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Abstract: Brick is a common building material that is used in society for constructing buildings. A
viable environmental strategy to lessen the amount of plastic waste involves the inclusion of plastic
trash in building materials. Globally, there is a severe issue with the disposal of plastic garbage in
landfills. The primary and secondary carbon bonds that are formed in plastic packaging wastes can
severely contaminate the environment. Hence, managing plastic waste to generate new and useful
items is essential. One of the most practical ways to safeguard the environment is to manufacture
eco-bricks from PET waste and epoxy resin. Additionally, as there is no combustion involved in the
production of this eco-brick; it does not harm the environment. Eco-brick can be defined as a novel
concept and approach to waste management and recycling. Eco-bricks have many advantages, such
as easy availability and being environmentally friendly. This study aimed to improve the composition
of the eco-brick using a mixture of epoxy resin and PET particles. In this study, a mathematical
modelling technique called the Response Surface Method (RSM) was designed using the Central
Composite Design (CCD). Variable input factors were used to develop eco-bricks such as mixture ratio
(10-90%), particle size (1-5 mm), and drying time (1-7 days), whereas the variable response included
the compressive strength. The complete experimental design was developed using Design Expert 11
software, and simulation experiments with 17 sets of parameters were generated. The microstructural
characteristics of the eco-brick were examined using SEM. The results of the experiments indicated
that the most optimised parameters that could be used for eco-brick application were: a PET particle
size of 1.1 mm, a mixing ratio of 89.9%, and a curing time of 6.9 days. Earlier research that was
conducted regarding the production of eco-bricks using a PET particle and epoxy resin mixture
showed that these materials had a high potential to boost compressive strength. The quadratic model
was used as the basis for the regression analysis for generating the response equations. Since the
difference between the experimental and anticipated values was less than 5%, it was concluded that
the results of the experimental and predictive tests showed good agreement. The model used in this
study yielded noteworthy outcomes. As a result, the suggested statistical model can offer a clear
understanding of designing experiments and variables that affect the production of eco-brick using a
blend of PET particles and epoxy resin.

Keywords: eco-bricks; optimisation; polyethylene terephthalate (PET); central composite design
(CCD)
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1. Introduction

The construction industry can effectively improve the circular economy by using
sustainable techniques for recycling waste [1]. It has been reported that as urban regions
and developing countries lack proper garbage collection and disposal infrastructure, they
are often plagued with issues regarding solid waste generation. As a result, open dumping
techniques are employed for waste disposal. Environmental issues have persisted because
actions taken to safeguard the environment must be balanced against the loss of natural
resources and growing waste production. Consequently, to address this problem measures
for balancing human demands with environmental effects must be considered. This can be
used as a strategy for long-term development.

The use of bricks dates to the earliest civilisations. Bricks are one of the most used
building construction materials [2]. Most bricks are created by combining appropriate
quantities of clay and sand with a binder [1]. Brick is frequently and extensively used in
construction. A proper mixture of concrete and stone could be used in the construction
sector. The construction brick goods market has, regrettably, reached its saturation point in
the last 20 years [3]. Due to the use of waste as an additional material in brick production,
the brick manufacturing business can diversify its product line.

Permeable bricks are a method of promoting the ideas of green ecology and energy
conservation. This permeable brick has a few benefits, such as a reduction in the heat
effect, noise absorption, and improved anti-skid performance [4]. Permeable bricks can
be developed by adding plastic waste. Permeable bricks are considered to be more eco-
friendly as they utilise plastic waste [2]. Permeable bricks are regarded as an efficient
technique to use eco-, energy-friendly, and green principles in the field of construction.
Permeability offers many benefits such as heat reduction, noise reduction, and anti-skid
properties [3]. Permeability is increased by adding more plastic trash to bricks, making
them more environmentally friendly [5]. The current increase in plastic usage will put
enormous pressure on the environment and society. Population expansion can also increase
the generation of plastic waste. More than 8.3 billion tonnes of plastic have been produced
since 1950, and >60% of this debris is currently being disposed of in landfills [4].

Plastics are utilised for everyday packaging because they are inexpensive and display
many attractive properties [6]. Since plastics are made of chemical polymers that are
not biodegradable, they cannot decompose in the ground. Synthetic polymers such as
polyamide, polystyrene, polyethylene, polyvinyl chloride, polyethylene terephthalate, and
polypropylene are frequently used in the production of plastic packaging materials [7].
The discarded polymers, resulting from plastic usage, are considered the major constituent
of solid waste and negatively affect the environment due to their non-biodegradability.
The primary and secondary carbon bonds that constitute the plastic structure lead to
environmental contamination [8]. Therefore, it is essential to manage plastic waste and
transform it into useful items.

