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ARTICLE INFO ABSTRACT

Keywords: This study assesses the impacts of recycling waste polyethylene terephthalate (PET) plastic bottles as a partial
Construction materials substitute for fine natural aggregates on the workability, mechanical, microstructural, economic, and thermal
C_OmPreSSive strength properties of concrete. The mix design adopts a concrete mix ratio of 1:2:4 for grade M25, 0.55 water/cement
Fine aggregates ratio, ordinary Portland cement (OPC) as the binder, varying proportions of heat-processed waste PET and river
Concrete 3 . o 1. U .
Polyethylene terephthalate sand as fine aggregates, and granite as coarse aggregate. Results indicate that workability increased with
Cerﬁemy P increasing percentages of waste PET plastics until the 40%PET level, beyond which workability reduces.

Compressive and split tensile strength decreased with increasing percentages of waste PET plastics.
However, 10% to 40%-PET-modified mixes achieved the recommended strength for M20 concrete.
Microstructural analysis on the 30%PET indicates higher quantities of O and Ca, and trivial percentages of
Mg, Si, C, Al, and Au. Whereas 100%PET indicates the presence of only C, O, and Au. 100%PET endures three
transition stages during heat flow. A glass transition, an exothermic peak below decomposition temperature
during cooling at a temperature of 199.88 °C from PET crystallization, and a baseline shift after the endother-
mic peak at 243.22°C. Thermogravimetry revealed that 100%PET suffers a dual-stage decomposition, an initial
stage accounting for an 87.41% reduction in sample mass and a second stage accounting for a further mass loss
of 12.79%. Highly significant statistical correlations and regressions developed variations between PET% and
the workability and mechanical parameters. The study shows that heat-processed PET-modified concrete is
appropriate for structural applications due to its suitable fresh, mechanical, microstructural, and thermal prop-
erties. Besides, this practice is eco-friendly and sustainable as it conserves natural resources.

1. Introduction

Plastic production has been on a constant rise in current years as a
result of its wide range of utility in our daily lives, although the resul-
tant wastes are considered non-biodegradable and chemically toxic,
and as such, pose adverse effects on the environment (Almeshal
et al., 2020; Boucedra et al., 2020). The United Nations Environment
Program (UNEP) estimates the global annual production of plastics
at over 400 million tonnes, of which around 87% (350 million tonnes)
becomes waste plastics. As of 2015, The plastic packaging industry
produced single-use plastics at an annual rate of about 141 million ton-
nes, which accounted for 47% of the total plastic waste production
(UNEP, 2018). China is currently the world’s largest producer of plas-
tic packaging wastes in whole (40 million tonnes), while the USA leads
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on a per capita basis (45 million tonnes) (UNEP, 2018). The produc-
tion rate of plastics by industries worldwide is illustrated in Fig. 1.
Large quantities of single-use plastics often end up recycled, littered
on streets, landfilled, indiscriminately dumped, or incinerated
(Bamigboye et al., 2019). Recent evaluations indicate that 79% of
the waste plastics ever generated still accrues in dumps, landfills, or
the environment, while around 12% has undergone incineration, and
only about 9% has been recycled (UNEP, 2018). The largest generators
of poorly managed waste plastics are China, with 8.8 million tons per
year (27% of global total), and Indonesia, with 3.2 million tonnes per
year (10% of global total) (USEPA, 2017). Several attempts are being
made to promote the recycling of plastics. For instance, a preliminary
agreement was reached in 2017 between the European Parliament,
European Council, and European Commission to set a milestone for

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.clema.2021.100026&domain=pdf
https://doi.org/10.1016/j.clema.2021.100026
http://creativecommons.org/licenses/by/4.0/
mailto:gideon.bamigboye@covenantuniversity.edu.ng
https://doi.org/10.1016/j.clema.2021.100026
http://www.sciencedirect.com/science/journal/27723976
http://www.elsevier.com/locate/clema

G.O. Bamigboye et al.

The
world
produces The largest
O CRTELI industrial sector is
400 ,
million single-use material Packaging
designed for 36%
oftpcl)ar;tsi’cs immediate disposal
every year.

