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Abstract: This study presents a significant advancement in
the development of sustainable construction materials by
utilizing treated plastic waste and foundry sand to produce
lightweight foam concretes and investigates the perfor-
mance of lightweight foamed concrete premixed with a new
composite of plastic waste pre-treated with polyester polymer
and covered with waste foundry sand as a sand replacement
material with different dosages of 10, 20, 30, 40, and 50 by
weight of sand. The mechanical properties, including com-
pressive, tensile, and flexural strengths, were evaluated at
ages of 7, 14, 28, 56, and 180, in addition to their fresh proper-
ties. Durability aspects such as porosity, shrinkage, and water
absorption ensure long-term resilience. The thermal proper-
ties, including conductivity and diffusivity, were examined to
enhance the energy efficiency, and microstructural analyses
were conducted. The results showed a significant increase in
initial and final setting times by 6.3 and 30%, respectively,
with a 6.4% improvement in workability with 20% sand
replacement. Compared to the reference mix, the dry den-
sity decreased by 9.4%, and the compressive increased by
76.1, 70.4, 84.2, 84.4, and 83% at 7, 14, 28, 56, and 180 days,
respectively. Moreover, splitting strength increased by 99%,
and flexural strength increased by 84.7, 91.3, 115, 111.9, and
110.9% compared to the reference mix at 7, 14, 28, 56, and 180
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days, respectively. The dry shrinkage decreased by 56.48%
after 28 days for all replacement ratios. Notably, replacing
sand with 50% waste plastic reduced thermal conductivity
to 0.28 W-m K™ and decreased specific heat capacity by
18.7%. Scanning electron microscopic analysis revealed a
dense microstructure with smaller voids. These findings
demonstrate that incorporating treated plastic waste and
foundry sand as sand replacements in lightweight foamed
concrete significantly enhances the mechanical strength,
durability, and thermal efficiency, making it a promising
material for sustainable and energy-efficient construction
in the future.

Keywords: lightweight foamed concrete, plastic waste, sand
replacement, mechanical properties, durability, thermal
properties, microstructure

1 Introduction

Lightweight concrete is a more general term that covers
lightweight aggregate concrete, autoclaved aerated con-
crete, and foamed concrete [1]. Some advantages of these
concrete types are that they are lighter, better at blocking
heat and sound, and easier to operate. Lightweight con-
crete has many applications, such as beams, precast con-
crete blocks, parking structures, bridge decks, piers, roof
insulation, and non-load-bearing walls; however, these
applications require easy maintenance, durability, and
safety [2,3]. Therefore, this is a challenge. This is in addition
to the common characteristics of lightweight concrete,
such as thermal conductivity, low density, good durability,
acceptable compressive strength, easy handling, and trans-
portation [1]. Lightweight concrete is rarely used in col-
umns and foundations. Foamed concrete is a special type
of lightweight concrete, also called aerated concrete, which
is prepared by mixing a foaming agent with cement mortar
to form many stable air bubbles. This makes the material
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much lighter than regular concrete, which usually has a
density of approximately 400-1,600 kg:-m>. The production
of eco-friendly foam concrete was studied using waste
glass as the primary precursor and incineration bottom
ash as the foaming agent via a new sintering technique
[2] using lightweight aggregates for high-strength light-
weight foam concrete. For foamed concrete, recycled waste
concrete was utilized as a fine aggregate at ratios of 25, 50, 75,
and 100% to enhance the thermal properties and achieve
environmental effects [3]. Recently, some applications require
lightweight concrete; therefore, Md Azree Othuman Mydin
et al. [4] investigated the improvement of foamed concrete
properties using nano-silica with dosages of 1, 2, 3, 4, and 5%,
in addition to enhancing and modifying properties in terms of
fresh and hardened properties and recommended 3% as the
optimum percentage to develop foamed concrete properties.
Polyester polymer concrete, which requires rapid curing and
repair, is widely used in the concrete industry. It is subjected
to impact in addition to its unique strength resistance under
triaxial compression, achieving an increment in the stress
ratio ranging from 1.83 to 2.95 in the uniaxial stress, and
the strain decreases gradually up to four times the uniaxial
strain with increasing stress [5].

Improving lifestyles and increasing population signifi-
cantly increase waste and are environmental challenges
owing to their voluminous generation and non-biodegrad-
able nature [6-8]. The construction process is of prime
importance in obtaining eco-friendly materials with good
mechanical and physical properties to develop new infra-
structure and achieve cost-effectiveness. Plastics are waste
that has gained attention because of their low thermal and
electrical conductivities and huge production worldwide.
The world produces more than 300 million tons of plastic
annually but at a low percentage, which can be burned or
cast off by approximately 20% and increase globally on a
large scale [9,10]. To achieve this goal, the demand for
alternative renewable natural sources has increased to
achieve environmental benefits by reducing the carbon
footprint of the concrete industry and using new strategies
to obtain alternatives to existing materials for energy-effi-
cient buildings [11-13]. Waste foundry sand is a promising
by-product material of ferrous and non-ferrous metals that
can be utilized as an alternative source for natural sand
based on previous studies for fully and partially replacing
sand with foundry sand and is recommended to be suitable
for structural concrete owing to its good durability perfor-
mance [14-16].

Plastic waste is recycled and reused as an alternative
in the concrete industry based on its characteristics of
lightweight, durability, and insulation, and wide applica-
tions involve making sustainable fibers and reducing the
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costs and environmental pollution caused by trash plastic.
Saikia et al [17] showed that incorporating polyethylene
terephthalate (PET) aggregates enhanced concrete work-
ability. Guo et al. [18] investigated the effect of using waste
plastic fibers and recycled concrete to improve self-com-
pacting concrete properties and reported that using plastic
fiber enhanced mechanical properties. Tayeh et al [19]
investigated the effect of replacing sand with 0, 10, 20, 30,
and 40% of PET and polyethylene (PE) on the properties of
fresh and hardened concrete, including density, workability,
compressive strength, tensile strength, flexural strength,
and durability. The study showed that workability signifi-
cantly increased, with a 188% rise in slump at a 40% repla-
cement ratio, while the fresh unit weight tested based on BS,
1881-124, 2015 [20] and showed density reduction by 13.6% for
PE and 6.4% for PET. Similarly, the dry unit weight dropped
by 7.3 and 4.28% for PE and PET, respectively, which
adversely affected compressive, splitting tensile, and flexural
strengths. Compressive strength declined by 15.4-21.4% for PE
and 33.65-52.46% for PET, while splitting tensile and flexural
strength reductions ranged from 9.12-42.41% and 5.61-24.96%
for PE and PET, respectively, accompanied by a decrease in
ultrasonic pulse velocity (UPV). However, energy absorption
was significantly improved in plastic concrete compared to
normal concrete, reaching 1,600% for PE and 866% for PET,
along with enhanced impact resistance.