Recycling is an important technique that helps to decrease plastic waste in local
communities. Waste materials can be recycled to produce effective items [9]. It is possible
to treat inorganic waste to produce some items such as plastic flowers, bags, wallets,
and other creative supplies [10]. Plastic products can be used for handicraft production,
whereas different plastic compositions can be utilised to create pavement blocks, eco-bricks,
road-building materials, and asphalt [9-12]. Techniques for waste recycling can be used
to minimise, prevent, and reuse garbage. Recycling is the process of adding economic,
social, and environmental value to waste. Plastic residue can be used to reinforce granular
pavement construction materials, and it also displays better deformation characteristics,
which should be evaluated before constructing subbase layers or pavements [13]. Currently,
alternative materials are required when wastes are used in the construction sector for
building purposes. Therefore, recycling plastic waste in building construction projects
can greatly aid in accomplishing this goal. Recycling plastic waste can also be used as a
substitute in the building and construction sector [14]. Recycling plastic trash can be used
in product design to promote sustainability [7].
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Plastic wastes are used for creating mixtures for producing bricks. Brick preparation
combinations can be made using plastic waste. The most popular polymers used in the
production of bricks include HDPE, PET, and LDPE [8,15]. Discarded plastic waste can be
used as a binder material during the brick-making process. Bricks made from discarded
plastic display better compressive and durability properties [8,16]. The results from porosity
evaluation showed that the addition of PET showed a better porosity for the resulting
product compared with LDPE and HDPE addition since PET displayed a higher Melt Flow
Rate (MFR) [10].

According to Aneke and Shabungu, plastic waste can be used for reinforcing masonry
bricks [17]. However, clay is still used as the primary component of the mixture, necessitat-
ing the use of the combustion process. Aneke and Shabungu produced several bricks using
melted PET plastic waste and crushed glass [18]. In this study, the researchers combined
the melted PET plastic wastes and crushed glass materials, which improved the burning
process during the brick-making process. Ghita et al. also investigated the use of olive
pomace bottom ash combined with clay to produce eco-bricks in Boukili’s research [19].
The drying process was then completed by burning in a kiln. These studies showed that
the combustion process must be used for drying the bricks that are developed.

Industries and society are currently working to develop environmentally friendly
bricks. Waste materials ranging from plastic to organic waste have been used to create
bricks. Since 2015, there has been an increase in the production of eco-friendly bricks [20].
In the past, Edike (2021) [11] and Ariyani (2021) [9] used PET bottle waste to produce bricks.
Clay is poured into the PET bottles, which are subsequently assembled into structures [9,11].
Since eco-bricks are made from plastic waste or leftover materials in the environment,
this brick model has the benefit of being completely free. However, the bricks made
from PET bottles show one disadvantage, i.e., they are more prone to fire. De Silva
(2021) [21] investigated the eco-bricks that contained PET bottles and tiny fragments of
plastic. Furthermore, the lack of a binder between the plastic components in PET-filled
bricks is another disadvantage. In a different study, Bahij (2020) [12] investigated the use of
glue as a reinforcement material in the production of eco-bricks. A few adhesives, such as
clay, cement, and epoxy resin can also be used [12]. Clay and cement, which are used to
make bricks, have several problems, including the fact that they are readily fractured by
the weather, which can compromise the structural integrity of a building [22-26]. Polymers
are among the materials that could be utilised as adhesives. The mechanical characteristics
of these brick-building materials can be enhanced by polymer materials [27]. Composites
are frequently produced using thermosetting polymers as metric materials. The material’s
microstructure, which includes pores, will also affect its thermal insulation properties.
Polymers are materials that do not effectively conduct heat and can be combined with
other materials to develop materials with a tight pore structure, which cannot absorb
water easily [13]. Epoxy resin is a polymeric material that is used for manufacturing
composite materials.

Epoxy resins play a crucial function in composite materials. Petroleum-based epoxy
monomers exhibit outstanding stiffness, high tensile strength, and appropriate electrical
strength. Epoxy resins are widely employed in the construction, aerospace, and automotive
industries. The resin has a wide range of applications due to its outstanding wettability,
high mechanical strength, acceptable dimensional stability, flame retardant characteristics,
minimal drying shrinkage, and appropriate chemical resistance [28]. Epoxy resins can be
made from synthetic and natural elements, display high adhesive properties, and are used
to bind materials such as wood, compost, copper, iron, cement, steel, and plastics [29].

