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Abstract
Plastic waste is a significant environmental problem for almost all countries; therefore, protecting the environment from 
the problem is crucial. The most sensible solution to these problems is substituting the natural aggregates with substantial 
plastic waste in various building materials. This study aimed to optimise the mixed design ratio of cement brick containing 
plastic waste as aggregate replacement. Plastic cement brick mixtures were prepared by the incorporation of four different 
types of plastic waste such as polyethylene terephthalate (PET), high-density polyethylene, low-density polyethylene and 
polypropylene into cement bricks with different cement contents (150, 300 and 450 g) and plastic replacement percentages 
(0, 3 and 6%). Compressive strength and water absorption of the plastic cement bricks were analysed using a statistical 
model through the response surface methodology. It revealed the optimum cement brick mixed design is C3-1% PET with 
the compressive strength of 27.50 MPa and water absorption of 1.16%. The optimised plastic cement brick also satisfied 
the general ASTM C62-17 requirements for building bricks despite the higher porosity observed by the scanning electron 
microscopy. The results from Fourier transform infrared spectroscopy analysis also showed that the addition of the plastic 
waste into cement brick was unlikely to modify the chemical compound within the cement brick mixtures. Thus, the pro-
posed mathematical model can predict the required hardened properties of plastic cement bricks and could lead to greater 
utilisation of plastic waste in building materials.
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Introduction

The use of various plastics in consumer products such as 
food and beverage packaging, detergents, toiletries, kitchen-
ware and even medical supplies has become prevalent due 
to its materials, simplicity, and applicability for all kinds 

of products. Higher plastic products and packaging con-
sumption have eventually led to the rapid growth of post-
consumer plastic waste and caused several environmental 
hazards. Besides, landfilling and burning plastic waste have 
been seen as the last resort in plastic waste management, 
considering both procedures created another series of envi-
ronmental consequences. Hence, the resultant pollution from 
the abundant amount of plastic waste has heightened the 
need for a sensible solution to protect the environment and 
safely dispose of plastic waste.

The ineffectiveness of the current plastic waste manage-
ment system has motivated many research scientists to look 
for a long-term solution to efficiently manage plastic waste 
without contributing to a new wave of plastic waste pollu-
tion. At present, plastic waste utilisation is regarded as one 
of the most inventive solutions for managing the abundant 
amount of plastic waste produced while also lowering the 
negative impacts on the environment [1]. Aside from the dif-
ferent recycling management techniques, reusing and recy-
cling plastic wastes in construction materials have provided 
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many benefits to both environment and the construction 
industry [2, 3]. The utilisation of plastic waste as construc-
tion materials ensures that plastic waste is properly disposed 
of without directly returning to the environment [4]. More 
significantly, the recovered plastics can replace natural con-
struction materials, which are relatively expensive, while 
also reducing the need for mining activities that have several 
negative effects to the environment [5, 6].

One of the most commonly used methods is substituting 
natural aggregates with recycled plastic waste in various for-
mulations of cementitious materials such as mortar, concrete 
and cement brick [5, 7]. In recent decades, plastic waste 
utilisation as construction materials has been one of the 
major interesting research topics, leading to multiple studies 
investigating the viability of using plastic waste as building 
materials. Consequently, many researchers have studied the 
ability of different types of plastic waste to be used as an 
aggregate replacement such as PET [8–11], HDPE [12, 13], 
LDPE [14, 15], PP [16, 17] and others [18, 19]. However, 
these studies have been focused solely on the single types 
of plastic waste, with no simultaneous examination of the 
impacts of different types of plastic waste on brick properties 
using the same mix ratios and plastic replacement percent-
ages. Besides, the performance of each type of plastic waste 
used as construction aggregate in various construction mate-
rials is also not well understood. Among the diverse types 
and grades of plastic, various plastic wastes might result in 
non-isotropic performance when used for construction pur-
poses [20]. The physical and chemical differences of every 
type of plastic have become the challenges in this plastic uti-
lisation method. Hence, this present study was conducted to 
evaluate the effects of different types of plastic waste which 
consist of polyethylene terephthalate (PET), high-density 
polyethylene (HDPE), low-density polyethylene (LDPE) 
and polypropylene (PP) as partial aggregate replacement in 
the production of cement bricks.

Moreover, the literature elucidates that no standard speci-
fication was established regarding the use of non-traditional 
construction materials like plastic waste in cement compos-
ites [20, 21]. In fact, traditional methods such as trial-and-
error tests or fully experimental methods had been used to 
optimise the plastic content in cement composites [21, 22]. 
Therefore, the optimisation of mix design for cement brick 
containing plastic waste using mathematical modelling is 
highly required. Yet it can assist in exploring the influence 
factor on the performance of the cement brick precisely. 
Response surface methodology (RSM) is an efficient math-
ematical and statistical technique for modelling and ana-
lysing problems in which several variables influence the 
response of interest [23]. RSM has been widely used for 
optimising the mixed proportions of raw materials and addi-
tives in the formulation of construction materials [24–26]. 
However, there is limited application of the RSM technique 

to optimise the mix design of cement brick or plastic waste 
replacement ratios in cement composites to substitute the 
natural aggregates [21]. Hence, response surface methodol-
ogy (RSM) was used in this study to optimise the cement 
brick mix design containing plastic aggregate with different 
cement content, plastic percentages and types of plastic.