Despite the advancements in sustainable construction
materials, integrating recycled waste plastics into foam
concrete remains limited and needs to be explored. This
study investigates the effect of using a new approach in
which recycled waste plastic is pretreated with polyester
polymer and coated with fine foundry sand to achieve
homogeneous consistency by increasing the density and avoiding
the floating of lightweight aggregates in foamed concrete. This
new composite material is intended to investigate the mechanical
properties of foamed concrete, including compressive strength,
splitting tensile strength, flexural strength, thermal properties
of specific heat, thermal diffusive and heat transfer, durability,
and microstructural properties of lightweight foamed concrete.
The performance was compared with that of the reference
mix. In addition, the environmental impact of CO, emissions
was evaluated.

2 Experimental program

2.1 Raw materials

Lightweight foamed concrete production requires cement,
fine sand, clean water, and foaming agents, all of which
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have specific properties. The cement was classified as CEM
1 52.5N and complied with the specifications specified in
MS EN 197-1:2014. Local resources were used to obtain fine
sand, which was passed through a sieve with a mesh size of
1.18 mm. The specific density of fine sand is 2.49, and the
fineness modulus was 2.19. A locally manufactured protein-
based foaming agent, Noraite PA-1, which is a protein-type
foaming agent, was selected for this study because of its
stronger binding structural attribute bubbles and stability
when compared with synthetic protean-based foaming agents.
As for its formulation, the exact composition of Noraite PA-1 is
confidential, but it is known that these types of protein—based
foaming agents are made from hydrolyzed natural proteins
containing considerable amounts of the amino acids such as
glutamic acid, alanine, leucine, and glycine, which enhance
surface activity and foam stability.

The concentration of the foaming agent was reduced
by diluting it with water at a ratio of one part of the
foaming agent to 33 parts. Water is tap water free of par-
ticles or substances that may affect its cleanliness and
purity. This meets the standards set by BS-3148.

2.2 Polyester-coating procedure of plastic
waste aggregates

The plastic waste utilized in the present study, which substi-
tuted sand partially, was procured from Skyline Polymers, a
company specializing in the manufacture of thermoplastics in
Egypt. The material used was postconsumer low-density
branched ethylene (LDPE) plastic bags and film products,

Preparing waste

Adding polyester
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which were later subjected to recycling. The LDPE was
shredded, washed, and extruded to produce homogeneous
LDPE flakes, which have a bulk density ranging from 910 to
930 kg'm >, These flakes are suitable for lightweight concrete.
As per the supplier, this material has a melt flow index of
6-8 10 min" at 190°C (216 kg) and a viscosity average mole-
cular weight in the range of 80,000-120,000 g‘mole ™.

The polyester resin used in this study was supplied by
Endmoun for Chemical Industries, an Egyptian manufac-
turer of unsaturated polyester industrial-grade formulated
resin. The resin showed a density of 1.1 g-cm™ and remark-
able mechanical performance, with flexural strength of
138 MPa and elongation at break (tensile = 2.50%, flexural
= 5.94%) as per international organization for standardiza-
tion (ISO) 0178. Its water absorption was low at 0.16% (ISO
0062), which indicates good dimensional stability.

Plastic waste with a density of 820 kg'm™ was deter-
mined and submerged in polyester of straw with a specific
gravity of 111g'ml™" while mixing until fully coated by
adding cobalt naphthenate as additive with 0.1% from resin
weight to accelerate hardening. Fine foundry sand 600 um
in size was added and mixed. A new composite was set up
for drying under normal conditions for 48 h, and the final
density was calculated to be 1,010 kg-m's, as shown in Figure 1.
Figure 2 shows the new composition preparation steps.

2.3 Lightweight foamed concrete mix design

Lightweight foamed concrete was created using a cement-
to-sand ratio of 1:1.5 by weight and a water-to-cement ratio

Adding PW to polymer

Adding sand

Figure 1: Preparation of new composite of plastic waste pre-treated with polyester polymer and covered with waste foundry sand.
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Step #2

Adding foundry
sand

Step#3

Figure 2: Preparation steps for new composite.

of 0.45. This resulted in the production of medium-density
foam concrete with a density of 1,280 kg'm >, which was
then analyzed. Plastic waste that underwent polymer pre-
treatment and was coated with waste foundry sand was
used as a substitute for sand. The proportions are as fol-
lows: 0, 10, 20, 30, 40, and 50%. The mix proportions of
lightweight foamed concrete are given in Table 1.

Table 1: Lightweight foamed concrete mix proportions
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2.3.1 Mixing and casting

The mixing process of lightweight foam concrete was
divided into two distinct steps. The initial step involved
creating a stable foam by introducing a foaming agent
into water at a ratio of 1:33. A compressor was used to gen-
erate the foam. Simultaneously, the cement, sand, water,
and waste foundry sand powder were combined in a dry
state using a planetary mixer. The stabilized foam was then
added to the mixture to form fresh concrete following pro-
cedures reported in the literature [21-26]. The resulting mix-
ture was shaped and dried until the specified test date, as
shown in Figure 3.