Epoxy resin is used as an adhesive for binding bricks. Furthermore, it partially
substitutes the binding materials using PET-waste-based glycolates. Guo et al. studied
the aqueous epoxy resins that could be used for refining during the Portland cement
manufacturing process [30]. Research suggests that epoxy resin was produced using
leftover PET bottles. Based on the results of different tests, the strength of Portland cement
increases when it is combined with epoxy resin.
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The RSM methodology has been extensively employed in the design of experiments
(DoE) as it shows a high accuracy while creating mathematical models. This technique
helps in attaining optimal performance and offers affordable mixed-design solutions [31].
By characterising the response surface of the factor variable, RSM is regarded as a popular
technique to select a better response from the response surface to optimise experimental
parameters. RSM is an experimental design technique that uses statistical and mathematical
principles to evaluate and model multivariate problems to produce the desired response
and results [21]. RSM procedures include experimental planning, developing mathematical
models, identifying experimental characteristics, and identifying the important variables.

Recycling of PET plastic wastes made from used plastic bottles is a major concern in
this study. Here, the researchers used epoxy resin as an adhesive agent and PET as a filler to
produce eco-bricks. The actual experiments were carried out using the RSM methodology,
and experimental results were used to validate the mathematical model. In this work, the
effects of particle size, ratio, and curing time—three important parameters of compressive
strength—were examined using the RSM method. Bricks made from plastic blends do not
need to be burned, which reduces greenhouse gas emissions. The construction material
necessary for small constructions can be substituted using plastic trash [14].

2. Materials and Methods
2.1. Epoxy Resin Materials

In this study, the researchers used epoxy resin, i.e., bisphenol diglycidyl ether (E-44
and E-51), which was synthesised using bisphenol A (DPP) and epichlorohydrin (ECH).
The DPP structure also delivers excellent strength, toughness, and thermal properties. In
comparison with hydrogenated bisphenol A, epoxy resin shows a higher weather tolerance,
higher durability, and reduces general costs. Additionally, its hardness qualities satisfy
the mechanical requirements for pavements, especially when one considers the heat-based
surface cracks. The physicochemical properties of epoxy resin are listed in Table 1.

Table 1. Physicochemical characteristics of epoxy resin [32].

Viscosity . 3 Epoxy Number Molecular Weight
Type (MPa-s) Density (g/em®) = o1/100 g) (g/mol)
Bisphenol A 30.000 1.17 0.49 450

epoxy resin

2.2. PET Recycled Aggregates

The PET material used in this study was acquired from a waste bank in Yogyakarta.
The material in the waste bank in Yogyakarta is PET bottle waste. Table 2 displays the
physical and mechanical properties of PET. As shown in Figure 1, PET plastic was classified
into different sets based on their particle size. The sizes of the PET pellets ranged between
1 mm (small) and 5 mm (big). To remove any surface contaminants, the PET particles were
initially cleaned and rinsed with water. PET particles were then combined with epoxy resin
and dried at room temperature.

Figure 2 depicts the grading of PET particles according to the ASTM C33-03 standards.
According to the PET aggregate gradation curve, the particle size distribution of every
sample was similar and within the permissible range of ASTM C33-03.
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Table 2. Physical and mechanical properties [32].

Physical and Mechanical Properties of PET Characteristics
Colour Clear
Shape of particle Flat
Specific gravity 1.42
Specific density ~1.35g/cm3
Bulk density ~550 kg /m3
Size 1 mm, 3 mm, 5 mm
Tensile strength 59.8 MPa
Viscosity 0.62t00.75dL/g
Approx. melting point 200-250 °C

Figure 1. Plastic particles size.
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Figure 2. Grading curve of PET particles.
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2.3. RSM Model Formulation

Response Surface Methodology (RSM) is an effective technique that is used to deter-
mine the relationship between variables and responses. Additionally, RSM assesses the
impact of individual variables and variable interactions on responses. Three steps were
involved in developing an RSM model: collecting experimental data related to the required
response, designing the RSM framework and validating its accuracy, and parameter tuning
to satisfy response variable needs.

Material selection and maximising the formulation of the ideal composition were
closely associated in this study. As a result, the RSM approach was used in this study
to ascertain the optimal value of the interaction between various factors. The interaction
that needs to be explored in this study involves the formation of eco-bricks using the best
combination of PET particles and epoxy resin. Level 2 polynomial methodology was used
in this RSM model. This method explained how different factors interact with each other
even though researchers were not aware of the details of the process [15,33,34].

This study is built on an RSM framework that generates a quadratic expression for
each response using historical data. The numerous advantages of RSM include its ability
to forecast responses accurately, its responsiveness to limited experimental datasets, its
ability to assess the impacts of factor correlations, and its ability to determine the best
possible response. Central Composite Design (CCD) was used in this study to evaluate
how input parameters affected the responses related to the combination of the PET particles
and epoxy resin.

