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ABSTRACT

In many parts of the world, substantial energy is used to maintain comfortable temperatures in inner parts of the
buildings for living and working. Construction materials with low thermal conductivity, if used in the exterior walls and
façade etc. in such structures can be useful in lowering the energy demand. On the other hand, moisture ingress through
sorption is a common factor contributing in degradation of concrete structures with time. Constituents of concrete may
be engineered to some extent to get both the desired attributes, lower thermal conductivity and sorption than normal
concrete.

The rapid increase in electronic waste, or e-waste, presents a major environmental challenge in today’s world, with
plastic components comprising a substantial portion of this waste. Utilizing e-waste plastic in concrete presents a
sustainable solution with waste utilisation while conserving natural resources for aggregates. The experimental work
presented in the paper explored the use of E-waste scrap (PA) comprising of discarded computers, printers, and mobile
phone as coarse aggregates. The waste sized to 4.75–20 mm was used in concrete mixes. It replaced NA at levels of
0%, 33%, 66%, and 100%. Test results presented in the paper illustrates progressive reduction in thermal conductivity
and sorptivity with increasing percentage replacement of the crushed rock aggregates by E-waste aggregates. Paper
also presents that thermal conductivity follows a multilinear relationship with water-cement ratio and percentage
replacement of the aggregates in concrete.

Keywords: Thermal conductivity, Sorptivity, E-waste, Plastics, Concrete

1. Introduction

In 2023, building sector consumed 32% of global
energy and contributed to 34 % of global CO2 emis-
sions [1]. The CO2 emissions from building sector
have been reported to have risen by five percent
since 2015 [1]. Air-conditioners and other appliances
used to maintain comfortable temperatures in the
inner parts of the buildings for living and work-
ing contribute significantly to power demand, whose
generation mostly involves CO2 emission. Proper se-
lection of materials used in exterior parts of buildings,
can reduce heat transmission thus aiding in checking
the rate of rise in CO2 emissions. Use of lightweight

concrete may be one of the ways to reduce thermal
conductivity [2]. Density of concrete can be reduced
through various means; use of lightweight aggregates
has been the most common among them [3].

On the other hand, rapid increase in electronic
waste has become a major environmental problem,
requiring creative approaches for effective
management. E-waste contains primarily plastics,
predominantly in the form of insulating components,
casings, and circuit boards [4]. This, if not properly
managed, poses substantial environmental risks. Re-
cycling and repurposing of e-waste plastic may either
mitigate environmental hazards or provide an oppor-
tunity to develop sustainable construction materials.
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Construction involves substantial use of natural
resources; however investigators have been exploring
alternative materials to improve sustainability. One
such alternative can be the use of waste plastic. It
has the potential of decreasing the consumption of
natural aggregates, thus conserving natural resources
and reducing environmental impact [5].

Various studies have investigated PET, LDPE,
HDPE, PP, and PVC to improve or at least maintain
concrete performance while enhancing sustainabil-
ity. Sau et al. (2024) investigated polyethylene (PE)
and polyethylene terephthalate (PET) as aggregates
in M30 concrete with a 0.37 water-cement ratio. They
replaced natural aggregates at levels ranging from
10% to 40%. The study found that replacements up
to 30% PE and 20% PET yielded acceptable mechani-
cal performance with improved resistance to impact,
abrasion, and chloride penetration [6]. Similarly,
Basha et al. (2020) used recycled plastic aggregates
(RPAs) composed of mixed plastic types in varying
sizes. At 100% replacement, a compressive strength
reduction of 51% was noted; however, at 25% re-
placement, the mix achieved 35 MPa strength, along
with improved thermal insulation and reduced flex-
ural strength, suggesting potential for non-structural
applications [5].

Several studies explored specific plastic types. Mah-
moud et al. (2021) examined PET, HDPE, and PP
(≤14 mm) used as coarse aggregates at 10–20% re-
placement. Although compressive strength was not
quantified, all mixes met kerb strength requirements,
with PET and PP enhancing abrasion resistance
and reducing drying shrinkage [7]. Khalil and Kha-
laf (2017) used shredded PET (2.6 mm, 11.4 mm,
or mixed) in OPC with silica fume, noting a 40–
50% reduction in compressive strength but improved
slump and the production of lightweight concrete
[8].

Sorptivity, which represents the rate of capillary
water absorption in unsaturated concrete, is a crit-
ical parameter in assessing durability, particularly
for lightweight concrete where aggregate properties
significantly influence moisture transport. Choi et.
al. investigated the use of pulverized fuel ash in
lightweight concrete. They reported a notable re-
duction in sorptivity, achieving values as low as
0.45%, attributed to the pore-filling effect of these
by-products which reduced the connectivity of capil-
lary pores [9]. Earlier studies on the penetrability of
lightweight aggregate concrete (LWAC) have shown
that lightweight aggregates (LWAs), due to their
highly porous and cellular structures, tend to absorb
8–13% of their weight in water within the first 30
minutes of exposure, with most absorption occurring
in the first two minutes. Surface roughness, aggre-

gate moisture, and pore size distribution affects initial
sorptivity [10].