2.4 Experimental setup

Evaluating the properties of lightweight foamed concrete
includes a study of several properties. Workability, setting
time, and density were measured in the fresh state to eval-
uate the properties. The compressive strength, indirect ten-
sile strength, flexural strength, and UPV were examined in
terms of mechanical properties. In addition, durability
properties such as sorptivity, apparent porosity, absorption,

FC coding Plastic waste (%)  Cement (kg'm3)  Sand (kg'm3®)  Plastic waste (kg-m>3)  Foam (kg-m3)  Water (kg-m)
LWP-PO 0 480 720 0 22 216
LWP-P10 10 480 648 72 22 216
LWP-P20 20 480 580 140 22 216
LWP-P30 30 480 504 216 22 216
LWP-P40 40 480 432 288 22 216
LWP-P50 50 480 360 360 22 216

Sand  plastic

Adding water

Figure 3: Process of producing lightweight foamed concrete.

Adding prefoaming

Foaming agent +
water

Foaming concrete
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and dry shrinkage were determined. Moreover, the thermal
properties, including thermal conductivity, thermal diffu-
sivity, and specific heat, are essential for lightweight foamed
concrete. A microscopic examination used a scanning elec-
tron microscope (SEM) to analyze the structure. Figure 4
explains the performed tests.

2.4.1 Workability and setting time

The common slump test is reported to be unsuitable for
low-density concrete [27], and foam concrete workability
evaluates viscosity; therefore, the slump test was per-
formed in accordance with GB/T 8077-2016; a truncated
cone (an upper diameter of 36 mm, a lower diameter of
60 mm, and a height of 60 mm) was used to test the fluidity
of fresh cement pastes [28] and to evaluate the workability
of all lightweight foamed concrete mixtures. To confirm
the initial and final setting times, the viscosity of the paste
must be tested by measuring the depth to which a Vicat
piston with a diameter of 10 mm and a length of 50 mm can
reach the paste. This measurement should be performed at
a depth of 33-35mm from the top of the mold, following
the guidelines in BS EN 196-3 2005 [29]. The value of the
fresh density was derived based on BS 12350-6 [30].

Microstructure
SEM

Figure 4: Experimental program flow chart.

Mass transport Tests Mechanical
«Sorptiviy performed properties
*Porosity *Compressive strength

*Tensile strength
*Flexural strength
*Ultrasonic pulse velocity.
*Shrinkage
Thermal
properties
*Thermal conductivity
*Specific heat

*Thermal diffusivity
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2.4.2 Sorptivity

The sorptivity of all mixtures was examined using cylind-
rical samples with a diameter of 50 mm and a height of
100 mm, as specified in American society for testing and
materials (ASTM) C 642 (2013). The surface of each sample
was tightly sealed with silica gel, and the top surface was
protected with a plastic cap. The samples were placed in a
pan with the bottom submerged by 1-3 mm. The weight of
each sample was recorded at specified time intervals after
the initial exposure to water. Each group underwent six
samples.

2.4.3 Mechanical properties

The compressive, splitting tensile, and flexural strengths
were examined at 7, 14, 28, 56, and 180 days. A GOTECH-
7001-M5 machine was used to perform compressive strength
analysis, capable of bearing a load of 3000 kN and a loading
speed of 0.5N-mm *s™". Compressive strength testing was
performed on foaming concrete (FC) cubic specimens mea-
suring 100 mm x 100 mm x 100 mm, according to the BS12390-
3 (2002) guidelines [31]. The average results of the three sam-
ples were recorded. Samples with dimensions of 100 mm x

Fresh properties
*Workability
*Setting
*Density
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100 mm % 500 mm were subjected to flexural strength testing
according to BS12390-5 (2019) [32]. A GoTech GT-7001-C10
device is also used for mechanical testing. In addition, a GT-
7001-BS300 universal testing machine was used to measure the
tensile strength of cylindrical specimens with dimensions of
100 mm x 200 mm, according to the ASTM International C496
standard [33] and BS1239-6 [34]. UPV testing was performed to
evaluate the quality of the concrete in accordance with the
standards mentioned in BS12504-4 (2004) [35] using a prism
measuring 100 mm x 100 mm x 500 mm, and the results were
determined by averaging data from three samples. Dry
shrinkage was evaluated following the guidelines outlined in
ASTM (878, using prisms with 75mm x 75mm x 290 mm
dimensions. The data obtained from the length measurements
were used to calculate the drying shrinkage strain. This is
expressed as a percentage of the original length of the
specimen. Drying shrinkage was reported as the change in
length per unit length (mmm™ or yum'm™) during the drying
period.

2.4.4 Thermal properties test

According to ASTM Protocol C 177, hot-shielded plate testing
was performed to measure the thermal conductivity, diffu-
sivity, and specific heat capacity of concrete. It is widely
recognized that hot plate testing is the primary method
for measuring the heat transfer capabilities of uniform insu-
lating materials. A hot-disk thermal constant analyzer (TPS
2500) was used to measure the thermal conductivity of light-
weight foam concrete. The experiments were conducted at
ambient temperature (23 + 2 °C) without an external heating
rate since the TPS method works under isothermal condi-
tions during testing. Each sample was in the shape of a
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cylinder with 50 mm in diameter and 20 mm in thickness,
and for ensuring reproducibility and minimizing experi-
mental uncertainty, the average thermal conductivity was
calculated from three replicate measurements.

2.4.5 Microstructural analysis

SEM was used to observe the microstructure of FC in the
presence of LWP. QUANTA FEG 650, a fully high-resolution
analytical instrument, was used to acquire data. It is equipped
with an Oxford Instruments X-Max 150 mm energy-dispersive
X-ray detector, which automatically acquires high-resolution
images over wide areas. This investigation included FC sam-
ples of dimensions 10 mm x 10 mm x 10 mm. Specifically, the
samples were placed inside a vacuum chamber and coated
with pure gold before the analysis to facilitate unhindered
electron passage. If the coating is not performed properly, the
image will be destroyed, and a white appearance will appear,
resulting in blurry images. The inspections were performed
at a depth of 10 mm from the surface.

