS 6.8 7.8 85 -20 -8 —15 -3

ABSI15 55 7.0 83 —34 —-16 —31 —13

ABS/PC5 59 76 9 —34 —-16 —26 =5

ABS/PC15 55 6.6 69 -20 —4 =31 -17

in flexural strength (13-24% for TS2 mortars and 31-39% 100 ¢ upC.TS]

for TS1 mortars). APOM-TSI

When comparing both treatments, for any plastic type, o0 T ;iiTSTTSSII
there is a clear difference between the flexural strength of the _ 9 ABS/PCS-TSI

TS1 and the TS2 mortars, with percentage strength reduc- é | . +Eg}\:izsz

tions of 11-23% for PC, 19-24% for POM, 20-23% for PET, E o b Q“ii‘:;x‘ - WPET.TS2

13-21% for ABS, and 17-22% for ABS/PC mortars. The £ NN oAnS bt

TS1 mortars, being more porous, resulted in reduced flex- g 60 | N \+'

ural strength. The results from other properties discussed in = ‘7_\ o

previous sections also evidenced worse performance for the 50 | h “x

TS 1-treated mortars.

In general, among the different plastic types, there is no w0 " > ” " »

substantial difference in performance. However, the POM
and ABS-based mortars tend to perform better than the PET
mortars which achieved the poorest results.

The results suggest that the overall performance of the
chemically treated, plastic aggregate mortars is governed by
the enhanced porosity triggered by the chemical treatment.
The downward trend of flexural strength with increasing
porosity is also visible from Fig. 9.

Splitting-tensile strength

All failure modes in concrete under everyday design situa-
tions are a consequence of tensile failure, and introducing
plastic aggregates into the cement composites results in
the loss of tensile performance [11]. The effect of chemi-
cally treated plastic aggregates on the tensile strength
of the mortars followed the similar trend as observed
for the compressive strength and flexural strength. For
both treatments, the splitting tensile strength of plastic
aggregate mortars was lower than that of the reference

@ Springer
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Fig.9 Flexural strength vs porosity of TS1 and TS2 mortars

mortar (3.42 MPa) and equivalent to the untreated samples
(Table 7). Thorneycroft et al. [11] reported 50% reduction
in tensile strength of chemically treated plastic aggregate
concrete when compared to the untreated counterpart.
The splitting tensile strength of cementitious compos-
ites decreases further upon increasing the amount of plas-
tics aggregates. Table 7 indicates significant reductions in
the splitting tensile strength of TS1 mortars in compari-
son to TS2 mortars; the maximum reduction of 31-42%
for TS1-based PET mortars was observed at 5-15% plas-
tic additions. Similarly to the compressive and flexural
strengths, the reductions in splitting tensile strength are
attributed to the increased porosity and number of voids
caused by the incorporation of plastic aggregates [5, 24].
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Table 7 Summary of 28-day splitting tensile strength results

Mix Code Average  Average splitting Change in TSI mor-  Change in TS2 mor-  Change in TS1 mor- ~ Change in TS2 mortars
splitting  tensile strength of tars compared to the  tars compared to the  tars compared to the  compared to the refer-
tensile untreated mortars (N/ untreated equivalents untreated equivalents reference mix (%) ence mix (%)
strength ~ mm?) (%) (%)
of treated
mortars
(N/mm?)

TS1 TS2

Reference - - 34 - - - -

PC5 24 30 3.1 22 =3 =30 -13

PC15 22 24 28 -23 —14 =37 -29

POMS5 28 32 35 -20 =7 —18 =5

POM15 25 29 3.0 -19 —4 -28 —-15

PETS 24 28 29 -20 -6 =31 -19

PET15 20 23 27 —26 —14 —42 =32

ABSS 26 33 35 =25 =7 -23 -4

ABSI5 24 26 28 -16 -6 =31 =23

ABS/PC5 26 3.1 32 -20 =3 —24 -8

ABS/PCI5 22 25 2.7 -19 -10 =35 -28

357 EPC.TSI strongly implies that chemically treated, plastic aggregates
APOM-TSI in cement mortars increase porosity and reduce strength.
. iiiTSTTSSII e The r'esults suggest that. the overall performfince of the
ABS/PC5-TS1 chemically treated, plastic aggregate mortars is governed
+;g'$§sz by the enhanced porosity triggered by the chemical treat-
WPET-TS2 ment.