In terms of durability, Silva et al. (2013) analyzed
PET plastic aggregates (1–11.2 mm) at 7.5% and 15%
replacement with water-cement ratios of 0.52–0.61.
Results showed that PET led to increased shrinkage
and water absorption, but durability under dry cur-
ing conditions surpassed conventional concrete [11].
Focusing on non-structural applications, Vanitha et
al. (2015) investigated inclusion of unspecified plas-
tic scrap in M20 concrete blocks. Replacement levels
between 0–10% showed slight strength increases (2–
4%) in paver blocks at 4%, though the use was
deemed unsuitable for structural purposes [12]. Patil
et al. (2014) used industrial plastic waste (PP and
PET) to partially replace coarse aggregates at 10–50%
levels. While strength data were limited, the study
reported decreased density and highlighted the ma-
terial’s viability in reducing costs and environmental
impact [13]. Pirzada et al. (2018) further examined
PET coarse aggregates in M25 concrete combined
with a polycarboxylate ether-based superplasticizer.
Between a w/c 0.42 to 0.57, compressive strength im-
proved up to 15% replacement, along with enhanced
workability and reduced thermal conductivity [14].
Aldahdooh et al. (2018) optimized concrete mixes
containing mixed PWAs (≤5 mm) using response sur-
face methodology (RSM), replacing 30% of the total
aggregate. The study reported acceptable mechanical
properties and emphasized the importance of statisti-
cal optimization in designing durable and sustainable
mixes [15].

Beyond aggregates, recent studies have assessed
the influence of plastic fibers in concrete. Artid
Poonyakan et al. investigated various recycled plas-
tic fibers (LDPE, HDPE, PP, and PET) in concrete.
They observed decreased workability due to fiber
entanglement, but the inclusion of LDPE at 30% vol-
ume showed the most promising results, significantly
reducing thermal conductivity while maintaining ac-
ceptable mechanical strength [16]. Durability aspects
such as sorptivity—a measure of water absorption
through capillaries—have also been explored. Ac-
cording to Abu-Saleem et al., the inclusion of plastics
as partial aggregates can influence sorptivity depend-
ing on plastic type, replacement ratio, and bond
quality with cement paste. PET generally improved
resistance to water absorption, while HDPE and PP
had mixed results. Overall, plastic waste aggregates
tend to reduce sorptivity, contributing to enhanced
concrete durability.

While many studies evaluated compressive
strength, density, and rheology-literature remains
limited regarding properties like thermal conduc-
tivity and sorptivity, especially when using E-waste
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Fig. 1. E-waste aggregate (PA).

plastic aggregates. Objective of this study to examine
the incorporation of e-waste into concrete and
effect on its thermal conductivity and sorptivity. By
investigating these properties, the research intends
to advance the development sustainable and durable
materials.

2. Research methodology

The present study investigates E-waste aggregate
(PA) obtained from scrap of E-waste, i.e., scrap of
computers, printers and mobile phones, etc; which
was procured from a ragman. Fig. 1 shows photo-
graph of its state at that time. As can be seen, it
consisted scrap of miscellaneous sizes (mostly in the
range 5-40 mm) and shapes. Firstly, dirt and miscel-
laneous other materials in it were removed through
sieving with 1 mm size sieve. Then, only E waste scrap
remained. Larger pieces among these were sorted

Table 1. Characteristics of coarse aggregate.

Normal E-waste
Parameter Aggregate (NA) Aggregate(PA)

Relative Density 2.65 1.09
Water Absorption (%) 1.00 1.76
Density (Kg/m3) 1726 533

manually and were broken by hand hammer. The re-
sulting mix was sieved on 4.75 mm sieve, the passing
out portion was rejected and the mass retained on the
sieve was used directed as coarse aggregate in con-
crete. Such aggregate was checked for flakiness and
elongation index as per IS 2386 Part 1 [43], and was
found to meet the specifications for use in concrete.
Its physical properties were assessed for aggregate as
displayed in Table 1.

Quantities for concrete mixes were calculated
following Indian standards, with w/c: 0.53, 0.47
and 0.43. Thermal conductivity and sorptivity were
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Table 2. Parametric variations.

Specimen Type Age of Number of Specimens

Property & Size (mm) Testing in Days NA 33PA 66PA 100PA

Thermal Conductivity Cylinder (50 × 100) 28 4 4 4 4
Sorptivity Cylinder(50 × 100) 28 4 4 4 4

assessed through experimental testing of cast speci-
mens. The specific details of these properties and the
number of samples tested are presented in Table 2.
The replacement of normal aggregates (NA) was 0,
33%, 66% and 100% by PA for each water-cement
ratio. Thermal conductivity and sorptivity of concrete
were evaluated and specimens were cast and tested
accordingly.

3. Materials

In this study, OPC-43 Grade having the relative
density 3.12 and a consistency of 30%, crushed rock
aggregate (NA), and E-waste plastics as coarse ag-
gregates (PA) were used. Grading of fine aggregate
conformed to Zone II of IS383:2016. High range wa-
ter reducing admixture (Naphthalene-based) having a
relative density of 1.14 was employed. It is observed
that the relative density of the E-waste plastic aggre-
gate (PA) is lower than that of the normal aggregate
(NA). The Elemental analysis of PA is presented below
(Table 3). Energy Dispersive X-Ray Fluorescence (ED-
XRF) Spectrometry was used to perform this analysis.
The testing was done on the request of the authors
in an external Institute’s (CIPET) laboratory, in solid
state of the sample with 60-second measurement. The

Table 3. Elemental analysis of E-
waste aggregate.