The porosity of the lightweight foamed concrete mixes
was the sum of the voids within the paste, and the entrained
air bubbles were measured using vacuum saturation equip-
ment. Cylindrical samples with 75 x 100 mm dimensions
were cast and tested after 7, 14, 28, and 90 days of
curing, following the methodology outlined by Cabrera
and Lynsdale [36]. The porosity was determined by
employing Eq. (1):

P = (Wsat = Wary) % 100/(Wary), @
where P is the vacuum saturation porosity (%), Ws,, is the

weight of the air-saturated sample, and Wy, is the weight
of the oven-dried sample.
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3 Results and discussion

3.1 Workability

Figure 5 shows the relationship between the flow dia-
meters and different replacement ratios of plastic waste
in lightweight foamed concrete. Using polymer-treated plastic
waste and fine-waste foundry sand as partial substitutes for
sand impacts the ease of working with foam concrete. A sig-
nificant increase in workability was observed when the repla-
cement level was increased from 10 to 50%. The increase in
workability was mainly due to the properties of a low per-
centage of foundry sand with a decreasing surface area,
absorption ratio, and plastic debris compared with full nat-
ural sand, which has rounded and smooth grains [6]. Plastic
waste particles exhibit uneven shapes and rough surfaces.
Increased internal friction impedes the smooth movement
of the concrete mixture, resulting in increased hardness
and difficulty in handling [37]. When lower replacement
levels were used, such as 10 or 20%, there was a significant
increase in the slump flow from 25.9 to 26.4 cm in lightweight
foamed concrete. This can be easily controlled by making
minor mix design adjustments or using plasticizers. However,
when the substitution level exceeded 20%, difficulties in
achieving operability became more evident because more
foundry sand existed compared to fewer replacement ratios,
with a recorded decrease in the slump flow from 26.40 to
25.3 cm. The mixture requires greater effort and is progres-
sively more challenging to handle, cast, and finish [38]. The
slump increased to a replacement ratio of 20%, but a slight
decrease in the flow diameter was obtained beyond this value

Transforming waste into value == 7

at a 50% replacement ratio. This can be attributed to the
increasing surface area of each particle in the new composite,
as part of the composite is smooth, and some are artificial
because the coating can consume water when measuring the
slump, which is still less than that of natural sand [38]. Con-
sequently, 20% achieved the best balance between the new
composite and the natural sand. In addition, at a 50% repla-
cement of sand with a new composition, a high ratio may
disrupt the balance of the mix, leading to a less cohesive
matrix and less stability, which stops the improvement of
workability [6]. The surface characteristics of the new com-
posite may contribute to obtaining less cohesive mixes in the
presence of foams, thereby reducing the relative workability
improvement [39]. The optimal packing effect of the combi-
nation of sand and plastic creates workable and denser
lightweight foam concrete because plastic waste may fill
the voids created between sand particles, leading to easier
and smoother flow. In general, although the plastic waste
replacement ratio exceeded 20% led to a reduction in work-
ability, all blends that contained plastic waste still had
higher slump values when compared to the reference blend,
suggesting enhanced flowability.

3.2 Setting time

Figure 6 shows the effect of plastic waste pre-treated with
polymer and covered with foundry sand on the initial and
final setting of lightweight foamed concrete when the
replacement levels changed from 10 to 50%, with a 10%
increase in the replacement ratio. The initial setting time
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Figure 6: Initial and final setting of lightweight foamed concrete.



8 —— Quanwei Zhao et al.

increased with increasing replacement ratio by 22.52, 27.74,
39.88, 53.17, and 63% compared to the reference mix, which
may be a result of the altered water absorption patterns
resulting from the presence of the treated plastic waste,
which has a lower absorption ratio. The final setting time
also increased with lower values than the initial setting
time of 8.98-31.16% when waste plastic was utilized from
10 to 50%. The presence of polymer-coated plastic particles
and small amounts of waste foundry sand may hinder the
cement hydration process by increasing the water content
at a lower absorption ratio for each replacement ratio,
resulting in a slower rate of concrete hardening [37]. Pro-
longed preparation periods can cause delays in proceeding
with construction activities, resulting in longer project
timeframes and higher costs because when the substitu-
tion level exceeds, the delay in timing becomes more
apparent [23,40]. This can present difficulties, especially
in fast-moving construction settings, where rapid hard-
ening and early strength development are vital [4]. The
increase in setting time with increasing replacement ratio
can be attributed to the consistency reduction with an
increase in the volume of foam in the mix, which may be
attributed to (i) adhesion between the bubbles and solid
particles in the mix, which increases the stiffness of the
mix, and (ii) reduced self-weight and greater cohesion
resulting from the higher air content [41]. Increasing the
setting time may be attributed to the fact that when coated
plastic is used, it can inhibit the movement between water
and cement, thereby decreasing the rate of hydration, and
the presence of coated plastic acts as a barrier to water
penetration, which increases the setting time.
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3.3 Density

Figure 7 shows the dry densities of all mixes. The figure
shows a slight decrease in dry density from 1,320 kg'm > in
the control mix with sand content as fine aggregate to 1,206 at
a 50% replacement ratio of sand with waste plastic, which
may be attributed to the low density of waste plastic com-
pared to natural sand [42/43]. In addition, the foaming agent
reduced the density, and the remaining water improved the
void distribution during mixing. The lower densities of 2.8,
3.7,4.1, 7.5, and 8.6% were achieved at 10, 20, 30, 40, and 50%,
respectively. This decrease in density could make lightweight
foam concrete ideal for decreasing the total load for founda-
tion applications [44]. These observations were also con-
firmed by Gencel et al. [45], who investigated two different
dosages of foaming agents. They reported a low density
at a higher dosage with a recorded dry density ranging
between 890 and 1,504 kg'm™ at 50 kg'm ™ foaming content
of 50 kgn ™ and 594-1078 kg'm > at 100 kg'm > foaming con-
tent of 100 kg'm>. In conclusion, because the obtained density
of the new composite is 1,010 kg-m'3, which is lower than that
of natural sand with a density of 1,600 kg'm, the new com-
posite has a lower absorption ratio; therefore, more voids
may be created in the presence of foam, and the density
also decreases. Many factors affect this, such as the air void
distribution of plastic waste, which may alter the distribution
compared to natural sand, polymer coating, and packing,
depending on the size, shape, and interaction between parti-
cles [12]. This creates complex relationships between mate-
rials; therefore, the reduction in density differs from the dif-
ference between densities [4,46].
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3.4 Compressive strength