_

Electrical/electronic
4%

Cleaner Materials 2 (2021) 100026

__ Industrial

machiner

Consumer and 1% y
institutional
products
10%
\
Transportation

7%

Fig. 1. Global production of plastic by industries (2015) (Source: UNEP, 2018).

plastic recycling by 2025 at 50%, to be increased by 2030 to 55% with
energy recovery. It was projected that by 2050, there would be nearly
12 billion tonnes of waste plastics dumped in landfills if measures are
not put in place to curtail the current plastic production, consumption,
and waste management practices (UNEP, 2018). This, among other
reasons, has, in the past few decades, led to a series of studies aimed
at proffering methods for recycling these waste plastics in the con-
struction industry. The two broad classes of plastics and their single-
use applications are shown in Fig. 2.

Concrete is the second most utilized material after water because of
its ease-of-handling and mechanical strength (Faraj et al., 2020; Saikia
and De Brito, 2012). Over the years, the ever-growing rate of develop-
ment and urbanization has led to excessive exploitation and depletion
of natural resources used in concrete production (Bhardwaj and
Kumar, 2017). These resources majorly include sand, gravel, and
cement (limestone). Aggregates constitute around 65 to 80% of the
concrete volume and are responsible for their strength, porosity, den-
sity, workability, and durability (Faraj et al., 2019). Substantial quan-

tities of fine and coarse aggregates are needed to produce large
volumes of concrete worldwide annually. The utilization of waste
materials in concrete can help conserve natural resources while offer-
ing a more sustainable solution to the waste disposal concerns
(Babafemi et al., 2018; Spiesz et al., 2016; Tang et al., 2019).
Among the multiple recycling approaches for waste plastics, the
reutilization of polyethylene terephthalate (PET) in producing com-
posites for building and road construction is considered an ideal dis-
posal technique (Bamigboye et al., 2020). Through this technique,
waste plastics can be reused with no quality degradation during its
processing while replacing the fast-depleting natural materials, sup-
porting conservation (Almeshal et al., 2020; Maharaj et al., 2019;
Perera et al., 2019). The recycling of waste plastics in cement-based
composites have been widely studied. Waste plastics were utilized
majorly as plastic aggregates, substituting natural aggregates. These
studies have examined the fresh and hardened properties of the mod-
ified composites and recorded variations in performance, mostly typi-
fied by strength declines and improvements in workability
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Fig. 2. Major categories and applications of plastics (Source: Li et al., 2020; UNEP, 2018).
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(Islam et al., 2016; Lee et al., 2019; Maharaj et al., 2019; Mohammed
and Rahim, 2020; Perera et al., 2019; Sharma and Bansal, 2016; Silva
et al., 2013). The use of these waste plastics also achieves a critical
goal in the construction industry by significantly reducing the density
and deadweight of produced concrete, thereby mitigating earthquakes'
dangers (Akcadzoglu et al.,, 2010). Other benefits include improved
thermal insulation, reduced initial construction costs, and reduced
manufacturing and handling times (Colangelo et al., 2016).

In this context, the objective of this study is to evaluate the effects
of the total or partial substitution of natural river sand by heat-
processed PET plastic aggregates on the workability, mechanical,
microstructural, economic, and thermal properties of cement-based
concrete. It is important to note that most previous studies utilized reg-
ular PET plastic flakes as substitutes for fine natural aggregates
(Needhidasan et al., 2020; Sadrmomtazi et al., 2016; Silva et al.,
2013). However, this study utilizes heat pre-treated PET plastic aggre-
gates in the replacement of fine natural aggregates. The PET treatment
method was adopted from a study by Islam et al. (2016), who replaced
natural coarse aggregates. No previous study has assessed the
microstructure and thermal properties of PET-fine-aggregate-based
concretes produced using this pre-treatment methodology.