Atomic Percentage
Number Element Concentration

12 Mg 3.275
13 Al 3.551
14 Si 11.719
15 P 0.071
16 S 0.964
17 Cl 19.481
20 Ca 14.173
26 Fe 6.352
19 K 0.069
22 Ti 1.496
52 Te 34.381
82 Pb 0.714
25 Mn 0.254
24 Cr 0.099
30 Zn 0.956
27 Co 0.014
29 Cu 0.254
23 V 0.113

wt% values excludes the organic matrix (C, H, O, N),
and are normalised to the inorganic fraction.

4. Mix proportioning

Four types of concrete mix proportions: Concrete
with NA (Natural aggregate), Concrete with 33%
replacement of NA by PA, Concrete with 66% re-
placement of NA by PA and concrete with only PA
(E-waste plastic aggregate), with each water-cement
ratio (0.53, 0.47, and 0.43) was made in this study. A
consistent amount of 158 kg water in 1 m3 concrete
was used in all the mix types and water-cement ra-
tios. The superplasticiser dosage was slightly adjusted
along with the water–cement ratio to achieve similar
workability. This compensated for changes in paste
volume and internal friction due to varying w/c ratios
and E-waste aggregate (PA) content, maintaining a
consistent slump range of 75–100 mm for all mixes.
Uniform workability ensured that variations in ther-
mal conductivity and sorptivity were mainly due to
aggregate replacement level and w/c ratio, rather
than differences in fresh concrete consistency. This
workability range also helped in full compaction of
concrete easily in laboratory conditions with mini-
mum effort. Fine Aggregate (FA) was added in an SSD
condition.

5. Experimental program

The workability of fresh concrete was assessed by
conducting slump tests on all mixes in accordance
with IS: IS 1199: Part 2: 2018. To evaluate the com-
pressive strength, cube specimens of 150× 150× 150
mm were cast and water-cured until testing. Strength
was determined at multiple curing ages (7, 28, and
56 days) as per IS: 516. For flexural strength, pris-
matic specimens of 100 × 100 × 500 mm were tested
at 28 days under a two-point loading configuration,
ensuring uniform stress distribution. Splitting tensile
strength and static modulus of elasticity were deter-
mined at 28 days on cylindrical specimens of 100 ×
200 mm, following IS: 5816 and IS: 516 respectively.

An experimental study was conducted with a focus
on two essential properties: thermal conductivity
and sorptivity. The concrete proportions and sample
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Fig. 2. Volume-wise percentage of ingredients in the concrete mix proportion with w/c-0.53.

Fig. 3. Volume-wise percentage of ingredients in the concrete mix proportion with w/c-0.47.

details are listed in Table 4. The smaller dimensions
of these samples were deliberately selected to enable
the testing of thermal conductivity and sorptivity.
After casting, the specimens were cured in water for
28 days.

A specific experimental setup, which is illustrated
schematically in Fig. 5, was used. It had two chambers
of hot water and cold water containing a thermocou-
ple in each box. Concrete samples are placed between
hot and cold boxes and sealed with silicon. After that,
fill the hot chamber with hot water at about 65° C, and
maintain the temperature throughout the process of
the experiment. Fill the cold chamber with normal
water at about 25° C. Now the heat flows from the
hot chamber to the cold chamber through a concrete
sample. The temperature difference between the two

chambers as T1 and T2, for the hot and cold cham-
bers, respectively, was noted. Temperatures (T1 and
T2) were recorded at 10 minute intervals using cal-
ibrated thermocouples. This method allowed for the
precise determination of heat transfer rates through
the concrete samples, providing insights into the insu-
lating properties imparted by the inclusion of e-waste
plastic.

Thermal conductivity of concrete was calculated by
Eq. (1).

k =
QL

A1T
(1)

The data of the constant parameters are shown in
Table 4. The rate of heat flow was computed from
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Fig. 4. Volume-wise percentage of ingredients in the concrete mix proportion with w/c-0.43.

Table 4. Sample specifications and constant parameters.

Parameter Magnitude Dimensions

Sample Details
Length 50 mm
Diameter 100 mm
Area 0.013 Square Meter

Time of Heat supplied (1t) 2 hours
Specific Heat of concrete (C) from

literature (Karaki et. al 2021)
0.84 KJ/Kg

Eq. (2).

Q = mc1T (2)

k: Thermal conductivity (W/m·K)
Q: Heat transfer (W)
L: Thickness of the material (m)
A: Cross-sectional area (m2)
1T: Temperature difference (K)
m: Mass (kg)
c: Specific heat capacity (J/kg·K)

Typical computation of k for concrete with NA is as
below:

Q = 885gm× 0.84× (23.84)◦C = 2.46

k =
2.46× 0.050
0.013× 23.84

= 0.66 W/m • K

Sorptivity of concrete was determined by measur-
ing the rate of water absorption through capillary
action. Sorptivity was determined in accordance with
ASTM C1585 [46]. Oven-dried specimens were par-
tially immersed in water as shown in Fig. 6 (3–5

mm depth), and mass gain was recorded at 1, 3,
24, and 72 hours. This test served as an indicator
of the concrete’s porosity and capillary action, both
of which are crucial for durability. The experimental
data collected from these tests were analyzed to find
influence of e-waste content on each property.