Moreover, several researchers have addressed the tech-
nical viability of incorporating various plastic wastes into 
cement composites [27–29]. It was found that the inclusion 
of plastic waste has resulted in varied effects on the mechan-
ical and durability properties of the materials. The incorpo-
ration of plastic waste into cement composite reduces the 
mechanical strength of the materials, which attributed to the 
weaker adhesion between cementitious matrix and plastic 
aggregates [5, 30, 31]. Besides, it also results in high water 
absorption due to the higher porosity of the composites after 
the addition of plastic aggregate [15, 32]. However, less 
reliable evidence on the microscopic characteristics of the 
materials, specifically cement brick containing plastic waste, 
supports the attributions made in prior investigations [7, 33]. 
Therefore, a detailed examination of the hardened cement 
brick is needed to evaluate the microscopic properties of this 
newly constructed material. In addition, a chemical assess-
ment of the chemical compounds available in the materials is 
also essential as several plastic polymers may be susceptible 
to degradation due to exposure to the high alkaline condi-
tion of cement pastes [34–36]. Thereby, this present study 
aims to investigate the effect of four (PET, HDPE, LDPE 
and PP) different proportion types of plastic waste (%) and 
cement content (g) as independent variables in optimising 
the mix design of cement brick containing plastic waste via 
response surface methodology (RSM). In addition, scanning 
electron microscopy (SEM) and Fourier transform infrared 
spectroscopy (FTIR) analysis were also performed accord-
ingly to investigate the hardened properties of cement brick 
containing plastic aggregate.

Research significance

Reusing and recycling waste products such as plastic waste 
as a partial aggregate replacement in construction materials 
is a mutual option for solid waste management and the con-
struction industry. It can help reduce the amount of plastic 
waste generated on a daily basis by offering a safe disposal 
mechanism for plastic waste and promoting the use of green 
bricks in sustainable construction. As a result, the outcomes 
of this study will point to strategies to make effective use 
of plastic waste by optimising plastic percentages, types of 
plastic and cement content. The research was also conducted 
to show that plastic waste may be recycled and reused as 
construction materials.
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Materials and methods

Materials

This study used the ordinary Portland cement (OPC), type 
CEM 1 to prepare the cement brick specimens. Natural river 
sand was used in this study as fine aggregate, which has a 
maximum size of 4.75 mm. Four different types of plastic 
waste are polyethylene terephthalate (PET), high-density 
polyethylene (HDPE), low-density polyethylene (LDPE) and 
polypropylene (PP) obtained from the local plastic recycling 
factory in Ipoh, Perak Darul Ridzuan, Malaysia. The crushed 
plastic waste with size of less than 5 mm in shape was used 
in preparing the cement brick specimens.

Experimental design and data analysis

Design-Expert® 13.0 (Sat-Ease Inc., Minneapolis, USA) was 
employed for data analysis as well as for the mathematical 
and statistical design of the experiments. The face-centred 
central composite design (FCCCD) of RSM was applied 
to optimise the mix proportion of cement brick containing 
plastic aggregate. Before designing the experimental trials, 
a preliminary experimental study was initiated for deter-
mining the reasonable ranges of the cement content (g) and 
plastic replacement percentages (%) by four different types 
of plastic. Accordingly, each independent variable was var-
ied over three levels between − 1 and + 1 at the determined 
ranges based on a set of preliminary findings (Table 1). The 
experiment has three different cement contents (150, 300 
and 450 g) of bricks, and three plastic replacement percent-
ages (0, 3 and 6%) were set up in RSM. Besides, four dif-
ferent types of plastic waste selected in this study include 
polyethylene terephthalate (PET), high-density polyethylene 
(HDPE), low-density polyethylene (LDPE) and polypro-
pylene (PP). The compressive strength and water absorp-
tion of the cement brick were denoted as dependent factors 
(response) in this optimisation analysis.

A total of 48 experiment trials of the FCCCD experimen-
tal design and responses executed are shown in Table 2. The 
programme suggested a quadratic model equation (Eq. 1) to 
determine the optimum condition of the responses.

From the equation, Y  is the response; Xi and Xj are the var-
iables; � is the regression coefficient; k is the number of 
factors studied and optimised in the experiment; and e is 
the random error. The coded points, actual points, and their 
corresponding values are described in Table 2. The interac-
tion and relationship between the process factors, cement 
content (g) and plastic replacement percentages (%) and the 
responses (compressive strength and water absorption) were 
obtained from the analysis of variance (ANOVA). Besides, 
several model terms such as the coefficient of determina-
tion (R2), the probability value (p-value) and F-value were 
determined at a 5% significance level to evaluate the statisti-
cal significance of the proposed model. Moreover, the ramp 
function graph and three-dimensional (3D) response surface 
graph were used to identify the optimum region at the end 
of the procedure.

Mixture proportions

The mixed proportions of cement brick were designed using 
the FCCCD whereby three plastic replacement percentages 
(0, 3 and 6%) with three cement contents (C1, C2, and C3) 
were applied to study the performance and the effect of dif-
ferent plastic waste in cement bricks. The sand was partially 
replaced by the four different types of crushed plastic waste 
(PET, HDPE, LDPE and PP) to form two mixes containing 
3% and 6% by volume of plastic aggregates, respectively. 
The mixed design of various plastic cement bricks is shown 
in Table 3.

Specimen preparation

The brick specimens were prepared according to local 
standard procedure MS 27:2005, where 1:6 (cement:sand) 
mixture proportions and a constant water-cement ratio of 
0.80 w/c were used in this study. The plastic waste materi-
als were incorporated into different ratios and mixed with 
cement and sand to produce a homogenous of dry mate-
rial and mixed with the water. After the mixing process, 
the mixture of cement, sand, plastics and water was placed 
into a mould sized 220 mm (l) × 100 mm (w) × 65 mm (h) to 
form bricks (Fig. 1). The sample bricks were allowed to air-
dry and de-moulded after 24 h. On the following day after 
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Table 1   Independent variables of central composite design (CCD) 
design

Level of value Numerical factors Categorical 
factor

Cement content 
(g)

Percentage of 
plastic aggre-
gate (%)

Types of plastic 
aggregate

− 1 150 (C1) 0 PET, HDPE, 
LDPE, PP

0 300 (C2) 3
+ 1 450 (C3) 6
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casting, the bricks were kept in a curing tank and cured for 
28 days (Fig. 2). After the curing process was completed, the 
sample bricks were subjected to several tests.