The 3 steps of the RSM modelling process are shown in Figure 3: formulating a
problem, constructing and application of the model, and optimising and completing the
model. The Central Composite Design (CCD) experimental design was the RSM technique
used in this study and was appropriate for second-order response surfaces [35]. The main
benefit of using CCD is that a variety of outcomes can be evaluated to create a polynomial
prediction technique.

Compressive strength Y

3 variables:
Ratio X1,
Particle size X2;
Time X3
Problem Building maodels . Optimization .
—» e ——— *| (Based on CCD) » Analysis madels R » Choose Solution
Response

Figure 3. Modelling process.

The factors chosen are ratio, size, and curing time; this is in accordance with several
studies which can be seen in the Table 3. The list was also gathered by focusing only on
construction as materials.

This study is based on the dual-level full factorial experimental design and used the
23 full factorial approaches for addressing the 3 predictor variables with 3 repetitions at the
centre. Furthermore, 17 experiments could be performed using a single copy of the axial
and factorial components. The first independent variable (X1) was the epoxy resin-PET
particle ratio, and the second and third predictors (X2, X3) were particle size and curing
time, respectively. Table 4 lists the factor values and levels of the indicators.

The dependent parameters evaluated in this study included compressive strength,
which was designated Y. Tables 5 and 6 describe the factorial experiment design combina-
tions that were determined using Design Expert 11.
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Table 3. Construction factors.

References Factor
[36] Size and volume
[37] Size
[17] Size and volume
[18] Size
[19] Size
[27] Curing time
[20] Curing time and size
[10] Curing time and size

Table 4. Factor Levels.

Ratio
(X1; Epoxy: PET

Particle; %)

Size Particles
(X2, mm)

Curing Time
(X3, days)

10 (minimal)

1 (minimal)

1 (minimal)

90 (maximal)

5 (maximal)

7 (maximal)

Table 5. Factors and their variation range.

Coded Level
Factors
-1 0 1
X1 = ratio Epoxy resin: PET particles 10 50 90
X2 = Size particles 1 5
X3 = Curing time 1 4 7

Table 6. Full factorial central composite design for optimization.

Experiment Code

Factor

X1 Ratio Epoxy Resin: PET Particles

X2 Size Particles X3 Curing Time

% mm days
1 0 -1 0
2 1 1 -1
3 0 0 0
4 0 0 0
5 1 0 0
6 -1 1 -1
7 0 0
8 0 1 0
9 0 0 -1
10 -1 1 1
11 0 0 1
12 1 1 1
13 1 -1 -1
14 -1 0 0
15 -1 -1 1
16 -1 -1 -1
17 1 -1 1
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The Analysis of Variance (ANOVA) technique is employed in statistical analysis to
assess the effect of multiple research variables. In this study, mathematical modelling was
conducted utilising a second-order polynomial model.

k k
Y =P80+ Y BiXi+ Y BiX>+Y Y BiXiXj+e (1)
i=1 i=1

i<j

where Y = predicted response, X;, X5.... X; were the independent variable, fj indicates
an intercept, p; = linear coefficient, ; = quadratic coefficient, and f;; = interaction coeffi-
cient [29].

2.4. Compressive Strength Test

The standard used in compressive strength testing is the ASTM D695 standard. Based
on ASTM D695, the test method covers the determination of the mechanical properties
of rigid plastic reinforces, including high modulus. This test method covers determining
the mechanical properties of unreinforced and reinforced rigid composites when loaded
in compression at relatively low uniform rates of straining or loading. The compression
test is a test that aims to determine the mechanical properties of a material when it is given
pressure/load until it cracks or breaks.

3. Results and Discussion
3.1. Model Fitting and ANOVA Assessment

The RSM framework was used in this study to collect 17 data items. The experiments
were set up using Design Expert 11, which included the setpoint technique that compares
one response with three independent variables. The empirical and predicted data related
to the compression tests are listed in Table 7.

Table 7. Empirical and predicted data.

Factors Response
Standard Order Run Order Compression Test (MPa) Residual
1 (Ratio) 2 (Size) 3 (Curing Time) Experiment  Predicted