50 ABS-TS2

@®ABS/PC5-TS2

20 X

Splitting Tensile Strength (MPa)
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Fig. 10 Splitting tensile strength vs porosity of TS1 and TS2 mortars

Alike the former mechanical properties, the splitting ten-
sile strength lowers with increasing porosity—Fig. 10.

Conclusions

The following conclusions can be drawn from the present
investigation:

e Evidence obtained from the present study weakens the
improved bond between chemically treated plastic aggre-
gates and cement matrix proposed by former authors; and

The results also evidenced that one chemical treatment
(TS2) is superior than the other, resulting is better mortar
performance. Hence, the reactive species formed on the
plastic surface by the chemical treatment might play a role
on the mortar’s performance.

Water-rinsing the reactive species following chemical
treatment (TS2) seems to benefit the resultant composites.
It is likely that residues of the chemical treatment in the
unwashed TS1-treated mortars have adversely interfered
with cement hydration.

There is no substantial difference in the performance of the
different plastic types, but the POM and ABS mortars tend
to perform the best and the PET the worst.

The TS1 and TS2 mortars are strong with compressive
strengths ranging from 38 to 59 MPa, tensile strength from
2 to 3 MPa and flexural strengths reaching 5 to 8 MPa,
which are superior to those required by building standards
for pointing/ bedding, rendering or plastering mortars.

Recommendations

According to the literature, strong oxidizing agents result
in a higher polarity of the plastic surface after treatment,
which allows stronger hydrogen bonds to be formed. Further
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research on chemically pretreated plastic aggregates is
required to evidence the improved bond at the plastic—-matrix
interface as claimed by previous authors.

e The chemical interaction at the plastic—cement interface
should be quantified using the surface tension or sur-
face characteristics of the treated plastics such as friction
coefficients.

e The type and characteristics of the reactive oligomers
induced by the chemical treatments and their reaction
with hydrated cement also need to be investigated to
achieve better insight on the performance of chemically
treated plastic aggregates in cementitious composites.

e More studies are required on the appropriate oxidizing
agents and wetting times of plastic aggregates to review
the effectiveness of the surface treatments.

e The durability of cementitious composites containing
chemically pretreated plastic aggregates also needs to
be studied to assess the resistance to aggressive environ-
ments.

Acknowledgements The authors gratefully acknowledge the help pro-
vided by the Chief Technician and the technical staff in the Department
of Civil Engineering, Trinity College Dublin, in particular, Mr. Mark
Gilligan. The authors also thank the Thapar Institute of Engineering
and Technology, Patiala for their financial support. The authors wish
to thank N. Skeffington, Wellman Int. Ltd. and G. McGovern, Polyfab
Ltd.

Funding This research received financial support from the Thapar
Institute of Engineering and Technology, Patiala, India.

Data availability All data, models, and code generated or used during
the study appear in the submitted article.

Declarations

Conflict of interest The authors have no conflicts of interest to declare.

References

1. Geyer R, Jambeck JR, Law KL (2017) Production, use, and fate
of all plastics ever made. Sci Adv 3(7):e1700782. https://doi.org/
10.1126/sciadv.1700782

2. World Economic Forum (2016) The new plastics economy:
Rethinking the future of plastics. The Ellen MacArthur Founda-
tion. https://www.ellenmacarthurfoundation.org/publications/the-
new-plastics-economy-rethinking-the-future-of-plastics. Accessed
4 September 2020

3. Plastics Insight (2020) Resin prices. See https://www.plasticsin
sight.com/resin-intelligence/resinprices/. Accessed 02 Feb 2020

4. Kaur G, Pavia S (2020) Durability of mortars made with recy-
cled plastic aggregates: Resistance to frost action, salt crystalliza-
tion and cyclic thermal/moisture variations. J Mater in Civil Eng
33(2):04020450. https://doi.org/10.1061/(ASCE)MT.1943-5533.
0003566

@ Springer

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

Gu L, Ozbakkaloglu T (2016) Use of recycled plastics in con-
crete: a critical review. Waste Manage 51:19-42. https://doi.org/
10.1016/j.wasman.2016.03.005

Singh N, Hui D, Singh R et al (2017) Recycling of plastic solid
waste: a state of art review and future applications. Compos B
115:409-422. https://doi.org/10.1016/j.compositesb.2016.09.
013

Awoyera PO, Adesina A (2020) Plastic wastes to construction
products: Status, limitations and future perspective. Case Stud
Constr Mater 12:¢00330. https://doi.org/10.1016/j.cscm.2020.
e00330

Pavlik Z, Pavlikovd M and Zaleska M (2019) Properties of con-
crete with plastic polypropylene aggregates, in use of recycled
plastics in eco-efficient concrete. Woodhead publishing series in
civil and structural engineering, pp. 189-213.