2. Experimental program
2.1. Materials

The current study used materials sourced locally. Dangote 3X brand
of OPC with Grade 42.5 N was used and hydrated with drinkable water
as a binder. The physical properties and chemical composition of Dan-
gote 3X brand grade 42.5 N are shown in Table 1. The fine aggregates
used for this study were sourced from River Ogun, Abeokuta, Ogun
State, Nigeria. The natural aggregate had a water absorption rate of
2.4%. The grain size distribution of all aggregates used is illustrated
in Fig. 3. Shredded waste PET plastic bottles obtained from Covenant
University’s Waste to Wealth Centre were used in proportions as
replacements for FA. The natural coarse aggregates (CA) used was
sourced from the quarry located in Igbo-ora, Oyo State, with a water
absorption rate of 0.486%.

2.2. Preparation of materials

The plastic aggregates were prepared by first cleaning off all labels,
adhesives, and other visible impurities from the PET plastic bottles,
then shredding into smaller particles using a plastic shredder. The
shredded plastic particles were then heated and melted into a molten
state using a gas stove and a steel pot. The melted plastic was then

Table 1
Characteristic composition of 42.5 N grade cement used (Source: An et al., 2020;
Boucedra et al., 2020).

Chemical composition (%)

Al,O3 4.44
MgO 2.32
SiO, 20.71
CaO 62.80
SO3 2.37
Fe,03 2.78
cr 0.007
Na,0 + K,0 0.88
f-CaO 0.79
Loss of ignition 3.38
Mineralogical composition (% by mass)

C,S 6.98
CsS 68.84
C3A 2.58
C4AF 17.69
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Fig. 3. Particle size distribution curves for aggregates.

poured into a mold and left to cool for 24 h, as shown in Fig. 4. Heating
was done to ensure that the resulting plastic aggregate was homoge-
neous, such that it forms a coalesce after cooling. Afterwards, the plas-
tic was broken into pieces using a mallet. These pieces were then
further ground into granules using a mechanized grinder before siev-
ing to obtain maximum sizes suitable for fine aggregate. The produced
plastic aggregates gave a water absorption rate of 0.27%. The natural
aggregates (fine and coarse) were as well sampled, air-dried, properly
cleansed to remove impurities, and sieved.

2.3. Mix design and batching

In this study six sample mixes were considered. A control mix with
100 percent natural aggregates (fine and coarse) and five designed
PET-modified aggregates combining river sand and PET plastic aggre-
gates in varying percentage ratios (100:0, 90:10, 80:20, 70:30, 60:40,
and 0:100), as fine aggregates. The concrete produced was cured by
immersing in a curing pool filled with potable water for up to 28 days.
The batching method adopted for the study is shown in Fig. 5. The mix
ratio adopted for the study was 1:2:4 with a strength of target of 25 N/
mm? for concrete grade M25 and a 0.55 as fixed water/binder ratio as
detailed in Table 2.

2.4. Tests conducted

The tests performed in this research were categorized into four: the
fresh concrete workability tests (to measure the consistency and fluid-
ity of the mix), hardened concrete tests (to determine the mechanical
characteristics of concrete produced), the microstructural, and the
thermal conductivity tests. All the experimental tests were conducted
with reference to processes, as specified in relevant standards.

2.4.1 Tests on workability

The slump cone and compaction factor tests were conducted on
each fresh mix batch to assess the processed PET plastic aggregates'
effects on concrete's workability and consistency. These tests were per-
formed following guidelines in ASTM C143/C143M-15a and 1S1199-2-

Fig. 4. PET plastic treatment process [a] after shredding [b] fine plastic
aggregate produced.
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Fig. 5. Experimental program.

Table 2
Mix design.

Concrete Batch Content of components in kg/m?

Cement Water Natural-FA PET-FA Granite
PET-00 315 173.25 630 0 1260
PET-10 315 173.25 567 63 1260
PET-20 315 173.25 504 126 1260
PET-30 315 173.25 441 189 1260
PET-40 315 173.25 378 252 1260
PET-100 315 173.25 0 630 1260

2018, respectively. During the mixing of each concrete batch, a lev-
elled surface ground was prepared, and the slump cone was placed
on it. The cone was filled with concrete and tamped. To compute
the slum value, the cone was then raised vertically, and the slump
was calculated as the difference in height between the slump sample
and the cone.