Figure 8 shows the compressive strength of lightweight
foamed concrete with different dosages ranging from 10
to 50% plastic waste at 7, 14, 28, 56, and 180 days. At 7 days
compressive strength, a significant increase in compressive
strength is obtained as the increasing ratio increases from
8.59 to 15.14 MPa at a 20% replacement ratio, with a 76.12%
increase ratio. At higher dosages, the increasing ratio slightly
decreased from 15.14 to 9.4 MPa, achieving a 9.6% increase
ratio compared to the reference mix. This improvement can
be attributed to the improved adhesion between the plastic
particles and the cement matrix [37,47]. The new surface state
increases the bond, which also enhances the interfacial tran-
sition zone and aggregate distribution owing to the enhanced
density of waste plastic after curing and improves the relia-
bility and overall strength; however, the slight reduction is
due to the high number of pores, capillary microcracks, and
void continuity created in the microstructure of the concrete,
thereby reducing the concrete strength [48]. At 14 and 28 days,
the compressive strength achieved higher values ranging
between 11.8 and18.19 MPa compared to 10.67 MPa for repla-
cing ratios up to 20%. Then, it decreased to 5.6 MPa at 14 days
with an increasing ratio ranging between 10.5% at 50% LWP-
P50 and 70.4% at LWP-P20 due to strength gaining continuity
due to more hydration process. The ideal dosage is recorded
at 20%, achieving the balance between components with an
84% increasing ratio with recording 24 MPa. The smooth sur-
face due to sand achieved a higher bond and increased the
compressive strength and promising sustainable concrete
[18,49]. The strength development increased by 18-84% at

Transforming waste into value = 9

28 and 56 days, and a similar trend of improvement was
obtained at 180 days [12], with approximately double the
strength at 20% replacement compared with the reference
mix with full sand replacement content. The compressive
strength results obtained equalled 14-22 MPa which is in
agreement with results obtained when 10%—-40% palm oil
was used as sand replacement materia [12] when
471.2kg'm™> of cement was used in mixing and 942.5 kg'm>.
Al-Shwaiter et al [12] reported an increase in the compressive
strength of lightweight foamed concrete up to 180 days with a
small rate owing to the continuity of the hydration process.
Based on Table 1, all mixes have constant cement content but
curing age could significantly enhance concrete composite
and decrease voids in addition to good bonding, as the
increasing strength up to 120 days is also reported in the study
by Khan et al. [26]. In addition, the polymer content is essen-
tial for coating plastic waste in a hardened state and not in a
liquid state; therefore, we focused on the new composite. In
conclusion, the hydration process occurs over an extended
period, producing more calcium silicate hydrate (C-S-H)
gel that develops strength gain. This product is still produced,
particularly in lightweight foamed concrete, owing to its high
water retention and low density, which enhances internal
curing [50]. A lower density leads to fewer internal stresses
that can be improved with time, with the gradual filling of
pores with hydration products, strength gain, and promotion
of prolonged hydration [21]. At 20% sand replacement, the
optimum strength was obtained with a combination of low
porosity and high bond between particles, and the interfacial
bond may still be strong and effective, leading to a higher
compressive strength. Therefore, the optimal strength

Day-28 &Day-56 &SDay-180

» 7 .
@0 Day-7 Day-14
—
=
=
A
N
=
=
oh
=]
= 17
=}
v
o e
= “n R
@ b o> b
o 12 e <
el Z b6 e
=% o SH
= < <
=] b6 >
= h¢s b
L < <
) - o> o>
> o >
7 M3 < <
> S >
e < P
> b6 >
md < <
> b6 >
4 < <
> b6 >
Ml < <
> b6 >
e < <
> b6
" ne <

LWPO LWP-P 10

Figure 8: Compressive strength of lightweight foamed concrete.

LWP-P20

LWP-P 30
Mix ID

LWP-P 40 LWP- P50



10 — Quanwei Zhao et al.

performance observed for the LWP-P20 mix aligns with the
effective balance of these factors. Beyond this point, increasing
plastic waste may disrupt the overall bond strength or alter the
microstructure in ways that do not positively contribute to the
compressive strength [18]. Excessive plastic particles can create
weak spots or reduce the effectiveness of bonding, which nega-
tively affects strength [18]. The strength performance at 20%
plastic waste replacement is a result of achieving a balance
between improved porosity and sorptivity and the optimal
structural bonding and compaction properties of the mix.
While increased plastic waste reduces porosity and sorptivity,
it can also affect strength if bonding or compaction is compro-
mised [51].

3.5 Flexural strength

Figure 9 shows the flexural strength results of lightweight
foamed concrete with different dosages ranging from 10
to50% of plastic waste treated with polymer and covered
with waste foundry sand as a sand replacement alternative
tested at curing ages of 7, 14, 28, 56, and 180 days. Com-
paring the results at all curing ages and various replace-
ment ratios, a replacement level of 20% was recommended
as the most appropriate minimum to achieve the highest
possible flexural strength. The lightweight foamed con-
cretes with high increasing strength ratios were observed
by 84.8, 92.18, 115.08, 112.05, and 111.09% at 7, 14, 28, 56, and
180 days, respectively. Higher ratios resulted in a smaller
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increase in strength, and the decrease in strength was
greater beyond the 20% dosage. The strength improvement
at LWP-P50 reached 1.9, 6.5, 16.9, 15.6, and 15.89% at 7, 14,
28, 56, and 180 days, respectively, owing to the high per-
centage of lighter materials. This decreases the overall
density and balance between the concrete components,
reducing the material’s structural integrity and ability to
withstand the bending forces [18,43]. However, the flexural
strength increased for all mixes, which agrees with light-
weight foamed concrete applications and can be used for
structures. Hence, this can reduce the structural integrity
of the material and its ability to withstand bending forces
[52]. A strong correlation with an R* of 0.96 is observed
between the compressive and flexural strengths, as shown
in Figure 10.
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Figure 10: Relation between compressive strength and flexure strength.
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Figure 9: Flexure strength of lightweight foamed concrete.
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3.6 Split tensile strength