Bricks characterisation

Several tests were performed to optimise the mix design 
of cement brick containing various plastic waste as partial 
aggregate replacement.

Compressive strength test

The compression strength test was carried out on the speci-
mens with a compression machine of a maximum load of 
2000 kN, according to the standard procedure by BS EN 
772-1: (2000). The axis of the specimen was carefully 
aligned with the centre of the lower pressure plate of the 
compression testing machine, after which an upper-pressure 
plate was lowered until the distance between the pressure 
plate and the top surface of the specimen was achieved. The 
load was gradually applied at the rate of 40 kN/min until the 
specimen got crushed. The maximum load was applied to 
the samples, and the appearance of the brick was recorded. 
All testing measurements were taken from three samples, 
and the average of three samples was presented and dis-
cussed in the study. Besides, all results were compared with 
the American Standard for Testing and Materials (ASTM 
C62: 2017) and other international standards such as British 
Standard (BS 3921: 1985) and Malaysian Standard (MS 76: 
1972). Besides, it was also analysed using RSM to identify 
the optimum mix design that produced the maximum com-
pressive strength of the cement brick.

Water absorption test

To determine the water absorptivity of the cement brick 
samples, 28 days of cured cement brick specimens were 
dried in an oven for 24 h at 110 °C, until the mass became 
constant where this weight was noted as the dry weight (W1) 
of the block. After that, the specimen was immersed in water 
at room temperature for 24 h and this obtained weight was 

Table 2   Actual design with experimental factors and response values 
for single type of plastic bricks

Run Factor 1 Factor 2 Factor 3

A: Cement content B: Plastic percent-
ages

C: Types of plastic

Actual Coded Actual Coded Actual

1 300 0 0 − 1 PET
2 300 0 3 0 LDPE
3 300 0 6 + 1 PET
4 300 0 6 + 1 LDPE
5 150 − 1 6 + 1 HDPE
6 300 0 3 0 HDPE
7 300 0 6 + 1 PP
8 300 0 0 − 1 HDPE
9 300 0 3 0 HDPE
10 450 + 1 6 + 1 LDPE
11 450 + 1 3 0 PP
12 450 + 1 6 + 1 PET
13 300 0 3 0 LDPE
14 300 0 3 0 HDPE
15 450 + 1 0 − 1 LDPE
16 300 0 0 − 1 LDPE
17 150 − 1 6 + 1 PET
18 150 − 1 0 − 1 HDPE
19 150 − 1 3 0 PP
20 450 + 1 0 − 1 PP
21 300 0 3 0 PET
22 450 + 1 3 0 LDPE
23 300 0 3 0 PET
24 450 + 1 3 0 HDPE
25 150 − 1 0 − 1 PET
26 150 − 1 6 + 1 LDPE
27 300 0 3 0 LDPE
28 300 0 3 0 PET
29 450 + 1 6 + 1 HDPE
30 300 0 3 0 PP
31 150 − 1 3 0 LDPE
32 150 − 1 3 0 HDPE
33 300 0 3 0 LDPE
34 150 − 1 0 − 1 PP
35 300 0 3 0 PP
36 450 + 1 3 0 PET
37 450 + 1 6 + 1 PP
38 300 0 3 0 PP
39 300 0 0 − 1 PP
40 450 + 1 0 − 1 HDPE
41 150 − 1 0 − 1 LDPE
42 450 + 1 0 − 1 PET
43 300 0 3 0 PET
44 300 0 3 0 PP
45 150 − 1 3 0 PET

Table 2   (continued)

Run Factor 1 Factor 2 Factor 3

A: Cement content B: Plastic percent-
ages

C: Types of plastic

Actual Coded Actual Coded Actual

46 150 − 1 6 + 1 PP
47 300 0 3 0 HDPE
48 300 0 6 + 1 HDPE
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referred as the wet weight (W2) of the block. The purpose of 
this test method is to compare the relative water absorption 
tendencies between several cement bricks that containing 
different types of plastic aggregate. The standard method of 

ASTM C140-11b [37] was reviewed to conduct the water 
absorption test.

(2)Water absorption(%) =
(

W2 −W1

W1

)

× 100%

Table 3   Various proportions of 
plastic and cement content for 
the production of cement brick 
containing four different types 
of plastic

Cement 
content

Cement (g) Sand (g) Types of plastic (g) Sample name

PET HDPE LDPE PP

C1 150 1892 59 − − − C1-3% PET
150 1892 − 59 − − C1-3% HDPE
150 1892 − − 59 − C1-3% LDPE
150 1892 − − − 59 C1-3% PP
150 1833 117 − − − C1-6% PET
150 1833 − 117 − − C1-6% HDPE
150 1833 − − 117 − C1-6% LDPE
150 1833 − − − 117 C1-6% PP

C2 300 1746 54 − − − C2-3% PET
300 1746 − 54 − − C2-3% HDPE
300 1746 − − 54 − C2-3% LDPE
300 1746 − − − 54 C2-3% PP
300 1692 108 − − − C2-6% PET
300 1692 − 108 − − C2-6% HDPE
300 1692 − − 108 − C2-6% LDPE
300 1692 − − − 108 C2-6% PP

C3 450 1600 50 − − − C3-3% PET
450 1600 − 50 − − C3-3% HDPE
450 1600 − − 50 − C3-3% LDPE
450 1600 − − − 50 C3-3% PP
450 1551 99 − − − C3-6% PET
450 1551 − 99 − − C3-6% HDPE
450 1551 − − 99 − C3-6% LDPE
450 1551 − − − 99 C3-6% PP

Fig. 1   The casting process of cement brick containing plastic aggre-
gate

Fig. 2   The prepared cement bricks were cured in the water for 
28 days
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where W1 = oven-dry weight of block in grams, W2 = after 
24 h wet weight of block in grams.