Naik TR, Singh SS, Huber CO et al (1996) Use of post-consumer
waste plastics in cement-based composites. Cem Concr Res
26:1489-1492. https://doi.org/10.1016/0008-8846(96)00135-4
Angel FCD and Ruiz JLV (2012) Manufacturing light concrete
with PET aggregate. Int Sch Res Notices 2012:287323. https://
doi.org/10.5402/2012/287323

Thorneycroft J, Orr J, Savoikar P et al (2018) Performance of
structural concrete with recycled plastic waste as a partial replace-
ment for sand. Constr Build Mater 161:63-69. https://doi.org/10.
1016/j.conbuildmat.2017.11.127

Sadrmomtazi A, Milehsara SD, Omran OL et al (2016) The com-
bined effects of waste Polyethylene Terephthalate (PET) particles
and pozzolanic materials on the properties of self-compacting
concrete. J Clean Prod 112:2363-2373. https://doi.org/10.1016/j.
jclepro.2015.09.107

Saikia N, Brito JD (2012) Waste polyethylene terephthalate as an
aggregate in concrete. Mater Res 16:341-350. https://doi.org/10.
1590/S1516-14392013005000017

Babafemi AJ, Savija B, Paul SC (2018) Engineering properties
of concrete with waste recycled plastic: a review. Sustainability
10(11):3875. https://doi.org/10.3390/su10113875

. Vaillancourt CJ, Sorelli L (2018) Characterization of concrete

composites with recycled plastic aggregates from postconsumer
material streams. Constr Build Mater 182:561-572. https://doi.
org/10.1016/j.conbuildmat.2018.06.083

Mohammed AA, Mohammed II, Mohammed SA (2019) Some
properties of concrete with plastic aggregate derived from shred-
ded PVC sheets. Constr Build Mater 201:232-245. https://doi.org/
10.1016/j.conbuildmat.2018.12.145

Almeshal I, Tayeha BA, Alyousef R et al (2020) Eco-friendly
concrete containing recycled plastic as partial replacement for
sand. J Mater Res Technol 9(3):4631-4643. https://doi.org/10.
1016/j.jmrt.2020.02.090

Tucolano F, Liguoria B, Caputo D et al (2013) Recycled plastic
aggregate in mortars composition: effect on physical and mechani-
cal properties. Mater Des 52:916-922. https://doi.org/10.1016/j.
matdes.2013.06.025

Choi YW, Moon DJ, Chung JS et al (2005) Effects of waste PET
bottles aggregate on the properties of concrete. Cem Concr Res
35:776-781. https://doi.org/10.1016/j.cemconres.2004.05.014
Choi YW, Moon DJ, Kim Y]J et al (2009) Characteristics of mortar
and concrete containing fine aggregate manufactured from recy-
cled waste polyethylene terephthalate bottles. Constr Build Mater
23:2829-2835. https://doi.org/10.1016/j.conbuildmat.2009.02.036
Coppola B, Courard L, Michel F et al (2018) Hygro-thermal and
durability properties of a lightweight mortar made with foamed
plastic waste aggregates. Constr Build Mater 170:200-206.
https://doi.org/10.1016/j.conbuildmat.2018.03.083

Badache A, Benosman AS, Senhadji Y et al (2018) Thermo-physi-
cal and mechanical characteristics of sand-based lightweight com-
posite mortars with recycled high-density polyethylene (HDPE).