2.4.2 Compressive strength test

Compressive strength tests were conducted after 3, 7, 14, and
28 days of curing. The compression testing machine (CTM) with a
serial number C193A/S20UT-M was used for crushing the concrete
cubes samples in line with ASTM, C39/C39M-20. The concrete sam-
ples were placed in the CTM, and the load was applied to the samples
at a defined speed until failure happened. The result obtained from the
crushing value for each sample was calculated using the recorded fail-
ure loads.

2.4.3 Split tensile strength test

Split tensile strength tests (SPST) were conducted on all mixes after
3, 7, 14, and 28 days of curing. The tests were done following guide-
lines in ASTM C496/C496M-17 on the concrete cylinder samples with
200 mm x 100 mm, using a compression testing machine. Concrete
samples produced were placed in the CTM horizontally and braced
on the top and beneath by steel strips along the axis of its splitting.
At the predefined constant rate, the load was then gradually applied

until the concrete sample split. The result for each concrete mix batch
was calculated using the recorded failure loads.

2.4.4 Microstructural analysis

A standard LEO 1455VP (LEO Electron Microscopy) model scan-
ning electron microscope (SEM) was used to examine the effects of
PET addition on the microstructure of the composite at 10, 30, and
100% PET plastic replacement levels. SEM generates images of the
specimen in high resolution by rastering an electron beam focused
on the specimen's surface and recognizing backscattered or secondary
electron signals. Correspondingly, energy-dispersive X-ray spec-
troscopy (EDX) analyzer was used for determining the qualitative
and quantitative elemental composition of the tested composites.
The electron beam-specimen contact produces a range of signals con-
taining a variety of data on the samples such as cathodoluminescence;
indicating the structure of electrons and the chemical composition of
the material, secondary electron; for topographic data, and transmitted
electron; for a description of the internal structure and crystallography
of the material as shown in Fig. 5 (Goldstein et al., 2018).

2.4.5 Thermal analysis

Differential scanning calorimetric (DSC) and thermogravimetric
analysis (TGA) thermal analysis were conducted on the 100%-PET-
modified samples. The DSC and TGA models used were SDT
Q600V8.3 Build 101, and DSC Q2000 V24.10 Build 122. The Heat-
Cool-Reheat method was adopted. DSC analysis determines the
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amount of thermal energy absorbed or expelled by a test sample dur-
ing heating or cooling cycles. It quantitatively and qualitatively pro-
duces endothermic (heat absorption) and exothermic (heat
evolution) data from thermal developments. The test sample was posi-
tioned on a pan and placed on a constantan disc on the DSC analysis
cell; a chromel wafer was positioned directly underneath. The concrete
sample’s temperature was measured by chromel-alumel thermocouple
(CAT). An empty reference pan is placed on a symmetric platform
directly over a chromel wafer and CAT. The flow of heat is calculated
as the difference in temperature between the test sample and the con-
trol chromel wafers as per ASTM E2160-04-2018. TGA technique was
adopted to monitor the change in the sample’s mass relative to temper-
ature (Groenewoud, 2001; Jeske et al., 2012).

3. Result and discussions
3.1. Workability tests

The compaction factor and slump tests were performed on all
mixed batches to determine their consistency and workability. Slump
results illustrated in Fig. 6 show a continuous increase in workability
with increasing PET percentages until the 40% replacement level, after
which workability dropped. The PET-modified mixes obtained accept-
able workability values for light to nominal reinforcement works
except the 40% PET mix with a slump value of over 100 mm
(ASTMC143/C143M-15a). True slumps were observed for all batches,
indicating that PET's addition does not lead to collapse or early-age
shear of concrete at all PET replacement levels. The increasing worka-
bility can be attributed to the reduced stiffness due to the low rates of
water absorption by the PET plastic aggregates, leading to reduced
bonding between the matrix and the PET aggregates. The early growth
in workability contradicts workability results from past studies using
PET in different ratios (Coppola et al., 2016; Ferreira et al., 2012;
Ismail and AL-Hashmi, 2008; Lee et al., 2019; Rahmani et al., 2013;
Silva et al., 2013). Nevertheless, these studies applied PET plastic
flaked aggregates without heat pre-treatment. Slump results obtained
by Islam et al. (2016), adopting a relatively similar PET pre-
treatment (PET melted at 230 °C), conforms with the growing trend
observed in this study. The compaction factor was relatively constant
within the 10%- to 40%-PET modification levels and decreased with
the 100% PET mix. However, a past study indicated a uniform increase
in compaction factor with untreated PET plastic fine aggregate addi-
tions (Amalu et al., 2016).