Microstructure observation of cement brick 
specimen by the scanning electron microscopy 
(SEM)

A scanning electron microscopy (SEM) test was also con-
ducted to explore the interface between cement mixture 
and aggregates or the so-called interfacial transition zone 
of cement and plastic aggregate. Field emission scanning 
electron microscopy (FE-SEM, Leo Supra 50 VP, Carl 
Zeiss, Oberkochen, Germany) with a back-scattered detec-
tor (QBSD) was used for this study. At the preparation of 
the experiment, the samples were placed on carbon conduc-
tive tape. The morphology of cement composites' charac-
terisation was then performed at 6 mm of working distance 
using a 10 kV of accelerating voltage. The morphological 
characteristics of cement brick containing plastic waste were 
identified and observed at the end of the test.

Fourier transform infrared spectroscopy (FTIR) 
analysis of cement brick specimen

The FTIR spectroscopy test was carried out to identify the 
functional group of chemical compounds in the optimised 
plastic cement bricks. In the transmission mode (Tr), sample 
pellets were prepared by mixing 1 g of potassium bromide 
(KBr) with 0.01 g of cement brick hardened fractures [38]. 
All scans were recorded over the range of 4000–400 cm−1 
using the Alpha Bruker FTIR spectrometer. The background 
spectrum was collected using a pure KBr pellet, and the 
spectra of samples were corrected with a linear baseline. 
The sample specimen was placed on the sample holder of 
the FTIR machine, and a spectrogram was obtained at the 
end of this test.

Statistical analyses

Statistical analysis was carried out to determine the statisti-
cal significance of the data obtained and to optimise the 
cement brick mix design at the end of the experiment. Facto-
rial analysis of variance (ANOVA) was employed to com-
pare means between the different types of plastic aggregate 
used in terms of compressive strength and water absorption. 
Furthermore, one-way ANOVA with post hoc comparison 
using Tukey’s honestly significant difference (HSD) test was 
analysed at the significant level of p < 0.05, to compare the 
means of compressive strength and water absorption cement 
brick in this study. The homogenous group were obtained 
from the analysis and reported in this study. Besides, the 
Design-Expert® 13.0 software was used for the statistical 

design of experiments and data analysis for the optimisa-
tion analysis. A FCCCD through RSM was applied to opti-
mise the relationship between the variables (cement content, 
plastic replacement percentages and types of plastic) and 
responses (compressive strength and water absorption). The 
statistical analyses were conducted using the IBM SPSS Sta-
tistics 20 software package and Design-Expert® 13.0 (Sat-
Ease Inc., Minneapolis, USA).

Results and discussion

Compressive strength of cement bricks

Figure 3 shows the cement brick's compressive strength with 
various plastic aggregate types with different cement con-
tents (150, 300, and 450 g) and plastic replacement percent-
ages (0, 3 and 6%). Based on the analysed data, most of the 
cement bricks containing plastic aggregate have satisfied the 
MS 76: 1972 (5.2 MPa), BS3921:1985 (7.0 MPa) and ASTM 
C62: 2017 (15.2 MPa) standards except for a few bricks 
that were found to obtain lower compressive strength. It was 
found that most of the cement brick had higher strength at 
higher cement content; meanwhile, cement brick contain-
ing higher plastic aggregate percentages had a relatively 
lower compressive strength. The control sample prepared 
with different cement contents (C1, C2 and C3) had a rela-
tively higher compressive strength of 7.0 MPa, 16.4 MPa 
and 32.7 MPa as compared to the cement brick containing 
3% and 6% of the plastic aggregate, respectively. The high-
est compressive strength recorded for cement brick contain-
ing a single plastic aggregate was recorded at C3-3% PET 
(28.7 ± 3.32 MPa), whilst C1-3% LDPE (1.7 ± 1.16 MPa) 
was recorded as the lowest compressive strength.

The three-way ANOVA analysis showed significant 
interaction (p < 0.05) in all three independent variables 
studied; cement content, plastic percentages and types of 
plastic aggregate. It was found that interactions of cement 
content and plastic percentages with compressive strength 
of all plastic cement brick showed significant differences 
(p < 0.05), whereby the higher cement content significantly 
increased the compressive strength of cement brick. Mean-
while, increasing plastic percentages added to the cement 
brick significantly reduced (p < 0.05) the compressive 
strength of the cement brick. Furthermore, there were no 
significant differences (p > 0.05) between plastic types and 
compressive strength in most cement brick prepared except 
for all C2 and C3 cement brick containing 6% of the plas-
tic aggregate. Similarly, the post hoc analysis by Tukey’s 
HSD also found that C2 and C3 cement brick’s compressive 
strength had significant differences (p < 0.05) among four 
different types of plastic such as C3-6% PET with C3-6% 
LDPE (Table 4).
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The substantial increment in compressive strength of 
cement brick at higher cement content could be associated 
with the substantial amount of calcium-silicate-hydrate 
(C–S–H) gel bonds created after reaction with the water 
[39–41]. Hence, the increase in cement volume in the brick 
enhances the compressive strength due to cement gel bonds 
produced in the composite. Besides, a significant reduction 
in compressive strength of all cement brick after incorpo-
rating four different types of plastic at 3% and 6% plastic 
replacement could be associated with the hydrophobic prop-
erties of plastic. The nature of plastic being a hydrophobic 
material was seen to be the primary cause of the reduction in 
compressive strength of cement bricks. Thus, it has inhibited 
the cement hydration process from completely occurring at 
the surface of plastic aggregate [3]. Due to the incomplete 
hydration of cement on the surface of plastic aggregate, 
the adhesive strength and the van der Walls force between 
cement paste and plastic aggregate have decreased, resulting 
in low compressive strength of cement brick [33, 42, 43].