https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://www.ellenmacarthurfoundation.org/publications/the-new-plastics-economy-rethinking-the-future-of-plastics
https://www.ellenmacarthurfoundation.org/publications/the-new-plastics-economy-rethinking-the-future-of-plastics
https://www.plasticsinsight.com/resin-intelligence/resinprices/
https://www.plasticsinsight.com/resin-intelligence/resinprices/
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003566
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003566
https://doi.org/10.1016/j.wasman.2016.03.005
https://doi.org/10.1016/j.wasman.2016.03.005
https://doi.org/10.1016/j.compositesb.2016.09.013
https://doi.org/10.1016/j.compositesb.2016.09.013
https://doi.org/10.1016/j.cscm.2020.e00330
https://doi.org/10.1016/j.cscm.2020.e00330
https://doi.org/10.1016/0008-8846(96)00135-4
https://doi.org/10.5402/2012/287323
https://doi.org/10.5402/2012/287323
https://doi.org/10.1016/j.conbuildmat.2017.11.127
https://doi.org/10.1016/j.conbuildmat.2017.11.127
https://doi.org/10.1016/j.jclepro.2015.09.107
https://doi.org/10.1016/j.jclepro.2015.09.107
https://doi.org/10.1590/S1516-14392013005000017
https://doi.org/10.1590/S1516-14392013005000017
https://doi.org/10.3390/su10113875
https://doi.org/10.1016/j.conbuildmat.2018.06.083
https://doi.org/10.1016/j.conbuildmat.2018.06.083
https://doi.org/10.1016/j.conbuildmat.2018.12.145
https://doi.org/10.1016/j.conbuildmat.2018.12.145
https://doi.org/10.1016/j.jmrt.2020.02.090
https://doi.org/10.1016/j.jmrt.2020.02.090
https://doi.org/10.1016/j.matdes.2013.06.025
https://doi.org/10.1016/j.matdes.2013.06.025
https://doi.org/10.1016/j.cemconres.2004.05.014
https://doi.org/10.1016/j.conbuildmat.2009.02.036
https://doi.org/10.1016/j.conbuildmat.2018.03.083

Journal of Material Cycles and Waste Management

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Constr Build Mater 163:40-52. https://doi.org/10.1016/j.conbu
ildmat.2017.12.069

Marzouk OY, Dheilly RM, Queneudec M (2007) Valorisation of
post-consumer plastic waste in cementitious concrete composites.
Waste Manage 27:310-318. https://doi.org/10.1016/j.wasman.
2006.03.012

Saikia N, Brito JD (2012) Use of plastic waste as aggregate in
cement mortar and concrete preparation: a review. Constr Build
Mater 34:385-401. https://doi.org/10.1016/j.conbuildmat.2012.
02.066

Hannawi K, Kamali BS, Prince W (2010) Physical and mechanical
properties of mortars containing PET and PC waste aggregates.
Waste Manage 30:2312-2320. https://doi.org/10.1016/j.wasman.
2010.03.028

Albano C, Camacho N, Hernandez M et al (2009) Influence of
content and particle size of PET waste bottles on concrete behav-
iour at different w/ c ratios. Waste Manage 29:707-716. https://
doi.org/10.1016/j.wasman.2009.05.007

Junco C, Gadea J, Rodriguez A et al (2012) Durability of light-
weight masonry mortars made with white recycled polyurethane
foam. Cem Concr Compos 34:1174-1179. https://doi.org/10.
1016/j.cemconcomp.2012.07.006

Wang R, Meyer C (2012) Performance of cement mortar made
with recycled high impact polystyrene. Cem Concr Compos
34:975-981. https://doi.org/10.1016/j.cemconcomp.2012.06.014
Silva AMD, Brito JD, Veiga R (2014) Incorporation of fine plastic
aggregates in rendering mortars. Constr Build Mater 71:226-236.
https://doi.org/10.1016/j.conbuildmat.2014.08.026

Akcaozoglu S, Atis CD, Akcaozoglu K (2010) An investigation on
the use of shredded pet waste bottles as aggregate in lightweight
concrete. Waste Manage 32:285-290. https://doi.org/10.1016/j.
wasman.2009.09.033

Frigione M (2010) Recycling of PET bottles as fine aggregate in
concrete. Waste Manage 30:1101-1106

Makri C, Hahladakis JN, Gidarako E (2019) Use and assessment
of “e-plastics” as recycled aggregates in cement mortar. J Hazard
Mater. https://doi.org/10.1016/j.jhazmat.2019.120776

Kaur G, Pavia S (2020) Physical properties and microstructure
of plastic aggregate mortars made with acrylonitrile-butadiene-
styrene (ABS), polycarbonate (PC), polyoxymethylene (POM) and
ABS/PC blend waste. J Build Eng 31:101341. https://doi.org/10.
1016/j.jobe.2020.101341