9 1 10 3 4 32.50 31.51 0.9931
1 2 10 1 1 26.78 27.31 —0.5352
17 3 50 3 4 35.02 35.25 —0.2313
7 4 10 5 7 30.61 31.08 —0.4615
14 5 50 3 7 39.94 39.22 0.7184
11 6 50 1 4 33.19 36.56 —-3.37
6 7 90 1 7 4412 44.32 —0.2032
15 8 50 3 4 36.09 35.25 0.8385
13 9 50 3 1 31.65 31.28 0.3773
5 10 10 1 7 43.02 41.37 1.65
3 11 10 5 1 28.17 26.27 1.90
12 12 50 5 4 29.93 33.94 —4.00
16 13 50 3 4 33.82 35.25 —143
10 14 90 3 4 38.31 38.99 —0.6756
2 15 90 1 1 35.39 33.24 2.16
8 16 90 5 7 42.35 40.12 2.23
4 17 90 5 1 38.32 38.28 0.0410
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To develop the RSM framework, this study evaluated the relationship between epoxy
resin size and intermediate PET pellets. The precise composition of polymer concrete can
be derived using particle size and ratio. Additionally, the hardening duration is estimated
based on the curing time. The compression test response that was generated in the study
could help in determining the factor correlation regarding material research [22].

The polynomial framework for the present replies is selected after collecting empirical
data. ANOVA was used to determine the F- and p-values to validate the applicability of
the model. F- and p-values that were deemed essential for the procedure were used to
determine the model’s relevance. Table 8 lists the ANOVA results.

Table 8. ANOVA Assessment Outcomes.

Source s:l?;roefs df Sl\;[ Z::e F-Value p-Value Significance
Model 357.01 9 39.67 19.16 0.0004 Significant
A-Ratio 185.64 1 185.64 89.66 <0.0001
B-Size 5.55 1 5.55 2.68 0.1456
C-Curing Time 11591 1 11591 55.98 0.0001
AB 5.30 1 5.30 2.56 0.1538
AC 0.0095 1 0.0095 0.0046 0.9479
BC 20.55 1 20.55 9.93 0.0161
A? 5.59 1 5.59 2.70 0.1442
B? 15.40 1 15.40 7.44 0.0295
2 9.01 1 9.01 4.35 0.0754
Residual 14.49 7 2.07
Lack of Fit 11.92 5 2.38 1.85 0.3865 Not significant
Pure Error 2.57 2 1.29
Cor Total 371.50 16

As shown in Table 8, the model had an F-value of 19.16, which indicated model
significance. Thus, there was a 0.04% probability that this F-value was due to noise. The
F-test showed greater significance (p < 0.001) for the selected framework, whereas the
lack of fit was insignificant. The p-value surpassing 0.05 [23] suggested that the predicted
results did not significantly lack fit. The results in Table 8 indicated that the p-values
for the ANOVA tests indicated that the lack of model fit was insignificant. The model
was validated, and ANOVA analysis was used to assess different tests for every response
variable. The p-value for each parameter assists in determining the significance based on
a cut-off value (usually 0.05), indicating the significance of factors and the importance of
building a more accurate model. Table 8 showed that the A, C, and BC factors were the
significant terms used in the study model.

Table 9 depicts the statistical summary model. The coefficient value of determination,
i.e.,, R? = 0.9610, indicated that 96.10% of the sample variables used to build eco-bricks were
controlled by independent factors, and only 8.9% of the sample variables were influenced
by other variables not included in the model. The goodness-of-fit value of the models is
considered adequate when the R? value is closer to one. In other words, the computed
experimental results and the observed data showed good agreement. In addition, a model
is regarded as good if its R? value is >80%. Additionally, Table 8 revealed that the low
deviation value was 1.96. A model is more accurate when its deviation value is low or
almost zero. The signal-to-noise ratio in the above models was also demonstrated with
adequate precision. Previous studies suggested that adequate precision values must be
>4 [21,35].
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Table 9. Model summary statistic.

Std.Dev. 1.44 R? 0.9610
Mean 34.91 Adjusted 0.9108
CV. % 4.12 Predicted 0.6925

Table 10 presents the coefficients, which are expressed as terms of coded factors in the
mathematical model for the experiment. The below equation and mathematical models for
the factors and responses have been presented as Equation (1).

y (compression) = 34.40 4+ 4.31x7 — 0.7449x;, + 3.40x3 + 0.8136x1xp — 0.03450x1x3 — 1.60 xpx3 + 1.45 X% —240 X% +1.831.45 X%

Table 10. Coefficient estimates of the model.

Facor e e SR T e VP
Intercept 34.40 1 0.6157 32.94 35.85
A-Ratio 431 1 0.4550 323 5.38 1.0000
(X1)
B-Size (X2)  —0.7449 1 0.4550 ~1.82 03311 1.0000
En(feu&rg 3.40 1 0.4550 2.33 448 1.0000
AB(XIX2) 08136 1 0.5087 —0.3894 2.02 1.0000
AC (XIX3)  —0.0345 1 0.5087 —1.24 117 1.0000
BC (X2X3) ~1.60 1 0.5087 —2.81 ~0.3999 1.0000
A2 145 1 0.8791 —0.6337 3.52 1.54
B2 —2.40 1 0.8791 —4.48 ~0.3185 1.54
2 1.83 1 0.8791 —0.2445 391 1.54

The model equation indicates that the variable ratio and hardening times have a
significant impact on manufacturing the eco-bricks. The model indicated that the variable
ratio and setting time values were positive.