Furthermore, other potential factors have been identified 
in previous studies which reduced the compressive strength 
of cement brick such as (1) low surface energy of plastic 
added to the concrete has negatively affected the mechani-
cal bond between the plastic waste and cement matrix; (2) 
the inclusion of plastic waste has created several voids 
and resulted in high porosity and air content; (3) low elas-
tic modulus of plastic aggregates as compared to natural 
aggregate and (4) the possible deterioration of materials by 

several environmental factors such as plastic degradation in 
an alkaline environment [3, 20, 33, 35].

Despite the reduction observed in the compressive 
strength observed in all cement bricks containing plastic 
aggregate, the majority of the compressive strength of the 
cement bricks met the standards requirements as specified 
in the MS 76: 1972 (5.2 MPa), BS3921:1985 (7.0 MPa) 
and ASTM C62: 2017 (15.2 MPa), with the exception of 
a few bricks that had lower compressive strength (Fig. 3). 
In this study, LDPE brick exhibited the lowest compressive 
strength for cement content in C1 (1.3 ± 0.35 MPa) and C3 
(4.0 ± 0.71 MPa) at 6% plastic replacement ratio which failed 
to meet the general requirement for the building brick based 
on the MS, BS and ASTM standards. The lower compres-
sive strength obtained by the LDPE brick could be attributed 
to the physical structure of LDPE plastic aggregate, which 
has a coarser particle size that reduces particle packing in 
the cement brick mixtures [5, 44]. Therefore, it can be con-
cluded that different types, grades or sizes of plastic may 
have variable impacts on the cement brick's mechanical 
properties, as suggested by Awoyera and Adesina [20] and 
Saikia and De Brito [45].

Water absorption of cement bricks

Figure 4 illustrates the variations of water absorption of 
cement brick containing plastic waste as aggregate that were 
prepared with different cement content and plastic replace-
ment percentages at a constant water-cement ratio (0.8 w/c). 

Fig. 3   Compressive strength 
of cement brick with various 
plastic aggregate percentages
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The standard requirement of building brick (ASTM C62-
10) stated that the water absorption of good quality bricks 
should be within 20% [46, 47]. The results revealed that 
most cement bricks are still within the range of allowable 
limits by the standard requirements. It was shown that the 
lower cement content of cement brick had a greater water 
absorption, whereby all cement brick that was prepared with 
the lowest cement content of C1 (150 g), had higher water 
absorption values starting from 10%. In contrast, cement 
brick prepared with the highest cement content of C3 (450 g) 
obtained very low water absorption values ranging from 1.21 
to 5.31%. Besides, a minor decrease in water absorption was 
observed for PET, HDPE and PP cement bricks after adding 
plastic waste as aggregate at 3% and 6% of plastic replace-
ment. Incorporating LDPE into cement bricks, on the other 
hand, has increased the brick’s water absorption.

In this study, there is significant interaction (p < 0.05) 
in all three independent variables studied; cement content, 
plastic percentages and types of plastic aggregate. The 
higher cement content significantly decreased (p < 0.05) 
the water absorption of cement brick containing different 
plastic types and percentages. Meanwhile, the increasing 
plastic percentages added to the cement brick significantly 
reduced (p < 0.05) the compressive strength of the cement 
brick that was prepared with C1 and C2 cement content. 
However, there were no significant differences (p > 0.05) in 
the water absorption of C3 cement brick containing 3% com-
pared to 6% of the plastic aggregate. Furthermore, the mean 
of water absorption in C3 cement brick was found to have 
no significant differences (p < 0.05) among different types 
of plastic except for C3-6% LDPE, which had a slightly 
higher water absorption than the other plastic cement brick 
(Table 5). This implies that different forms or types of plastic 
aggregate have varying effects on the cement brick's water 
absorption property.

The lower water absorption in cement brick that was pre-
pared with the highest cement content may be due to the 
increasing rate of the cement hydration process. The use of 
high cement content might enhance the paste-aggregate zone 
of cement mixtures due to the additional C–S–H gel for-
mation [48]. It also improved the cement bricks' interfacial 
structure, which caused the bricks to have a lower amount 
of void [41]. Therefore, it can be assumed that the cement 
brick's permeability would become lower after using high 
cement content, thus reducing the water absorptivity and 
water retention in the cement brick.

Besides, two distinct observations were examined for 
water absorption in this study. The cement brick containing 
PET, HDPE and PP had a relatively lower water absorption 
than control brick. Meanwhile, LDPE brick experienced a 
significant increment (p < 0.05) in the water absorption after 
adding plastic at both plastic replacement percentages (3 and 
6%). Several studies have shown that the increasing degree 
of plastic substitution has contributed to a decrease in the 
water absorption due to the reduction of material capillary 
voids and plastic with a low water affinity [42, 49, 50]. How-
ever, some previous studies have found that increasing the 
amount of plastic waste added to concrete or brick mixture 
increases the water absorption of the materials due to an 
increase in porosity [15, 32, 51, 52].

A significant increase (p < 0.05) in water absorption 
observed in LDPE brick could be ascribed to the effects of 
LDPE plastic inclusion that may lead to higher void content 
created by the cement brick [15]. The increasing porosity in 
cement bricks could explain the increasing water absorption 
observed in cement brick containing LDPE plastic aggre-
gate [50]. Besides, it was reported that LDPE plastic has 
led to the coarsening of the porous structure and increasing 
macropores within the cement brick [53]. Thus, the higher 

Table 4   Tukey’s HSD homogenous groups for compressive strength 
of cement brick sample

Mean ± Standard deviation. Similar letters in homogenous group are 
not significantly different at the 95% level of confidence by Tukey’s 
HSD

Sample name Compressive strength 
(MPa)