6. Results and discussion

6.1. Thermal conductivity

Thermal conductivity of concrete gets significantly
affected by aggregate type and the water-to-cement
ratio. The Fig. 7 shows that concrete incorporating
natural aggregate (NA) exhibits the highest thermal
conductivity across all w/c ratios. This outcome is
expected since natural aggregates, typically denser
and less porous, possess superior heat conduction
properties. Concrete with E-waste aggregate (PA) in
varying proportions—33% (33PA), 66% (66PA), and
100% (PA)—leads to a progressive decrease in ther-
mal conductivity. This trend highlights the insulating
nature of E-waste plastic aggregates, which minimize
heat transfer more effectively than natural aggregates
due to their lower density and higher porosity.

For concrete with natural aggregates, thermal con-
ductivity decreases slightly on increasing w/c from
0.43 to 0.53, with values dropping to 0.59 from 0.66
W/m•K. A similar trend is observed in concretes PA.
For instance, thermal conductivity with 33PA only
varies slightly between 0.59 and 0.57 across all w/c
ratios, and for concrete 66PA, the values fluctuate
minimally (0.52 and 0.53). This trend suggests that
with increase in w/c, which generally enhances the
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Fig. 5. Setup for the determination of thermal conductivity.

Fig. 6. Sorptivity test.

porosity of the concrete, slightly reduces its thermal
conductivity.

First, the thermal conductivity value of approxi-
mately 0.66 W/m·K for concrete containing natural
aggregates at w/c = 0.43 falls within the lower

range reported for conventional concretes. While
typical normal-weight concrete exhibits conductivity
between 1.1–2.9 W/m·K [5, 20]. Its value depends
upon several factors as reviewed by Asadi et al [48].
Several studies have reported reduced values when
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Fig. 7. Thermal conductivity of concrete variation with PA at different water-cement ratios.

lightweight characteristics or increased porosity are
present. Poonyakan et al. (2018) reported thermal
conductivity values between 0.74–0.96 W/m·K for
plastic-modified concretes, while Basha et al. (2020)
observed significant reductions in conductivity with
the incorporation of recycled plastic aggregates. Fur-
thermore, Pasha et al. (2025) demonstrated improved
thermal insulation performance in plastic aggregate
concrete. These findings confirm that conductivity
values in the range of 0.6–0.7 W/m·K are achievable
in concretes containing lightweight or plastic-based
aggregates [5, 16, 22]. The difference in the val-
ues of thermal conductivity (k) reported by different
investigators with different lightweight aggregates in-
dicates that the ‘k’ is also dependent on the type of
lightweight aggregates.

Overall, the study indicates that both type of aggre-
gate, temperature and w/c etc. are critical factors to
obtain thermal conductivity of concrete. Natural ag-
gregates confirm higher thermal conductivity, while
E-waste plastic aggregates, owing to their insulating
and lightweight properties, significantly lowers the
thermal conductivity. Additionally, higher w/c ra-
tios tend to reduce thermal conductivity marginally
by increasing the porosity of the concrete. These
findings are particularly relevant for applications
where thermal insulation is crucial. For instance, in
environments, where thermal insulation is desired,
employing higher proportions of E-waste aggregates
and higher w/c can be advantageous.

6.1.1. Linear regression analysis of thermal conductivity
The regression analysis was conducted to examine

the influence of w/c and replacement level of aggre-

gate. The resulting linear Eq. (3), indicates a negative
relationship between thermal conductivity (k) and
both independent variables: water-cement ratio (x1)
and percentage replacement level of PA (x2). This
suggests that higher the w/c or the replacement level,
lower the thermal conductivity, thereby enhancing
thermal insulation performance of concrete.

k = −0.3289x1 − 0.0018x2 + 0.7928 (3)

Where

k = Thermal Conductivity
x1 = w/c
x2 = % Replacement Level of PA

Regression statistics in Table 5 highlight the
model’s strength in predicting thermal conductiv-
ity. The low standard error (0.015) indicates high
prediction accuracy. The model’s F-statistic (126.82)
exceeds the critical F-value of 4.26 (df = 2, 9), con-
firming overall model significance [17]. Likewise, the
t-statistic (16.08) is far greater than the critical t-
value of ±2.262, validating the individual predictors’
significance; the values of R2 (0.966) are close to the
model explaining 96.60% of the variation in thermal

Table 5. Regression statistics of
thermal conductivity.

Regression Statistics

R Square 0.966
Standard Error 0.015
Observations 12
F-Values 126.816
t-stats 16.083
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Fig. 8. Predicted and experimental values of thermal conductivity.

Fig. 9. Density at various w/c.

conductivity based on the w/c ratio and replacement
level [18]. Thus, the model is statistically valid and
reliable.

Fig. 8 illustrate that across all w/c ratios, a con-
sistent decreasing trend in thermal conductivity is
observed with increasing replacement levels, indi-
cating that higher plastic content leads to improved
thermal insulation. The predicted values closely align
with the actual values, demonstrating the accuracy
and reliability of the regression model.