Model validation is one of the parameters to determine whether the developed RSM
model can predict the strength of the eco-brick formula being developed. The validation
process is carried out by treating the model according to the optimal parameters. The
validation process was carried out with three experiments. The experiment for predictive
optimization was conducted to validate the accuracy of the models. The results of the
experiment can be seen in Table 11.

Table 11. Validation optimization based on experimental results.

Input Parameters Output
Validation Run X1 X2 X3 Compressive
(Ratio) (Size) (Curing Time) Strength (MPa)
1 89.46 1.08 6.99 44
2 89.46 1.08 6.99 43
3 89.46 1.08 6.99 45

Validation of the model to determine if the developed response surface model can
predict the compressive strength was successfully performed. This validation is conducted
by calculating the confidence value obtained from the developed model. The validation
results of the three sets of parameter settings are shown in Table 12; the compression test
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data has a confidence value of 95%. This indicates that the model is accurate enough to
predict the compression test of eco-bricks based on PET particles and epoxy resin. The
average compressive strength value obtained is 44 MPa, and all are in the prediction interval
(PI) of 95%. The results show that the RSM optimization model is reliable for optimizing
eco-bricks responses.

Table 12. RSM model validation data set for compressive strength response.

Predicted

Predicted 95% PI

Response Mean Median Std Dev Std Dev n SE Pred Low Data Mean
Compressive 5 147 45.0117 1.63269 1.63269 3 1.69742 40.998 44
strength

3.2. Residual Plot Adequacy Assessment for Composites

The model adequacy assessment was carried out to confirm that the proposed model
could accurately describe the actual phenomenon. Residuals were evaluated using ANOVA
value hypotheses for the satisfaction model. The standard deviation that corresponds to the
empirical and computed values was calculated using standardised residuals. The typical
likelihood values’ relationship to external residuals is shown in Figure 4. Additionally,
Figure 4 shows a linear relationship between exterior residuals and normal likelihood
values. The fact that every residual is close to the fit line related to the data model indicates
that the model does have a normal distribution and is therefore able to predict empirical
observations. The optimisation-specific studies indicated that the good model must have a
normal distribution [24,25].

Normal Plot of Residuals

T ITTNE |

Normal % Probability
o
Bg

.DEI

-300 -200 -1.00 000 1.00 200 300

Externally Studentized Residuals

Figure 4. Normal probability vs. external residual plot.

As shown in Figure 5, the estimated and actual values were in good agreement. The
fact that the data points were dispersed close to the line suggest that the model could
accurately estimate the values. According to the cut-off results, the closer the data points
were to the reference line, the higher the data accuracy. The residuals and estimated data
points are shown in Figure 6, which suggests that the stunted residuals showed a random
distribution in a specific area near the zero point. It suggests that there is a lack of consistent
patterns to support continual variance. Furthermore, the diagnostic residual vs. projected
graph indicated that there were no outliers in the model.
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3.3. Surface and Response Surface Contour Plots

An indicator-compression test that includes the three response-regulating factors
(size, ratio, and cure period) can be used to map a response boundary to demonstrate the
response surface model. Figure 7 depicts the generated contour plot with different colours
denoting the output response interval. Compressive strength fluctuation based on a ratio
is shown in Figure 8a. The findings in the study suggest that a higher ratio corresponds
to a higher measured compression value. The fact that epoxy resin performed better in
the compression test demonstrated that it had a solid structure. The results in Figure 8b
indicate that the larger PET particles decreased the compressive properties. As a result,
the eco-bricks must be constructed using small particles for improving their compressive
strength. Additionally, the results in Figure 8c indicate that a longer curing period could
offer better compression test results.
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Figure 8. Ratio, particle size, and curing period vs. compression characteristics. (a) Ratio vs.
compression assessment. (b) PET particle size vs. compression assessment. (¢) Curing duration vs.
compression assessment.

Figure 8a shows the effect of the epoxy-PET ratio on compressive properties. Figure 8
demonstrates that a larger ratio, which increases compressive strength, corresponds to an
increase in epoxy resin content. The epoxy resin is used to improve the adhesion of PET
particles. The results in Figure 8b showed that PET particle size affected the compressive
properties of eco-bricks. Therefore, it can be claimed that smaller particles enhance the
compressive strength of the eco-bricks, whereas larger particles lower it. PET particles are
therefore uniformly dispersed without any gaps or cavities. A longer curing time increases
the compressive strength of the eco-bricks, as shown in Figure 8c.