Homog-
enous 
groups

C1-Control 7.00 ± 1.24 abcdef
C1-3% PET 1.90 ± 0.14 abcd
C1-3% HDPE 1.70 ± 0.21 abc
C1-3% LDPE 1.70 ± 0.21 ab
C1-3% PP 1.50 ± 0.71 abc
C1-6% PET 2.80 ± 1.06 ab
C1-6% HDPE 4.40 ± 0.14 a
C1-6% LDPE 2.50 ± 0.10 ab
C1-6% PP 2.40 ± 0.14 ab
C2-Control 16.40 ± 0.85 hi
C2-3% PET 10.40 ± 0.14 efghi
C2-3% HDPE 10.90 ± 0.57 efghi
C2-3% LDPE 5.70 ± 0.21 efghi
C2-3% PP 12.40 ± 0.14 fghi
C2-6% PET 12.30 ± 0.71 fghi
C2-6% HDPE 8.40 ± 2.26 bcdefg
C2-6% LDPE 4.90 ± 1.97 cdefg
C2-6% PP 9.10 ± 2.47 defg
C3-Control 32.70 ± 0.92 l
C3-3% PET 28.70 ± 3.32 kl
C3-3% HDPE 23.80 ± 3.89 jk
C3-3% LDPE 9.70 ± 3.75 efgh
C3-3% PP 28.70 ± 0.35 kl
C3-6% PET 24.30 ± 1.06 jk
C3-6% HDPE 11.70 ± 0.49 fghi
C3-6% LDPE 4.00 ± 0.71 abcde
C3-6% PP 15.50 ± 0.71 ghi
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void content by the plastic inclusion in cement brick has 
increased the water absorption, where the cement bricks 
have a higher ability to absorb more water within the bricks. 
Hence, this explained the higher water absorption observed 
in LDPE bricks after adding 3% and 6% plastic aggregate. 
This study discovered that different types of plastic aggre-
gate can have distinct effects on brick properties, such as 
water absorption. This could be due to the differences in 
size, shape and physical qualities of the plastic aggregates 
employed in this investigation [45].

Analysis of face‑centred central composite design 
(FCCCD)

The compressive strength (MPa) and water absorption (%) 
responses have been considered to develop the optimised 
mix design of cement brick containing plastic aggregate. 
These are the two standard parameters which are exten-
sively assessed in various building bricks requirements 
[47]. The entire data set and the corresponding experimen-
tal data are presented in Table 6. In order to find a good 
model to describe the interaction of each factor (cement con-
tent, plastic replacement percentages and types of plastic) 
and response (compressive strength and water absorption) 
that was investigated in this study, the analysis of variance 
(ANOVA) was applied to all results obtained (Table 7). The 
data illustrated that all models were statistically significant 
at the 95% of confidence level. The full quadratic model was 
adopted as the best-fitted model for the obtained results as 
expressed below:

The model validation of responses such as correlation 
coefficient (R2), probability value (p-value), F-value and 
lack-of-fit probability value is presented in Table 8. The 
F-value of compressive strength (42.15) and water absorp-
tion (41.84) for plastic cement brick indicated that the mod-
els obtained are statistically significant (p < 0.05). The model 
terms were considered significant when the values of the p 
value are less than 0.05 [54]. The values of correlation coef-
ficient (R2) of 0.9470 and 0.9467 obtained for compressive 
strength and water absorption responses have indicated a 
good relationship between the predicted and observed val-
ues. The good fit model should have a minimum correlation 
coefficient of 0.80 as explained by Amr et al. [55]. Moreo-
ver, the high correlation coefficient of the dependent vari-
able shows a good correlation that considered 95% of the 
measured values; thus, it can be applied for the predicted 
model [56].

Furthermore, the adequate precision of 24.75 and 27.49 
for compressive strength and water absorption obtained for 

(3)

Compressivestrength(MPa) = 9.78 + 10A − 5.39B + 1.73C(1)

+ 0.158C(2) − 3.30C(3) − 3.26AB

+ 2.58AC(1) − 0.254AC(2) − 3.50AC(3) + 2.35BC(1) − 0.446

BC(2) − 2.26BC(3) + 2.12A
2 + 2.12B

2

(4)

Waterabsorption(%) = 8.66 − 7.11A + 1.45B−

0.81C(1) − 0.71C(2) + 2.55C(3) − 0.98AB + 0.37

AC(1) + 0.35AC(2) − 0.93AC(3) − 0.72BC(1)

− 0.83BC(2) + 2.67BC(3) + 1.09A
2 − 0.96B

2

Fig. 4   Water absorption of 
cement brick containing four 
different types of plastic 
aggregate at different cement 
contents and plastic replacement 
percentages
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the plastic cement brick model is greater than four, demon-
strating an adequate signal of the model [26, 57, 58]. Hence, 
this result indicated that the predicted models are desirable 
and confirmed that the models could be utilised to navigate 
the design space defined by FCCCD [21, 26]. This was also 
supported by the determination of not significant lack of 
fit (p > 0.05) in the models where the lack-of-fit value was 
2.43 and 1.78 for compressive strength and water absorption 
responses, respectively. The lack of fit for each response 
resulted in p-values that much greater than 0.05, indicating 
that the models accurately fit with the data [26, 54, 59]. The 
RSM model developed to predict the compressive strength 
and water absorption of plastic cement brick was found to 
be reasonable based on the findings.

Besides, the diagnostic plots such as normal probabil-
ity and predicted plots versus actual value of compressive 

strength and water absorption were obtained to determine 
the model's adequacy and satisfactoriness [21, 55]. The nor-
mal distribution plots shown in Fig. 5a, b for compressive 
strength and water absorption, respectively, have indicated 
that the data used were normally distributed. The points of 
both compressive strength and water absorption responses 
were in a straight line. Likewise, all models' predictions were 
also in a satisfactory match with the experimental value. 
The points are well accorded with each other as shown in 
Fig. 6a, b for both compressive strength and water absorp-
tion of plastic cement brick, respectively. Accordingly, the 
selected models used in this study have considered providing 
an adequate approximation of the responses.