6.2. Density

The Fig. 9, illustrates the density of specimens. The
samples are categorized as Normal Aggregate (NA)
and 33%–100 % E-waste Plastic Aggregate (33PA-100
PA). The results corroborate known fact of increase
in the density with reduction in the w/c (0.53 to
0.43). Fig. 8 shows that concrete with NA, has the
highest density across all w/c ratios, and given that
the density of the crushed rock aggregates (NA) is
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Fig. 10. Thermal conductivity and density.

more than that of the E-waste aggregates. As frac-
tion of PA increased from 33% to 100%, density
decreased. At 0.53 w/c, densities were 2180 kg/m3

for NA and 1686 kg/m3 for 100PA, while with 0.43
w/c, densities ranged from 2249 kg/m3 between NA
to 1791 kg/m3 for 100PA. Thus, a potential trade-off
is observed by incorporating E-waste aggregates for
sustainability and the impact on concrete’s density.
Notably, at a w/c of 0.43, the concrete with 33% PA
(33PA) maintains a relatively high density of 2185
kg/m3, suggesting a balance between using partially
E-waste aggregates and preserving acceptable mate-
rial density, probably for structural applications.

6.3. Relation between thermal conductivity and
density

Fig. 10 presents the regression among the two prop-
erties of concrete. The equation of trend line is as
Eq. (4) with R2 value of 0.920, suggest a strong linear
relationship between these two variables.

k = 0.0003ρ − 0.1342 (4)

Trend of Fig. 10 is expected, as denser materials
generally have more solid particles in close contact,
which facilitates the transfer of heat through conduc-
tion. For example, concrete samples with a density

around 1700 kg/m3 exhibit conductivity of 0.45,
while samples of densities around 2250 kg/m3 have
conductivity of 0.65.

Overall, the plot illustrates that optimizing con-
crete’s density can help control its thermal conductiv-
ity, tailoring it to specific requirements depending on
whether heat retention or dissipation is the priority
in a given application.

6.4. Sorptivity

Water sorption in concrete describes the process by
which concrete absorbs water over time. This absorp-
tion occurs because of the porous nature of concrete,
where water can penetrate the material through capil-
lary action or by diffusion through the pore structure.
The specimen size details were in conformity with
ASTM C1585-20. However test duration was limited
to 72 hours as no variation in rate of absorption was
notice in any sample beyond this as is also evident
from Figs. 11 to 13.

Fig. 11 presents the percentage water sorption of
concrete at w/c 0.43. Water sorption decreases with
time for all aggregate types, indicating gradual sat-
uration. Concrete containing PA exhibits the lowest
sorption at all-time intervals, demonstrating superior
resistance to water ingress.
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Fig. 11. Water sorption of various concrete mixes at w/c 0.43.

Fig. 12. Water sorption at w/c 0.47.

At w/c 0.43, a clear reduction in sorption is
observed with increasing PA content due to the hy-
drophobic nature of PA [25]. The mix with 100%
natural aggregate (NA) shows the highest sorption
(y = 0.8418ln(x) + 1.588, R2

= 0.891), reflecting
the porous and absorbent characteristics of natural
aggregates. Replacement of NA with 33% PA slightly
reduces sorption (y = 0.8333ln(x) + 1.253, R2

=

0.955). A more pronounced reduction is seen at
66% PA (y = 0.6156ln(x) + 0.7513, R2

= 0.933),
while 100% PA exhibits the lowest sorption (y =
0.4486ln(x) + 0.4922, R2

= 0.97), confirming the

reduced capillary absorption and improved imperme-
ability of E-waste aggregates.

Figs. 12 and 13 show water sorption at w/c 0.47
and 0.53, respectively. In both cases, mixes with
PA consistently demonstrate lower sorption than NA
mixes, while 33PA and 66PA exhibit intermediate
values, with 66PA generally lower than 33PA.

At w/c 0.47 (Fig. 12), sorption follows logarith-
mic trends and decreases with increasing PA content.
The 100% NA mix shows the highest absorption (y
= 0.8111ln(x) + 1.55, R2

= 0.895). With 33% PA,
sorption decreases moderately (y = 0.7297ln(x) +
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Fig. 13. Water sorption of various concrete mixes at w/c 0.53.

1.1288, R2
= 0.899). At 66% PA, a significant reduc-

tion is observed (y = 0.6402ln(x) + 0.7761, R2
=

0.930), while 100% PA shows the lowest sorption (y
= 0.4673ln(x) + 0.3446, R2

= 0.991).
Similarly, at w/c 0.53 (Fig. 13), sorption increases

over time at a decreasing rate. The 100% NA mix
records the highest uptake (y = 0.7306ln(x) +
1.2206, R2

= 0.908). Replacement with 33% PA
slightly lowers sorption (y = 0.7017ln(x) + 1.0368,
R2
= 0.894), and 66% PA further reduces it (y =

0.6174ln(x) + 0.6281, R2
= 0.948). The 100% PA

mix demonstrates the lowest water absorption (y =
0.3936ln(x) + 0.3182, R2

= 0.987).
Figs. 12 and 13, indicates that at the w/c 0.47

and 0.53, concrete with conventional rock aggre-
gate has a tendency of sorption even beyond the
72 hours (as the line connecting the values of the
sorption with time, does have an upward slope even
beyond 72 hours age), whereas the concrete with
PA with similar water-cement ratio does not sorpt
water beyond about 24 hours, as evident from a flat
straight line connecting values of the sorption with
time (without any upward slope). Concrete mixes
containing PA aggregate consistently exhibit superior
resistance to water ingress compared to the conven-
tional aggregate across all the water-cement ratios
and replacement levels, making PA aggregate a pre-
ferred choice for mitigating water absorption-related
deterioration in structures and, in turn, expect better
durability of the resulting concrete.