3.4. Residual Plot Adequacy Analysis for Composites

The perturbation graph makes it easier to assess how different factors will affect a
particular region in the design space. Except for one parameter, the other parameters
were kept constant, and the outputs were charted. The perturbation plot can be used to
comprehend the magnitude of the reaction to particular aspects. Curved plots demonstrate
that a particular parameter impacts the output. A considerably flatter result, however,
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implies that the selected factor mildly affects the final output. The relative significance of
factor responses related to several factors can be better understood using distraction charts.
Figure 9, which displays the relationships between the different process variables using the
centre of compressive test results, shows the perturbation properties of the eco-bricks. The
perturbation chart revealed the findings of a particular parameter while keeping the other
parameters constant and the selected parameter deviated from the designated reference
coordinates. In this study, the centre of the design space was selected as a reference
coordinate, which corresponds to the 0-point for each parameter.

Factor Coding: Actual Perturbation

compressive strength (KN) 45 _
Actual Factors
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Figure 9. Perturbation plot.

3.5. Composite Optimisation

Based on the factor ranges depicted in Table 13 and the desired response, Design-
Expert software was utilised to perform a numerical optimisation. The results of optimisa-
tion are shown in Figure 10. The ideal parameter ratio (A) is 89.9%, whereas the optimum
particle size (B) and curing time (C) were 1.1 mm and 6.9 days, respectively. As a result,
the desired compressive properties suggest a strength of 44.1193 MPa. In terms of the
response variable, a desirability moving towards a value of one was selected as the most
important factor.

Table 13. Range of factors and expected target of response.

Optimized Item Unit Lower Limit Upper Limit Desired Goal
Volume Y% 10 90 In range
Particle size mm 1 5 In range
Curing time day 1 7 In range

Compressive strength MPa 26.7794 44.162 Maximum
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Figure 10. Ramp-type optimal operating conditions.

In this study, a desirability value of one was used for validating and evaluating the
compressive characteristics under optimal conditions.

According to the results of the optimisation process, the optimum composition ratio
(A) was 89.9%, the ideal particle size (B) was 1.1 mm, and the optimum curing time (C) was
6.9 days. As a result, the optimal compressive properties showed a compressive strength
of 44.1 MPa. This demonstrates that the mixture of PET particles and epoxy resin shows
a higher compressive strength compared with the eco-bricks constructed using a plastic
bottle. Taaffe et al. (2014) showed that the eco-bricks that were constructed in their study
showed a compressive strength of 2716 MPa [31]. Bhairappanavar (2021) determined the
strength of eco-bricks that were developed using clay and recycled materials. The maximal
yield of these bricks was seen to be 16 MPa [24]. Aneke et al. (2021) noted that the maximum
strength of eco-bricks that were constructed using a mixture of PET waste and clay was
31.6 MPa [38]. Crespo-Lopez (2022) showed that the clay bricks that were mixed with the
household glass waste displayed a compressive strength of 28,191 MPa [14]. Kumar (2021)
utilised melted PET particles for developing eco-bricks. These bricks showed a compressive
strength of 11,605 MPa [25]. The results of the study indicate that the eco-bricks that were
developed using a mixture of PET particles and epoxy resin showed a higher muscular
strength compared with the eco-bricks produced in earlier studies. This indicated that the
PET and epoxy resin particles could be combined for improving the compressive strength
of the eco-bricks that were not burned. Thus, mixed binders could be used for producing
non-combustible eco-bricks [26]. Research conducted by Jianjian Song et al. in 2022 shows
that epoxy resin can increase compressive strength in manufacturing oil well cement-based
composites [39]. The research of Asdollah-Tabar et al. in 2021 also found that the use of
recycled PET bottles can increase the compressive strength of polymer concrete [28]. This
shows that the addition of materials can increase compressive strength.

3.6. Microstructure Analysis

In this study, the researchers conducted SEM analysis using the eco-bricks at different
magnifications of 1000x and 2000x. The SEM results have been presented in Figure 11,
whereas Table 14 presents the results of the EDX tests that were conducted on the eco-bricks.
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(b)

Figure 11. SEM images—1000 x magnification and 2000x magnification. (a) SEM analysis of an

eco-brick; magnification 1000 x. (b) SEM analysis of an eco-brick; magnification 2000 x.

Table 14. EDX Results on Eco-bricks.