Figure 11 shows the splitting strength results of lightweight
foamed concrete with different dosages ranging from 10 to
50% of plastic waste treated with polyester polymer and
covered with waste foundry sand as a sand replacement
alternative at curing ages of 7, 14, 28, 56, and 180 days. The
results showed an increase in the splitting strength by 80,
99, 79, 21, and 7% at 10, 20, 30, 40, and 50%, respectively.
After 7 days of polymer pretreatment for plastic waste, the
adhesion between plastic particles and the cement matrix
was enhanced, thus evenly distributing stress and pre-
venting crack propagation when subjected to tensile loads.
At 14 and 28 days, LWP-P20 exhibited the highest splitting
strength with increasing ratios of 102.7 and 122%, which
may be attributed to the combination of polymer-treated
waste plastic with fine waste foundry sand at the 20%
replacement level. A previous study [53] showed a similar
trend for flexural strength when natural sand was partially
replaced with different dosages of palm fuel ash from 10 to
40%. The flexure strengths ranged between 1 and 1.5 MPa,
1.1 and 1.65MPa, 1.2 and 1.7MPa, 1.4 and 1.9 MPa, and
1.45 and 1.95 MPa at 7, 28, 65, 90, and 180 days, respectively
[12]. The composite material exhibited better tensile prop-
erties than other composites and conventional lightweight
foamed concrete [15]. Adding fine waste foundry sand to
the plastic surface enhances filling small gaps, resulting in
a denser and more homogeneous matrix [54]. Owing to the
uniformity of lightweight foamed concrete, tensile stresses
are evenly distributed, reducing the formation of localized
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stress concentrations that may lead to cracking and structural
failure. At later ages, a higher strength is obtained because
fine particles occupy small empty spaces within the structure,
resulting in a more compact and evenly distributed material
[55,56]; hence, a higher strength is obtained. After a 20% repla-
cement ratio, the strength slightly decreased from 1.7 MPa for
LWP-P20 to 1.05MPa for LWP-P10 as the presence of large
amounts of plastic and waste foundry sand increases the
number of contact points in concrete, which may serve as
potential sites for crack formation and propagation [18,57].
Figure 12 shows the correlation between the splitting tensile
strength and compressive strength, which showed a good rela-
tionship with an R* value of 0.94.
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Figure 12: Relation between compressive strength and splitting tensile
strength.
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Figure 11: Splitting strength of lightweight foamed concrete.
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3.7 UPV

Figure 13 illustrates the splitting strength results of light-
weight foamed concrete with different dosages ranging
from 10 to 50% of plastic waste treated with polyester
polymer and covered with waste foundry sand as a sand
replacement tested at curing ages of 7, 14, 28, 56, and 180 days.
The results showed an increase in the UPV, which can be
attributed to the application of polymers to plastic waste at
all ages, from 2,604 ms™ for the control mix to 2,660 m's ™" at
20% replacement at 7days with a 2% increase ratio, from
2,641 to 2,690 m's * with a 1.84% increase ratio at 14 days,
and from 2,672 to 2,965m-s™* with a 10.9% increase ratio.
Plastic waste treated with polyester polymers and covered
with waste foundry sand improves the adhesion between
components [58,59], whereas adding finely crushed waste
foundry sand fills small empty spaces, resulting in decreased
porosity and increased density, particularly at 28 days. More-
over, a consistent pattern indicates that the improved proper-
ties of concrete persist over time, thus enhancing its resilience
and long-lasting nature, in addition to a more compact and
uniform composition of concrete [23], which is associated
with enhanced overall quality and reduced internal defects
[60]. When the replacement level exceeds 20%, the UPV values
may stabilize or decrease slightly compared to 20% but are still
higher than the control mix. In conclusion, the improved
microstructure is evident in high UPV measurements, which
are directly related to the increased compressive, splitting ten-
sile, bending strengths, and decreased absorption.
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3.8 Sorptivity

Figure 14 illustrates the sorptivity results of lightweight
foamed concrete with different dosages ranging from 10
to 50% of plastic waste treated with polyester polymer
and covered with waste foundry sand as a sand replace-
ment tested at curing ages of 28 days. The results showed
absorption reductions of 16.37, 24.5, 30.4, 32,7, and 34.5% for
LWP-P10, LWP-P20, LWP-P30, LWP-P40, and LWP-P50, respec-
tively. This reduction can significantly improve the ability of
concrete to resist water penetration and associated deteriora-
tion, which can also be attributed to the more sticky and com-
pact structure of polymer-treated plastic waste. The greater the
amount of plastic waste, the greater the densification of con-
crete [45,55,61], which not only enhances its mechanical quali-
ties but also improves its durability by restricting water infil-
tration [58,62].

3.9 Apparent porosity

Figure 15 illustrates the porosity results of lightweight
foamed concrete with different dosages ranging from 10
to 50% of plastic waste treated with polyester polymer
and covered with waste foundry sand as a sand replace-
ment tested at curing ages of 7, 14, 28, and 90 days. As the
curing process progresses, the cement becomes hydrated,
and the polymer-treated waste plastic reacts with the waste
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Figure 14: Sorptivity of lightweight foamed concrete.

foundry sand particles, thereby improving the microstructure
of the concrete matrix [15,61,63]. Initial tests after 7 days indi-
cated a significant reduction in porosity, ranging from 3.5 to
10.5% compared to conventional lightweight foamed con-
crete. This decrease can be attributed to the efficiency of
filling empty spaces with processed plastic and foundry
sand wastes. After 14 and 28 days, the concrete was subjected
to additional compaction, which led to a significant decrease
in porosity in all mixtures when 10-50% of the sand was
replaced to record a reduction in porosity of approximately
4-11% After 90 days, the porosity of all mixtures reached a
minimum as the porosity decreased from 58 to 51.5%. The
mixture with 50% replacement showed the most significant
improvement. Increasing the replacement ratio with the
same water content leads to the filling of voids and the crea-
tion of denser microstructures by blocking the formation of
large voids and improving the packing density, which can
reduce porosity and sorptivity. Plastic waste cannot contribute
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Figure 15: Porosity of lightweight foamed concrete.
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to capillary action, decreasing the sorptivity. The synergistic
effect of polymer processing and pozzolanic activity of waste
foundry sand results in denser and less permeable concrete
[16,62,64], thus improving its overall longevity and strength.
Moreover, these results were confirmed by Bideci et al [39],
who investigated the physical properties of lightweight foamed
concrete containing polyester-coated pumice and reported a
high decrease in water absorption. Approximately 95% was
obtained when the coated aggregate was utilized with mesh
sizes of 4-8 and 8-16 mm.