6.5. Effect of PA replacement on 28-day
compressive strength

The 28-day compressive strength of the concrete
samples has been as shown in Fig. 14. Results indi-
cate a consistent reduction in strength with increasing
E waste aggregate (PA) replacement at all water–
cement (w/c) ratios. For w/c = 0.43, the compressive
strength decreased from 23.32 MPa (NA) to 21.48
MPa (33PA), 15.26 MPa (66PA), and 14.56 MPa (PA).
A similar trend was observed at w/c = 0.47 and 0.53.
However, at higher w/c ratio (0.53), the difference
between NA and 33PA becomes marginal; indicating
that at moderate replacement levels, it may be feasi-
ble in structural applications.

Table 6. Density and strength specifications of lightweight
concrete.

Properties ACI 318 33PA (w/c 0.47)

Density 1440–2160 2093
Compressive Strength > 17.2 MPa 21.03

The recorded density of 2093 kg/m3 falls within the
acceptable range for structural lightweight concrete,
which is specified as 1440–2160 kg/m3 by ACI 318.
The compressive strength achieved was 21.03 MPa,
which meets the minimum threshold of 17.2 MPa set
by ACI 318. It indicates that with a 33% replacement
of PA, the concrete maintains structural adequacy for
lightweight applications.
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Fig. 14. Compressive strength at 28 days with different water-cement ratios at various replacement level of PA.

Fig. 15. Compressive strength of concrete with NA and PA at 7 days with different water-cement ratios.

6.6. Flexural strength

Flexural strength values of concrete incorporating
plastic aggregates (PA) at different water–cement
(w/c) ratios are illustrated in Fig. 16. For conven-
tional concrete with natural aggregates (NA), the
flexural strength increased from 5.07 MPa to 6.93

MPa as the w/c ratio decreased from 0.53 to 0.43.
In comparison, PA-based concrete exhibited signifi-
cantly lower flexural strength at higher w/c ratios,
with a minimum value of 2.67 MPa recorded at
a w/c ratio of 0.53, as shown in Fig. 16. How-
ever, a clear improvement in strength is observed
with the reduction in w/c ratio. At a w/c ratio of
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Fig. 16. Strength in MPa under flexure at 28 days age.

Fig. 17. Split tensile strength in MPa at 28 days age.

0.47, the flexural strength increased to 5.33 MPa,
and further improved to 5.60 MPa at a w/c ra-
tio of 0.43. This trend, as evident from the figure,
indicates that decreasing the w/c ratio enhances
the flexural performance of PA mixes, likely due
to improved matrix densification and better interfa-
cial bonding between the cement paste and plastic
aggregates

6.7. Splitting tensile strength

Splitting tensile strength values of concrete mixes
incorporating plastic aggregates (PA) at different
water–cement (w/c) ratios are presented in Fig. 17.
For conventional concrete with natural aggregates
(NA), the splitting tensile strength increased from
1.73 MPa at a w/c ratio of 0.53 to 3.34 MPa at 0.43,

indicating a significant improvement with reduction
in water content. Concrete containing PA exhibited
comparatively lower tensile strength across all w/c
ratios. At a w/c ratio of 0.53, the PA mix showed
a value of 1.68 MPa, which is slightly lower than
the NA mix. However, as the w/c ratio decreased,
the tensile strength of PA mixes improved notably,
reaching 2.10 MPa at 0.47 and further increasing to
2.46 MPa at 0.43. The observed trend clearly indi-
cates that reduction in w/c ratio enhances the tensile
performance of PA-based concrete, primarily due to
improved matrix densification and reduced poros-
ity. Despite this improvement, PA mixes consistently
show lower tensile strength than NA mixes, which can
be attributed to weaker interfacial bonding and lower
stiffness of plastic aggregates compared to natural
aggregates.
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Fig. 18. Values of elastic modulus in Gpa.

Fig. 19. Slump for a different type of aggregate with a variation of w/c Ratio.

6.8. Modulus of elasticity

The modulus of elasticity values of concrete mixes
incorporating plastic aggregates (PA) at different
water–cement (w/c) ratios are presented in Fig. 18.
For conventional concrete with natural aggregates
(NA), the modulus of elasticity increased from 21.28
GPa at a w/c ratio of 0.53 to 26.58 GPa at 0.43, indi-
cating enhanced stiffness with reduced water content.
In comparison, PA-based concrete exhibited lower
modulus of elasticity values across all w/c ratios. At a
w/c ratio of 0.53, the PA mix showed a significantly
reduced value of 15.94 GPa. However, as the w/c
ratio decreased, a noticeable improvement in stiff-

ness was observed, with modulus values increasing to
21.25 GPa at 0.47 and further to 25.50 GPa at 0.43.