3.2. Mechanical properties

3.2.1 Compressive strength tests
The compressive strength development at various curing ages for
the varying percentages of PET additions are shown in Fig. 7. Steadily
increase in compressive strength with curing age and decreased with
=—eo—Slump (mm) —e— Compaction factor

105
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Fig. 6. Workability tests results.
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increasing PET percentages were observed. The PET-modified mix
attained a compressive strength decrease up to 34.8% on the 28th
day with the PET-100 mix. PET-modified mixes only achieved target
compressive strength on the 7th day and failed to meet target compres-
sive strength on the 14th and 28th day compared to the control mix.
However, the 10%-, 20%-, 30%-, and 40%-PET batches achieved com-
pressive strength requirement for M20 concrete grade in line with
ASTM C39/C39M and are as such, suitable for mass concrete produc-
tion. Generally, the decreasing trend noticed in this study conforms
with several past studies utilizing PET as both fine and coarse aggre-
gates (Akinyele and Ajede, 2018; Batayneh et al., 2007; Juki et al.,
2013; Liu et al., 2015; Mohammed and Rahim, 2020; Mustafa et al.,
2019; Saikia and De Brito, 2013; Saxena et al., 2018; Tang et al.,
2020) Some of the reasons for the decreasing compressive strength
with PET additions include: inhibition of the cement hydration reac-
tion as a result of the PET aggregate’s hydrophobia; reduced bonding
strength between the cement matrix and the PET plastic aggregate sur-
face (Gu and Ozbakkaloglu, 2016; Saikia and De Brito, 2012); the
increased porosity and void content of PET-modified concrete; low
water absorption; and low modulus of elasticity of PET aggregates
compared to natural aggregates (Almeshal et al., 2020).

3.2.2 Split tensile strength tests

The evolution of split tensile strength after 3, 7, 14, 21, and 28 days
curing ages is illustrated in Fig. 8. Similar to compressive strength,
split tensile strength steadily increased with curing age and gradually
decreased with PET additions at all ages. After 3, 7, and 14 days for the
10%-PET-modified batch, early-age tensile strength values were
slightly higher than that of the control batch (PET-00), as similar to
a study by Needhidasan et al. (2020). This may be as a result of the
reduced absorption offered by PET aggregate leading to increased
cement hydration and tensile strength at the early age. Nonetheless,
the results after 21, and 28 days showed a gain in strength for the
PET-00 batch and slight declines with PET additions. The split tensile
strength target of 2 N/mm? was achieved with all PET-modified
batches after 21 days except the 100%-PET batch, indicating per
ASTM C496/C496M-17 that they meet the recommended limits for
mass concrete production.

The decreasing tensile strength noticed in this study conforms with
numerous past studies utilizing PET as fine aggregates (Akinyele and
Ajede, 2018; Batayneh et al., 2007; Choi et al., 2005; Galvao et al.,
2011; Juki et al., 2013; Mohammed et al., 2019). Kou et al. (2009)
attributed the decreasing split tensile strength to the smoother surface
of the PET aggregates, the free-water accumulated by the PET particle
at the interfacial transition zone (ITZ), and increased porosity (Albano
et al., 2009; Kou et al., 2009).

3.3. Microstructural analyses

3.3.1 Scanning electron microscopy (SEM)

SEM experimentations were performed on the PET-10, PET-30, and
PET-100 samples to obtain information on the effect of PET on the sur-
face structure of the produced composites. The resultant microstruc-
tural graphs are presented in Fig. 9. The SEM analysis results
showed a strong bond between the cement paste and the PET FA as
seen in Fig. 9a with the least extent of honeycombing and micro pores.
Fig. 9b highlights the formation of honeycombs and pore spaces with
increasing PET-FA contents. The aggregates are seen clearly in Fig. 9c
because of the more profound magnification degree indicating the for-
mation of microcracks which further explains the decline in mechani-
cal performance for the PET-100 mix batch.