3.10 Drying shrinkage

Figure 16 shows the drying shrinkage evaluation results of
lightweight foamed concrete with different dosages ran-
ging from 10 to 50% of plastic waste treated with polyester
polymer and covered with waste foundry sand as a sand
replacement tested at curing ages of 1,3, 7, 14, 21, 28, and 56
days. Minimum shrinkage was obtained by increasing the
replacement ratio. This increasing ratio was due to the
reduced moisture content and increased internal tension
[63,64] caused by the polymer and waste foundry sand
particles. Concrete shrinkage continued to increase due
to polymer-treated plastic waste’s effect on its moisture
dynamics and internal structure [65,66]. However, plastic
waste decreased the shrinkage for all replacement ratios
compared to the control mix at 28 days. These shrinkages
decreased at higher ages, as they underwent the most sig-
nificant degree of shrinkage, with the most pronounced
shrinkage occurring in the mix, in which 50% of the sand
was replaced at 56 days. Good performance can be attrib-
uted to the chemical and physical properties of unsatu-
rated polyester resin with low shrinkage, good filler,
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Figure 16: Dry shrinkage of lightweight foamed concrete.

recommended for filling cracks [5,53], or a good choice for
casting defects [67,68] owing to curing. The polyester used
in this study was unsaturated cast-based polyester resin.
The observation that 20% plastic waste substitution led to
the least shrinkage across all curing ages is remarkable, as
this feature is beneficial in concrete because it minimizes
cracking potential and increases durability.

3.11 Thermal conductivity

Figure 17 shows the thermal conductivity evaluation results
of lightweight foamed concrete with different dosages ran-
ging from 10 to 50% of plastic waste treated with polyester
polymer and covered with waste foundry sand as a sand
replacement tested for 28 days. The results showed a reduc-
tion in the thermal conductivity of 42% when sand was
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Figure 17: Thermal conductivity of lightweight foamed concrete.
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replaced with 50% waste plastic. This can be attributed to
creating additional air pockets in the concrete matrix [24,69,70],
thereby improving its insulating properties [71]. The intrinsic
properties of the integrated materials, like waste foundry sand,
have lower thermal conductivity than natural sand, reducing
thermal conductivity from 0.48 at normal sand to 0.4, 0.35, 0.32,
029, and 028 Wm K™, enhancing the insulating effect. This
ensures that the new composite is efficient for energy-efficient
architectural plans [72-74] because it is vital in reducing the
energy used for heating or cooling by reducing heat transfer
and maintaining constant indoor temperatures [75,76].

3.12 Thermal diffusivity

Figure 18 shows the thermal diffusivity evaluation results
of lightweight foamed concrete with different dosages
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Figure 18: Thermal diffusivity of lightweight foamed concrete.
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Figure 19: Specific heat of lightweight foamed concrete.

ranging from 10 to 50% of plastic waste treated with
polymer and covered with waste foundry sand as a sand
replacement tested at 28 days. Using waste plastic exhibited
a significant gradual increase in lightweight foamed con-
crete thermal diffusivity from 0.409 to 0.46, with a 14.6%
increase at a 50% replacement ratio. This increase can be
attributed to decreased density with increasing replacement
ratio; hence, more voids were formed. In addition, there is
an overall increase in thermal diffusivity owing to the mate-
rial’s ability to transfer heat more quickly [69,70], even
though it has a lower thermal conductivity and rapid adap-
tion to temperature changes owing to the polymer and
foundry sand effect. Thus, the new composite can be used
in special applications with unstable temperatures, such as
thermal energy storage systems [68,69].
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3.13 Specific heat capacity

Figure 19 shows the specific heat capacity evaluation
results of lightweight foamed concrete with different
dosages ranging from 10 to 50% of plastic waste treated
with polyester polymer and covered with waste foundry
sand as a sand replacement tested at 28 days. The results
showed reductions in the specific heat capacities of 2.3, 5.6,
9.5, 13.6, and 18.7% at replacement ratios of 10, 20, 30, 40,
and 50%, respectively. As the replacement ratio increased,
the total specific heat of concrete decreased from 721 to
585.5]kg “K* [54,57,71]. This means that foam concrete
requires less energy to change its temperature [73],
increasing sensitivity to temperature changes [51]. In addi-
tion, despite its insulating properties, waste foundry sand
has lower specific heat than natural sand [14,74].

3.14 Environmental impact

In this study, the carbon emissions of foamed concrete
with waste plastic were partially replaced with sand, and
a slight decrease of approximately 1% in carbon dioxide
emissions was observed because of the small difference
between natural and foundry sand. Incorporating waste
plastic as a substitute for sand in foamed concrete provides
significant environmental benefits by reducing CO, emis-
sions and enhancing the sustainability of building mate-
rials [44]. Figure 20 reveals that, as the proportion of plastic
waste increased, carbon dioxide emissions decreased
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Figure 20: CO, emission and embodied CI of foamed concrete.
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Figure 21: Microstructural analysis of lightweight foamed concrete:
(a) control mix, (b) 10% waste plastic, and (c) 20% waste plastic.

slightly, with a significant reduction in the embodied CO,
index (CI) in mixtures containing up to 40% plastic repla-
cement (LWP-P40). This emission reduction indicates that
replacing natural sand with processed plastic waste can
effectively reduce the environmental footprint of concrete
production. However, the embodied CI increased slightly
at higher replacement levels (LWP-P50), indicating an
optimal range for achieving both environmental benefits
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and performance. This approach is consistent with devel-
opment goals, as it enhances waste management and
reduces dependence on natural resources.