Siddique R, Khatib J, Kaur I (2008) Use of recycled plastic in
concrete: a review. Waste Manage 28:1835-1852. https://doi.org/
10.1016/j.wasman.2007.09.011

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

LiuF, Yan Y, Li L et al (2015) Performance of recycled plastic-
based concrete. ] Mater Civ Eng 27:A4014004. https://doi.org/10.
1061/(ASCE)MT.1943-5533.0000989

Lee ZH, Paul SC, Kong SY et al (2019) Modification of waste
aggregate PET for improving the concrete properties Adv. Civ
Eng 2019:6942052. https://doi.org/10.1155/2019/6942052
Purnomo H, Pamudji G, Satim M (2017) Influence of uncoated
and coated plastic waste coarse aggregates to concrete compres-
sive strength. MATEC Web Conf 101:01016. https://doi.org/10.
1051/matecconf/201710101016

EN (European Standards) (1999) EN 1015-1: Methods of test for
mortar for masonry: Determination of particle size distribution
(by sieve analysis). Brussels, Belgium.

EN (European Standards) (2005) EN 196—1: Methods of testing
cement—~Part 1: Determination of strength. Brussels, Belgium.
EN (European Standards) (1999) EN 1015-2: Methods of test
for mortar for masonry- Part 2: Bulk sampling of mortars and
preparation of test mortars. Belgium, Brussels

RILEM (1980) RILEM TC 25-PEM: Recommended tests to meas-
ure the deterioration of stone and to assess the effectiveness of
treatment methods. Materiaux et Constructions, Paris

EN (European Standards) (1999) EN 1925: Natural stone test
methods: Determination of water absorption coefficient by capil-
larity. Brussels, Belgium.

EN (European Standards) (1999) EN 1015-11: Methods of test for
mortar for masonry: Determination of flexural and compressive
strength of hardened mortar. Belgium, Brussels

IS (Indian Standards) (1999) IS 5816: Splitting tensile strength of
concrete- method of test. New Delhi, India

RILEM LC2 (1978) RILEM 632 recommendations: Functional
classification of lightweight concrete.

Ismail ZZ, Al-Hashmi EA (2008) Use of plastic waste in concrete
mixture as aggregate replacement. Waste Manage 28:2041-2047.
https://doi.org/10.1016/j.wasman.2007.08.023

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.conbuildmat.2017.12.069
https://doi.org/10.1016/j.conbuildmat.2017.12.069
https://doi.org/10.1016/j.wasman.2006.03.012
https://doi.org/10.1016/j.wasman.2006.03.012
https://doi.org/10.1016/j.conbuildmat.2012.02.066
https://doi.org/10.1016/j.conbuildmat.2012.02.066
https://doi.org/10.1016/j.wasman.2010.03.028
https://doi.org/10.1016/j.wasman.2010.03.028
https://doi.org/10.1016/j.wasman.2009.05.007
https://doi.org/10.1016/j.wasman.2009.05.007
https://doi.org/10.1016/j.cemconcomp.2012.07.006
https://doi.org/10.1016/j.cemconcomp.2012.07.006
https://doi.org/10.1016/j.cemconcomp.2012.06.014
https://doi.org/10.1016/j.conbuildmat.2014.08.026
https://doi.org/10.1016/j.wasman.2009.09.033
https://doi.org/10.1016/j.wasman.2009.09.033
https://doi.org/10.1016/j.jhazmat.2019.120776
https://doi.org/10.1016/j.jobe.2020.101341
https://doi.org/10.1016/j.jobe.2020.101341
https://doi.org/10.1016/j.wasman.2007.09.011
https://doi.org/10.1016/j.wasman.2007.09.011
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000989
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000989
https://doi.org/10.1155/2019/6942052
https://doi.org/10.1051/matecconf/201710101016
https://doi.org/10.1051/matecconf/201710101016
https://doi.org/10.1016/j.wasman.2007.08.023

	Chemically treated plastic aggregates for eco-friendly cement mortars
	Abstract
	Introduction
	Plastic aggregates in cement based composites: effect on physical and mechanical properties
	Surface modification of plastic aggregates
	Research significance
	Experimental design, materials, and methods
	Materials
	Chemical treatment of plastic aggregates
	Mix proportions, casting, and test methods

	Results and discussions
	Bulk and real density
	Porosity and capillary absorption

	Compressive strength
	Flexural strength
	Splitting-tensile strength

	Conclusions
	Recommendations
	Acknowledgements 
	References