Element Number Element Symbol Element Name Atomic Conc. (%)
6 C Carbon 72.31
8 (@) Oxygen 17.55
7 N Nitrogen 9.57
14 Si Silicon 0.20
13 Al Aluminium 0.12
11 Na Sodium 0.13
20 Ca Calcium 0.05
12 Mg Magnesium 0.05

The surface of the constructed eco-bricks was tested using SEM analysis. Figure 12
displays the findings of the SEM tests.

The SEM results in Figure 12 show that the surface of the eco-brick was plagued
with cracks and cavities in the region surrounding the PET plastic. The heat of the resin
during the hardening process prevents the PET plastic from blending perfectly with the
resin, which results in cracks and voids. The heat treatment of PET plastic can soften and
contract the top and bottom layers in the specimen. The eco-brick displays comparatively
fewer cracks and voids, and these cracks are present in the region around the PET plastic
particles and not on other surfaces. All these factors contribute to the material’s low water
absorption level.

As mentioned above, the eco-bricks contained cracks and cavities in the region sur-
rounding the PET plastic that prevent it from blending with the epoxy resin. This is
attributed to the heat in the resin during the hardening process, which causes the PET
plastic particles to shrink. As very few cracks and air voids are noted around the PET, the
water absorption level of the eco-bricks is decreased. Thereafter, the samples were subjected
to EDX testing, which was used for determining the atoms or elements in the sample. The
EDX results were noted and have been discussed below. The EDX test indicated that the
eco-bricks contained the maximal atomic percentage of carbon (C), i.e., 72.31%, followed by
oxygen (O), i.e., 17.55%, nitrogen (N), i.e., 9.57%, silicon (5i), i.e., 0.2%, aluminium (Al), i.e.,
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0.12%, sodium (Na), i.e., 0.13%, calcium (Ca), i.e., 0.05%, and magnesium (Mg), i.e., 0.05%.
Based on the atomic percentage values, carbon and oxygen are the two largest elements
that form eco-bricks. Most of these carbon and oxygen elements are derived from PET
plastics. Carbon and oxygen are the basic building blocks of PET plastic, whereas epoxy
resin provides the nitrogen element, which contains a significant number of atoms.

Figure 12. SEM image of eco-brick material.

3.7. Comparison of the Other Bricks

The compressive strength value of eco-bricks with PET and epoxy resin materials has
a greater value than other basic eco-bricks. A comparison of eco-brick compressive strength
values can be seen in Table 15.

Table 15. Comparison of eco-brick production based on compressive strength.

Mixing Maximal MPa Reference
PET and cement 20 [40]
PET and clay 11.02 [41]
PET bottle 38 [31]

In this study, the compressive strength of PET-Cement, PET-Clay, PET bottle, and
PET-epoxy resin was compared. The results of the compression test comparison can be
seen in Figure 13. Eco-bricks mixed with epoxy resin and PET have higher compressive
strength compared with the compressive strength of the other mixes.
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Figure 13. Compressive strength comparison of eco-bricks.

4. Conclusions

The selection of materials that are used for constructing eco-bricks is a complicated
technique that needs to be effectively and properly implemented for deriving the optimal
output. The best composite mix can be determined using a variety of methods. The
objective of this study was to determine the best mixture for constructing eco-bricks, which
was developed using a combination of PET particles and epoxy resin. This study employed
RSM to identify the interactions between the selected factors. In this study, three variables
were used: ratio (%), PET particle size (mm), and curing duration (days). The characteristics
affect the performance of the plastic waste, particularly the PET particles. As a result, the
RSM-based CCD technique was used to analyse the effects of the PET and epoxy resin ratio,
the size of the PET particles, and the curing duration. Any variable involved in enhancing
the strength of the eco-bricks can be predicted using the RSM approach. In this study, the
researchers used the compressive strength of the eco-bricks as a parametric factor. The
proposed equation, which is based on a statistical model and regression analysis, offers
an acceptable value for the eco-brick’s compressive strength. The statistical model yields
significant results. The R2 value of the model was 0.9610, which was determined using the
ANOVA analysis and depicted the reliability and accuracy of the model.

The optimal compressive properties were noted at a PET: epoxy resin ratio of 89.9%,
a PET particle size of 1.1 mm, and a curing period of 6.9 days. The findings of this study
suggest that CCD provides a time-saving and inexpensive technique for calculating the
optimum mechanical properties. Plastic waste can be recycled and used as a binder material
to make eco-bricks. It can increase the compressive strength and durability of bricks. The
compressive strength of eco-bricks is significantly influenced by the ratio and curing time.
As a result, the RSM approach is a sound modelling technique for predicting the optimum
composition. The RSM method will speed up executing and analysing experiments and
improve the performance and the reliability of the product. Finally, it can be stated that
PET bottle waste and epoxy resin mixtures could be used as raw materials to construct
eco-bricks without using the combustion process.
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