3.15 Microstructural assessment

Figure 21 shows the SEM images of the six mixes containing
the control mix and three percentages of plastic waste as
the sand replacement material. SEM images showed an
enhancement in the microstructure with increasing solid
matrix density and reducing voids with good distribution
until a 20% replacement ratio with a high bond in the
presence of more connecting points owing to the rough
surface compared to natural sand, as shown in Figure
21(a)-(c). This is also in agreement with the compressive
strength, splitting strength, and flexural strength results,
with the recommendation of a 20% replacement ratio as
the most effective dosage for balancing the natural sand
content and partial replacement alternatives, as shown in
Figure 21(a)-(c). For LWP-P 20, several pores with wider
diameters were observed with connecting voids, which has
also been reported in the literature [2,75]. Microcracks in
the dense matrix were obtained for all replacement ratios
due to the high bond effect and good distribution of plastic
waste from the pre-treatment process [6,76,77]. A replace-
ment ratio greater than 20% resulted in more significant
strength loss and probability of crack propagation.

4 Discussion

This study investigates the partial replacement of sand
with treated waste plastic in foamed concrete, which sig-
nificantly benefits the built environment regarding
sustainability, performance, and energy efficiency. A repla-
cement ratio of 20% was identified as optimal, achieving
improved workability, reduced density, and enhanced
mechanical properties, including a compressive strength
of 24 MPa at 28 days. The durability was notably improved,
with a 34.5% reduction in water sorptivity and a 10.5%
decrease in porosity, ensuring better resistance to water
penetration and prolonged structural integrity. The thermal
conductivity decreased significantly (0.28 W-m K™ at 50%
replacement), improving the insulation properties and sup-
porting energy-efficient building designs. Using treated
waste plastic reduces CO, emissions, promotes resource effi-
ciency, and enhances microstructure, aligning with sustain-
able construction goals. These findings demonstrate the
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potential of lightweight foamed concrete with treated plastic
to meet the demands of modern, environmentally conscious
construction, offering a durable, energy-efficient, and cost-
effective material for diverse applications in the built
environment.

5 Conclusion

This study evaluated lightweight foamed concrete for sus-
tainable applications in a built environment by incorpor-
ating a composite of pre-treated plastic waste coated with
polyester and waste foundry sand. Key performance indi-
cators, such as workability, setting time, dry density, com-
pressive strength, tensile strength, flexural strength, and
UPV, were thoroughly analyzed. The thermal properties,
including heat transfer, conductivity, and diffusivity, were
examined to enhance energy efficiency. At the same time,
durability factors, such as porosity, dry shrinkage, and sorp-
tivity, were assessed to ensure structural longevity.
Furthermore, microstructural analysis provides valuable
insights into its potential for modern, eco-friendly, and resi-
lient construction practices. Incorporating treated waste
plastics reduced CO, emissions, improved resource effi-
ciency, enhanced the microstructure, and contributed to
improved durability and thermal efficiency, aligning with
sustainable and energy-efficient construction objectives. The
following conclusions were drawn:
* A 20% replacement ratio of natural sand with the new
composite of lightweight foamed concrete optimizes
workability, as it balances the properties of the compo-
site with natural sand. In contrast, a 50% replacement
disrupted the mix cohesion and stability, resulting in
decreased workability compared to the reference mix.
The initial setting time of lightweight foamed concrete
increased by 22.52-63% with higher replacement ratios
of plastic waste, while the final setting time increased by
8.98-31.16%. This is attributed to the altered water
absorption patterns from the treated plastic waste and
the presence of polymer-coated particles and waste
foundry sand in the lightweight foamed concrete.

* The dry density of the lightweight foamed concrete
decreased from 1,320 kg-m"3 in the control mix to
1,206 kg'm ™ at a 50% replacement ratio of sand with
plastic waste. This is attributed to the lower density of
waste plastic and the effects of the foaming agent, which
enhanced the void distribution.

» The compressive, splitting, and flexural strengths of
lightweight foamed concrete improved at all replace-
ment levels, with optimum values achieved at a 20%
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replacement ratio, resulting in increases of 84, 99, and
115%, respectively. The significant increase in the com-
pressive strength correlates strongly with improvements
in the flexural and splitting strengths.
* The UPV increased for lightweight foamed concrete from
2,604 m's! in the control mix to 2,965 m-s™* at a replace-
ment ratio of 28%, reflecting the improved density and
reduced porosity. Water absorption and sorptivity
decreased significantly for lightweight foamed concrete,
enhancing durability, whereas shrinkage was minimized
at a replacement ratio of 20%, although higher levels
increased shrinkage over time.
Incorporating waste plastic in lightweight foamed con-
crete resulted in a 42% reduction in thermal conductivity
and a 14.6% increase in thermal diffusivity at a 50%
replacement ratio, enhancing the foam concrete’s insu-
lating properties and energy efficiency. Additionally, the
specific heat capacity of lightweight foamed concrete
decreased by up to 18.7% at higher replacement ratios,
indicating that foam concrete requires less energy to
change its temperature.
Using plastic waste as a substitute for sand in foamed
concrete is an effective approach for reducing CO, emis-
sions and promoting sustainability while improving
resource utilization and reducing environmental impact
in the construction sector.
SEM analysis revealed an enhanced microstructure of light-
weight foamed concrete with reduced voids and increased
solid matrix density up to a replacement ratio of 20%, cor-
relating with improved mechanical performance. However,
higher replacement ratios led to larger pores and an
increased risk of crack propagation, indicating a potential
strength loss of lightweight foamed concrete.

These findings demonstrate that incorporating treated
plastic waste and foundry sand as a sand replacement in
lightweight foamed concrete enhances mechanical
strength, durability, and thermal efficiency while contri-
buting to sustainability and CO; reduction in construction.
A 20% replacement ratio was identified as the optimal
balance, improving workability, strength, and shrinkage
resistance, while higher replacement levels led to
increased setting times, reduced density, and enhanced
thermal insulation. The study confirms that this approach
effectively enhances mechanical performance and energy
efficiency, making it a viable and eco-friendly alternative
for sustainable construction applications.
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