6.9. Workability of concrete

Based on the test results shown in Fig. 19, which
compare the slump values for concrete mixtures with
different water-to-cement (w/c) ratios (0.53, 0.47,
and 0.43), the Slump values for Concrete with NA
are 91 mm, 106 mm, and 113 mm respectively. At
the replacement level 33% of NA by PA the slump
values decrease to 85 mm, 90 mm and 100 mm re-
spectively. Furthermore replacement at 66% of NA by
PA, the values decrease to 80 mm, 85 mm and 90 mm
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respectively. Slump values for Concrete with PA are
79 mm, 82 mm, and 86 mm. comparing the slump
values for concrete with PA; we observe a similar pat-
tern as with NA. As the w/c ratio decreases, the slump
values increase. Furthermore, the gradual decrease in
slump with increasing the content of PA aligns with
established literature as the percentage of RCA in-
creased, it absorbed some water due to adhered mor-
tar and the workability of the mixes get reduced [51].

7. Discussion

From Table 3 (Details of chemical composition
of E-waste aggregate used), E-waste plastic contains
mainly harmful chemicals (S, Cl, C, Mg), including
heavy metals (Te, V, Zn, Cr, Mn, Pb, Ti). E-waste
recycling, particularly the informal and unregulated
process is a significant source of PBDD/Fs contam-
ination. Open burial and the use of acid baths for
recovery of valuable materials releases PBDD/Fs,
which are group of brominated compounds that
are structurally similar to dioxins. They are formed
during the thermal decomposition of BFRs) com-
monly found in electronic equipment. PBDD/Fs are
emerging containment found in E-waste with poten-
tial health and environmental implications. They are
structurally similar to dioxins and can be even more
toxic [26]. Dumping/burying the harmful chemicals
and heavy metals in concrete can save society from
possible harmful effects or unorganized throwing of
the waste for landfill (which may intern cause re-
lease of heavy metals and other chemicals in soil or
ground water/possible contamination). On the other
hand, partial/fully replacement of the conventional
rock- based aggregate by the plastic scrap aggregate
can help in decreasing the rate of depletion of natu-
ral resources/rock. Inclusion of the hazardous waste
in concrete can contribute to sustainable develop-
ment. The environmental safety of E-waste aggregate
concrete largely depends on its leachability char-
acteristics. Senthil Kumar et al. (2016) applied the
Toxicity Characteristic Leaching Procedure (TCLP) on
concrete with 0–50% high-impact polystyrene (HIPS)
and reported Cd, Pb, Cu, and Zn in leachates well
below USEPA regulatory limits (Pb < 5.0 mg/L, Cd
< 1.0 mg/L) at 28–90 days; metal release decreased
with curing age, indicating progressive immobilisa-
tion by cement hydration products [49]. Pauzi et al.
found that CRT glass-concretes generally meet TCLP
limits except when crushed glass <4.75 mm, which
produced elevated Pb leachate; they also reported up
to 27% loss in compressive strength for 100% crushed
CRT — underlining the need to control particle size
and morphology when using e-waste aggregates [50].

Klein reported the conductivities of polyethylene
and polypropylene 0.43-0.23 at 25 °C [19]. In com-
parison, ordinary concretes incorporating various
aggregates typically exhibit thermal conductivities in
the range of 1.34–2.92, which is much higher [20].
Tae Sup Yun et al. found conductivity of mortar and
concrete as about 2.0 [21]. Poonyakan et al. demon-
strated that thermal conductivity values ranged be-
tween 0.74–0.96 for LDPE-based concrete, 0.72–0.86
for PP-based concrete, 0.84–0.94 for PET-based con-
crete, and 0.95–1.02 for mixes with combined plastic
aggregates. Similarly, Abu Saleem reported that con-
crete incorporating recycled plastic exhibited lower
sorptivity compared to conventional concrete, sug-
gesting enhanced resistance to water ingress [16].

In another investigation, Pasha et al. evaluated var-
ious modified concrete mixes and observed that the
mix with 20% plastic aggregate demonstrated most
favorable thermal conductivity performance, with a
value of 1.84 W/(m·K) [22]. This reflects a signifi-
cant improvement in thermal insulation properties,
thereby proving use of plastic aggregate.

The findings of the present study align well with
existing research, reinforcing the relationship be-
tween w/c ratio, type of aggregate, and thermal
conductivity in concrete. In conventional concrete
with natural aggregates, it is well established that
an increase in the w/c ratio tends to enhance over-
all porosity, thereby leading to a slight reduction in
thermal conductivity. This trend is validated by the
observed decrease from 0.66 to 0.59 W/m·K as w/c
increased from 0.43 to 0.53. A similar behavior is
observed in the current investigation involving con-
crete with PA. The thermal conductivity values show
marginal variation with increasing w/c ratio—such as
a slight decrease from 0.59 to 0.57 W/m·K for 33%
plastic aggregate replacement (33PA), and a near-
constant (0.52-0.53) for 66% replacement (66PA).
These consistent yet small variations suggest that the
hydrophobic and low-conductivity nature of plastic
aggregates plays a dominant role in thermal behav-
ior, while the influence of increased porosity due to
higher w/c a ratio remains secondary but evident.