Interpretation of the interaction between variables

The comparative effects of three factors: cement content 
(g), plastic replacement percentages (%) and types of plas-
tic aggregate (PET, HDPE, LDPE and PP) on optimising 
the compressive strength and water absorption are clarified 
by the perturbation plots as shown in Figs. 7 and 8, respec-
tively. The perturbation plots revealed a significant influ-
ence between cement content (A) and plastic replacement 
percentages (B) for both compressive strength and water 
absorption responses. The increasing cement content in 
cement brick has remarkably promoted the cement brick’s 
strength in all cement bricks containing different types of 
plastic aggregate. The perturbation plots also showed that 
the curvature for cement content (A) factor in PET and PP 
bricks was notably sharper than the other plastic cement 
bricks, indicating that the compressive strength was more 
sensitive in PET and PP bricks at higher cement content.

Besides, the perturbation plots were also compared to 
assess the relationship between the plastic replacement per-
centages (B) and compressive strength. Plastic substitution 
percentages, unlike cement content, have had a negative 
impact on the compressive strength of cement bricks. A high 
amount of plastic added as an aggregate replacement into 
the cement brick has reduced the compressive strength of 
the cement bricks in this study. These findings corroborate 
with the previous research that shows that increase of plas-
tic replacement percentages in cement composites reduces 
the compressive strength dramatically [32, 60–63]. The 
perturbation plots in Fig. 7 show that plastic replacement 
percentages were observed to significantly influence the 
compressive strength for all prepared cement bricks con-
taining plastic aggregate. A higher reduction of compres-
sive strength was observed in cement brick containing the 
highest percentage (6%) of plastic aggregate. From Fig. 7, 
it was also observed that both curvatures (A) and (B) have 
a sharper curve, indicating that the compressive strength is 
sensitive towards the changes in cement content and plas-
tic replacement percentages. Accordingly, it also displays 

Table 5   Tukey’s HSD homogenous groups for water absorption of 
cement brick samples

Mean ± Standard deviation. Similar letters in homogenous group are 
not significantly different at the 95% level of confidence by Tukey’s 
HSD

Sample name Water absorption (MPa) Homog-
enous 
groups

C1-Control 12.41 ± 2.79 f
C1-3% PET 17.09 ± 0.55 h
C1-3% HDPE 16.74 ± 0.29 gh
C1-3% LDPE 21.78 ± 0.10 hi
C1-3% PP 17.31 ± 1.08 h
C1-6% PET 16.31 ± 0.29 gh
C1-6% HDPE 16.90 ± 0.60 h
C1-6% LDPE 22.43 ± 1.66 ij
C1-6% PP 16.56 ± 0.56 gh
C2-Control 10.79 ± 0.35 ef
C2-3% PET 7.47 ± 1.03 cde
C2-3% HDPE 6.68 ± 1.89 cd
C2-3% LDPE 10.70 ± 0.85 ef
C2-3% PP 6.79 ± 0.06 cd
C2-6% PET 6.81 ± 2.04 bc
C2-6% HDPE 5.40 ± 0.3 bc
C2-6% LDPE 17.92 ± 1.15 h
C2-6% PP 4.58 ± 0.08 abc
C3-Control 1.21 ± 0.11 a
C3-3% PET 1.98 ± 0.18 ab
C3-3% HDPE 1.85 ± 0.04 ab
C3-3% LDPE 1.88 ± 0.20 ab
C3-3% PP 1.81 ± 0.01 ab
C3-6% PET 2.20 ± 0.09 ab
C3-6% HDPE 2.40 ± 0.06 ab
C3-6% LDPE 5.31 ± 0.15 bc
C3-6% PP 1.83 ± 0.13 ab
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Table 6   Experimental data 
of actual and predicted 
compressive strength and water 
absorption for plastic cement 
bricks

SD Run Independent variables Dependent variables (Responses)

Factor 1 Factor 2 Factor 3 Response 1 Response 2

A: Cement content B: Plastic 
percent-
ages

C: Types of plastic Compressive 
strength (MPa)

Water absorption 
(%)

Actual Predicted Actual Predicted

1 25 150 0 PET 7.00 2.94 12.41 13.02
2 42 450 0 PET 32.70 34.63 1.21 1.50
3 17 150 6 PET 1.30 3.40 16.31 16.43
4 12 450 6 PET 24.30 22.04 2.20 1.00
5 45 150 3 PET 1.90 1.05 17.09 15.69
6 36 450 3 PET 28.70 26.22 1.98 2.21
7 1 300 0 PET 16.40 16.67 7.33 6.17
8 3 300 6 PET 12.30 10.60 6.81 7.63
9 28 300 3 PET 10.30 11.51 8.20 7.86
10 21 300 3 PET 10.50 11.51 6.74 7.86
11 23 300 3 PET 7.80 11.51 6.30 7.86
12 43 300 3 PET 10.40 11.51 8.50 7.86
13 18 150 0 HDPE 7.00 7.00 12.41 13.25
14 40 450 0 HDPE 32.70 33.02 1.21 1.67
15 5 150 6 HDPE 1.00 1.86 16.9 16.45
16 29 450 6 HDPE 11.70 14.83 2.40 0.97
17 32 150 3 HDPE 1.70 2.31 16.74 15.81
18 24 450 3 HDPE 23.80 21.81 1.85 2.28
19 8 300 0 HDPE 16.40 17.89 7.33 6.37
20 48 300 6 HDPE 8.40 6.22 5.40 7.62
21 14 300 3 HDPE 11.30 9.94 8.02 7.95
22 6 300 3 HDPE 10.50 9.94 5.35 7.95
23 9 300 3 HDPE 9.30 9.94 8.28 7.95
24 47 300 3 HDPE 10.90 10.90 10.32 7.95
25 41 150 0 LDPE 7.00 8.61 12.41 14.29
26 15 450 0 LDPE 32.70 28.13 1.21 0.17
27 26 150 6 LDPE 1.30 -0.17 22.43 24.48
28 10 450 6 LDPE 4.00 6.31 5.31 6.45
29 31 150 3 LDPE 1.70 2.10 21.78 20.34
30 22 450 3 LDPE 12.30 15.10 1.88 4.27
31 16 300 0 LDPE 16.40 16.25 7.33 6.14
32 4 300 6 LDPE 4.90 0.95 17.92 14.37
33 13 300 3 LDPE 10.30 6.48 11.30 11.21
34 2 300 3 LDPE 5.30 6.48 10.10 11.21
35 27 300 3 LDPE 3.50 6.48 11.30 11.21
36 33 300 3 LDPE 3.80 6.48 12.38 11.21
37 34 150 0 PP 7.00 6.01 12.41 13.37
38 20 450 0 PP 32.70 34.91 1.21 1.51
39 46 150 6 PP 1.30 2.47 16.56 16.00
40 37 450 6 PP 15.50 18.31 1.83 0.23
41 19 150 3 PP 1.50 2.13 17.31 15.64
42 11 450 3 PP 28.70 24.49 1.81 1.83
43 39 300 0 PP 16.40 18.34 7.33 6.35
44 7 300 6 PP 9.10 8.28 4.58 7.02
45 35 300 3 PP 10.30 11.19 6.75 7.64
46 44 300 3 PP 12.50 11.19 6.83 7.64
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that the suitable ranges of cement content (g) and plastic 
replacement percentages (%) for enhancing the compres-
sive strength should be within 300–450 g and 0–3%, respec-
tively. In addition, it also shows that the highest compressive 
strength (32.7 MPa) was observed at 450 g of cement con-
tent with 0% of plastic replacement percentages.