3.3.2 Energy-dispersive X-ray spectroscopy (EDX)

A visual analysis of the effect of PET on the surface structure of the
produced composites has been done using the SEM analysis. Neverthe-
less, an EDX analysis was performed at selected areas on the PET-30
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and PET-100 samples shown in Fig. 9 to qualitatively and quantita-
tively evaluate the elemental composition of the composites. The
EDX results and spectrum peaks are illustrated in Fig. 10. The EDX
showed that individual samples' chemical compositions differ at mul-
tiple spots due to the varying emissions from the characteristic X-
rays. EDX on the PET-30 indicated higher quantities of O and Ca,
and trivial percentages of Mg, Si, C, Al, and Au. Whereas, PET-100
indicated the presence of only C, O, and Au, in order of magnitude
as presented in Table 3. Showing a significant decrease in the bonding
strength (absence of Ca) with PET additions.

3.4. Thermal analyses

3.4.1 Differential scanning calorimetry (DSC)

A differential scanning calorimetry (DSC) was used to evaluate the
temperature and heat flow through the PET-100 sample. The DSC
result provides quantitative and qualitative data on the exothermic

and endothermic processes or heat capacity changes. The DSC scan
result is illustrated in Fig. 11. The process began at 25 °C at a 10 °C
per minute average heating rate. Through the process, a glass transi-
tion was observed with a start temperature of 63 °C and a midpoint
Ty of 75 °C. An exothermic peak below decomposition temperature
during heating was noticed at a temperature 199.88 °C; this can be
due to the crystallization or curing of the PET within the sample. Cor-
respondingly, a shift along the baseline was observed after the
endothermic peak at 243.22°C; this can be ascribed to reasons like
changes in either the sample's weight, the heating rate, or the sample's
specific heat. Specific heat change can occur after the sample under-
goes crystallization, curing, or melting (Shawe et al., 2000; TA
Instruments, 2010).

3.4.2 Thermogravimetric analysis (TGA)
The TGA was performed to measure the rate at which the 100%PET-
modified sample’s mass changes with varying temperatures. The TGA
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scan result is shown in Fig. 12. A 10.5 mg sample was tested at a heating
rate of 5 °C/min, the initial temperature at the start of the process was
29.87 °C, and the final temperature was 644.36 °C. Generally, there
was a continuous weight loss with increasing temperature. The sample
underwent dual-stage decomposition. The first stage had an onset tem-
perature of 380 °C, midpoint of 420 °C, an offset temperature of 360 °C,
accounting for an 87.41% reduction in sample mass. The second stage
indicated an onset temperature of 520 °C, an offset temperature of
537 °C, and accounted for a further mass loss of 12.79%. The first stage
of the weight loss can be related to the molecular fragmentation of the
polymer and the evaporation of free water molecules within and around
the composite, while the second stage may be a result of the in-situ for-
mation of metallic oxides during the decomposition.

4. Correlation and regressions

Bivariate correlation analyses were performed to determine whether
relationships exist between the workability and mechanical parameters
assessed in this study, including PET %, slump, compaction factor, split
tensile strength, and compressive strength. The coefficients of correlation
are presented in Table 4. PET % showed significant negative correlations
with compressive strength (r = —0.665), split tensile strength
(r = 0.507), and compaction factor (r = —0.966), and an insignificant
correlation with slump (r = —0.032). Compressive strength similarly
showed a high positive correlation with split tensile strength
(r = 0.870) and compaction factor (r = —0.839), and significant nega-
tive correlations with slump (r = —0.559). The correlations established
in these analyses do not infer cause and effect relationships. Nevertheless,
they explain the degree of inter-relations between these parameters.