Basha et al. (2020) reported conductivity (k) of 1.1
W/m·K. Asadi et al reviewed comprehensively the
factors affecting thermal conductivity of concrete. In
the present experimental study, a relatively smaller
value of thermal conductivity of concrete than Basha
et al and other researchers may be due different
mineralogical characteristics of the aggregates. Nev-
ertheless, the K of concrete with PA in different
proportions are lesser than that with NA, the trend
is consistent and in conformity with the published
literature with lightweight aggregates. Literature also
indicates that the magnitude of decrease of k with
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Fig. 20. Sorptivity at 72 hours.

Fig. 21. Variation in sorptivity with w/c.

lightweight aggregates (LWA) also depends on the
type of LWA [5, 48]. Hence, is the ‘k’ falling within a
limited range.

Several studies have investigated the effect of
partial use of plastic coarse aggregates (PCA) on
sorptivity of concrete. In the investigation by Zee-
shan et al., sorptivity values showed a consistent
decrease with increasing PCA content 12-29% with
10-20% PCA. This reduction was mainly due to the

non-porous and non-absorptive characteristics of PCA
[23]. Similarly, another study examining the influ-
ence of PCA replacement from 10% to 50% reported
a decline in sorptivity ranging from 11.8% to 41.7%
compared to plain concrete [24]. In the present study
the sorptivity, reduces up to 70% in the concrete with
100% replacement of PA as compare to concrete with
NA. PA possess a hydrophobic (water-repellent) and
non-porous nature, which significantly influences the
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Fig. 22. Interfacial zone microstructure with PA at w/c 0.43.

Fig. 23. Interfacial zone microstructure with PA at w/c 0.47.

sorptivity of concrete. Their low water absorption ca-
pacity hinders capillary suction and moisture ingress
into the concrete. As a result, concrete incorporating
e-waste aggregates exhibits reduced sorptivity com-
pared to conventional concrete [25].

Sorptivity values of concretes at the 72 hour age
are presented in Figs. 20 and 21. Presents the values

of sorptivity of concrete containing PA with various
water-cement ratios.

A decrease in sorptivity (water absorption rate), in
e-waste concrete despite a higher water-cement (w/c)
ratio may be due to the hydrophobic nature of plastic-
based e-waste aggregates. E-waste particles might act
as fillers that do not allow water to penetrate through
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Fig. 24. Interfacial zone microstructure with PA at w/c 0.53.

Table 7. Percentage increment in compressive
strength during the period 7–28 day.

Aggregates % Increment in compressive strength
Type at 28 days with 7 Days

w/c 0.43 w/c 0.47 w/c 0.53
NA 19.04 17.78 12.27
PA 17.14 42.26 49.94

them. Even if the surrounding cement matrix is more
porous due to a higher w/c ratio, the overall absorp-
tion through the aggregate component is nil. This,
when combined with higher w/c ratios, may lead to
improved hydration and denser compaction of the
interfacial transition zone (ITZ), reducing the net wa-
ter absorption of the composite material (concrete),
despite higher total porosity. Figs. 22 to 24, shows
interfacial zone (ITZ) micrographs of concrete with
the three water cement ratios at 28 days age. These
images were taken on a Bruker FESEM. A denser
ITZ with w/c 0.47 (Fig. 22) as compared to that
with w/c 0.43 (Fig. 23). is visible. A higher rate of
gain of strength beyond early age (seven days) in
the concrete with PA at higher water- cement ratio
of 0.53 than at w/c 0.43, as illustrated in Table 7,
corroborates better hydration in the concrete mixes
at higher water- cement ratio with PA. For definite es-
tablishment of the trend noticed in the present study,
however requires thorough and more tests with con-
cretes containing PA at various water-cement ratios.
In the previous researches and the present study, the
similar trend was found for thermal conductivity and
sorptivity with PA.

8. Conclusions

• Concrete with PA exhibit lower sorptivity than
concrete made with conventional crushed rock
aggregate with all the water-cement ratios inves-
tigated in this study (0.43, 0.47, and 0.53).

• Thermal conductivity of concrete may be reduced
up to 33% when E-waste plastic aggregates are
incorporated.

• When coarse aggregates are made of E-waste, con-
ductivity varies linearly to the density of concrete.

• Percentage reduction in Modulus of elasticity of
concrete for w/c ratio 0.43 and 0.47 are less than
the concrete with w/c ratio 0.53 for all the re-
placement level of NA by PA.

• Compressive strength of concrete in the range
12-15 N /mm2, and 13.0 to 16 N/mm2 can be
obtained at 28 days and 56 days respectively by
replacing NA with PA at a w/c 0.53.

• With the replacement of 33% of NA by PA, the
percentage reduction in flexural strength of con-
crete is only about 2.5% as compared to that of
the concrete with NA with w/c 0.47.

9. Recommendations

• As PA content increases from 0% to 100%, con-
ductivity decreases correspondingly.

• Thus, incorporating E-waste in concrete can pro-
duce a lightweight concrete with low thermal
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conductivity and low sorptivity while also pro-
moting recycling of waste materials.
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