A series of bivariate regression analyses were further done to recog-
nize the interdependencies (cause and effect relationships) amongst

the mechanical and workability parameters evaluated based on the
PET modification. The datasets were firstly examined with a box plot,
and there were few outliers noticed in the measured values for com-
pressive and split tensile strength. The values of each criterion variable
were evaluated using a test of normality utilizing Shapiro-Wilk
(p > 0.05); for all three variable datasets a normal distribution was
observed. Based on Levene’s test of equality, there was no violation
of homogeneity of variance. From the one-way ANOVA on the com-
pressive strength data (F (5,24) = 6.495, p < .001), and the split ten-
sile strength (F (5,24) = 1.735, p = .165) there were statistically
significant differences between their means. A Tukey post hoc test
indicated that the compressive strength was statistically significantly
lower after taking the PET-100 (13.41 * 2.0 min, p < .001) compared
to the PET-00 (24.88 = 5.1 min, p < .001).

The trend functions and mathematical models from the regression
of the measured parameters are shown in Fig. 13; non-statistically sig-
nificant linear functions were established with PET% as a predictor for
compressive strength (Cs) (R? = 0.4418) and split tensile strength (S§)
(R? = 0.2568). At the same time, highly statistically dependent linear
functions were obtained for compaction factor (W¢r) against PET %
(R* = 0.933) and for split tensile strength against compressive
strength (R> = 0.7569). Also, a polynomial function was obtained
for the slump (Wg) against PET % (R? = 0.9236). A summary of the
regressions is presented in Table 5.

5. Cost analysis

This study evaluated the economic, mechanical, microstruc-
tural, and thermal properties of concrete containing waste PET
as fine aggregates. The result of the empirical cost evaluation
of PET/Fine aggregates mix as shown in Table 6 revealed that
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Table 3

EDX Smart Quant elemental intensity results.
PET-30
Element C o Mg Al Si Au Ca
Atomic % 6.99 57.97 0.82 1.38 8.51 0.70 23.63
Weight % 3.51 38.77 0.84 1.56 10.00 5.74 39.59
PET-100
Element C o Au - - - -
Atomic % 76.10 23.53 0.37 - - - -
Weight % 67.04 27.62 5.34 - - - -

increasing cost and proportion of PET was negatively and signif-
icantly related to concrete compressive strength at 1 percent sig-
nificance level for the 3-Days and 7-Days test and 5 percent
significance level for the 14, 21 and 28 -Days test respectively.
This implies that the increasing cost of PET is not economically
recommendable in relation to fine aggregates. Deeper insight
from the result suggests that despite increases in PET cost, com-
prehensive of the concrete revealed retardation of 0.025, 0.990,
0.961, and 0.949, 0.946 N/mm? for the 3, 7, 14, 21, and 28-

days respective testing periods. The compaction factor averagely
reduces by more than proportionate magnitude value —1.732.

However, the slump test suggests a significant increase by
0.960 mm following increases in PET costs. Thus more fine aggregates
support compressive strength and compaction factor of concretes
while slump test requires more of PET, as shown by the workability
test analysis.

Also, the average split (Table 7) tensile strength follows the same
negative trend for the cost of PET at 0.982, 0.980, 0.992, and
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Fig. 12. TGA graph of the PET-100 sample.
Table 4
Correlation coefficient matrix.
Parameters Compressive strength Split tensile strength Slump value Compaction factor
PET % —0.665%* —0.507** 0.032 —0.966**
Compressive strength 1 0.870** —0.559 0.839*
Split tensile strength 1 0.319 0.464
Slump value 1 —0.022
Compaction factor 1

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

0.947 N/mm?. Therefore, it could be seen that fine aggregates yield bet-
ter economic outcomes in relation to the compressive strength and com-
paction factor of the concretes. At the same time, the cost of PET appears
more economical and cost-effective for the slump testing approach.

The credibility of the estimated models (F-statistics) were confirmed
at 1 percent significance level, and its explanatory strength (R-Squared)
with a minimum value of 60 percent for the compaction factor.

6. Conclusions

This study evaluated the effects of recycling waste PET plastic bot-
tles as a full or partial substitute for fine natural aggregates on the
workability, mechanical, microstructural, economic, and thermal
properties of concrete. The following conclusions are drawn based
on the results obtained from the laboratory tests:
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Table 5
Summary of regression.

Variables Model Statistical Coefficients
Criterion Predictor Mean Std. dev. R?
Wsi PET% Wy = —0.03(PET%)? + 3.1908(PET%) + 0.9236 63.33 1.030 0.9236
Wer PET% Wer = —0.0011(PET%) + 0.8642 0.826 0.041 0.933
Cs PET% Cs = —0.0926(PET%) + 21.632 18.546 3.059 0.442
S PET% Sy = —0.0081(PET%) + 2.2568 1.988 0.266 0.2568
S‘s Cs S = 0.0994(Cs) + 0.144 1.988 0.526 0.757
Table 6
Compressive strength cost analysis.
Cost Analysis Compressive Strength Analysis Workability Test Analysis
Predictors Mix Proportion: 3-Days 7- Days 14-Days 21 Days 28-Days Slump Compaction Factor
PET /Granite costs
Constant 16.935* 21.725%** 22.930%** 22.500 0.840%***
Coefficients —0.025* —0.961** —0.946** 0.960** -1.732
R-squared 0.983 0.924 0.896 0.922 0.600
Adjusted R 0.974 0.886 0.843 0.883 0.400
F-Statistics 113.314%** 24.271%* 17.165%* 23.610%* 3.000

Note: ***,

* represents significance at 1% and 10% level.
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Table 7
Split Tensile strength cost-effect.
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Cost Analysis Split Tensile strength

Predictors Proportion Mix: 3-Days 7- Days 14-Days 21 Days 28-Days
PET /Granite costs

Constant 1.690%** 2.215%** 2.510%** 2.565%** 33.238%**
Coefficients —0.982** —0.980%* —0.992%** —0.960** —0.947**
R-squared 0.964 0.961 0.984 0.921 0.896
Adjusted R 0.946 0.941 0.975 0.882 0.844
F-Statistics 53.884** 48.779** 120.024*** 23.422%* 17.286**

Note: ***  ** represents significance at 1% and 10% level.

i. The workability of the fresh-mix concrete increases with
increasing the percentages of waste PET plastics until the 40%
PET level, beyond which workability declines. Nonetheless, all
PET batches attained workability values suitable for low to
nominal reinforcement works.

ii. As the curing age of concrete increased, the compressive
strength increased but then decreased with increasing percent-
ages of waste PET plastics after 3, 7, 14, 21, and 28 days of cur-
ing. The modified PET mixes unable to attain the target design
strength for grade M25 concrete after 28 days. However, 10% to
40% of PET-modified mixes attained suitable strength for grade
M20 concrete.
Split tensile strength increased steadily with curing age and
decreased with PET additions. PET modification resulted in
early tensile strength gain compared to the control mix. It
should be noted that all PET-modified mixes reached the recom-
mended threshold specified for split tensile strength after
28 days.
PET% showed significant negative correlations with compres-
sive strength (r —0.665), split tensile strength
(r —0.507), and compaction factor (r —0.966), and an
insignificant correlation with slump (r = —0.032), compressive
strength similarly showed a high positive correlation with split
tensile strength (r = 0.870). Regression analysis indicated sta-
tistically significant linear and polynomial dependencies
between the parameters; hence multiple variations were
established.

. EDX on the PET-30 indicated higher quantities of O and Ca, and

trivial percentages of Mg, Si, C, Al, and Au. Whereas PET-100

indicated the presence of only C, O, and Au.

The DSC scan indicated that the 100%PET sample endured

three transition stages. A glass transition with an onset temper-

ature of 63 °C and a midpoint Ty of 75 °C, an exothermic peak
below decomposition temperature during cooling was noticed
at a temperature of 199.88 °C from the crystallization of the

PET in the sample, and a baseline shift after the endothermic

peak at 243.22°C during the heating process.

TGA scan showed that the 100%PET sample suffered dual-stage

decomposition. The initial stage had an onset temperature of

380 °C, midpoint of 420 °C, an offset temperature of 360 °C,

accounting for an 87.41% reduction in sample mass, while the

final stage indicated an onset temperature of 520 °C, an offset
temperature of 537 °C and accounted for a further mass loss

of 12.79%.

The cost of PET appears more economical and cost-effective for

the slump testing approach, while fine aggregates yield better

economic outcomes in relation to the compressive strength.

iii.

iv.

Vi.

vii.

viii.
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