Furthermore, the combined effect of cement content (A) 
and plastic replacement percentages (B) in response to the 

water absorption is also clarified by the perturbation plots, 
as shown in Fig. 8. A precise observation was observed in 
the curvature (A) of cement content which is sharper than 
the curvature (B), indicating that cement content factor had 
a remarkable effect on the water absorption. Based on Fig. 8, 
the lower water absorption is generally associated with the 
higher cement content used while casting the cement brick 
with different types of plastic aggregate.

Table 6   (continued) SD Run Independent variables Dependent variables (Responses)

Factor 1 Factor 2 Factor 3 Response 1 Response 2

A: Cement content B: Plastic 
percent-
ages

C: Types of plastic Compressive 
strength (MPa)

Water absorption 
(%)

Actual Predicted Actual Predicted

47 30 300 3 PP 12.30 11.19 7.71 7.64
48 38 300 3 PP 12.40 11.19 8.18 7.64

Table 7   Analysis of variance (ANOVA) for response surface quadratic model plastic cement brick

CC—Cement content; PP—Plastic replacement percentages

Responses Source Sum of squares df Mean square F-value p value Remarks

Compressive strength Model 3791.62 14 270.83 42.15 < 0.0001 Significant
A—CC 2402.00 1 2402.00 373.79 < 0.0001
B—PP 696.60 1 696.60 108.40 < 0.0001
C—Types of plastic 190.83 3 63.61 9.90 < 0.0001
AB 170.30 1 170.30 26.50 < 0.0001
AC 122.32 3 40.77 6.34 0.0016
BC 65.91 3 21.97 3.42 0.0285
A2 47.88 1 47.88 7.45 0.0101
B2 47.88 1 47.88 7.45 0.0101
Residual 212.06 33 6.43
Lack of fit 171.63 21 8.17 2.43 0.0580 Not significant
Pure error 40.43 12 3.37
Cor total 4003.68 47
R2 = 0.9470, Adjusted R2 = 0.9246, Predicted R2 = 0.8558, Adequate Precision = 24.7515

Water absorption Model 1465.15 14 104.65 41.84 < 0.0001 Significant
A—CC 1213.53 1 1213.53 485.11 < 0.0001
B—PP 50.61 1 50.61 20.23 < 0.0001
C—Types of plastic 104.38 3 34.79 13.91 < 0.0001
AB 15.33 1 15.33 6.13 0.0186
AC 6.95 3 2.32 0.9267 0.4387
BC 57.37 3 19.12 7.64 0.0005
A2 12.75 1 12.75 5.10 0.0307
B2 9.79 1 9.79 3.91 0.0563
Residual 82.55 33 2.50
Lack of fit 62.53 21 2.98 1.78 0.1510 Not significant
Pure error 20.02 12 1.67
Cor total 1547.70 47
R2 = 0.9467, Adjusted R2 = 0.9240, Predicted R2 = 0.8733, Adequate Precision = 27.4950
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Moreover, the perturbation plots also revealed that the 
increase in cement content and plastic replacement percent-
ages had resulted in decreased water absorption. However, 
this trend has only occurred in PET, HDPE and PP cement 

bricks as water absorption of cement brick containing LDPE 
was significantly increased (p < 0.05) after adding 3% and 
6% of the plastic aggregate. The curvature (B) in LDPE plas-
tic brick seems to be much sharper than PET, HDPE and PP, 
indicating that the water absorption of cement brick contain-
ing LDPE was more sensitive to higher plastic replacement 
percentages than to different types of plastic aggregate. Fig-
ure 8 shows that the suitable ranges of cement content (g) 
and plastic replacement percentages (%) for achieving desir-
able water absorption should be in the range of 150–450 g 
and 0–3%, respectively. In addition, Fig. 8 shows that the 
highest water absorption (21.4 MPa) was observed in C1-6% 
LDPE brick which prepared with the lowest cement content 
(C1, 150 g) and highest plastic replacement percentages 
(6%).

Table 8   Model validation of compressive strength and water absorp-
tion responses

Compressive 
strength (MPa)

Water 
absorption 
(%)

Standard deviation 2.53 1.58
Mean 11.90 8.73
Correlation coefficient, R2 0.9470 0.9467
Predicted R2 0.8558 0.8733
Adjusted R2 0.9246 0.9240
Coefficient of variance 21.30 18.11
PRESS 577.41 196.17
Adequate precision 24.75 27.49

Fig. 5   Normal probability plots 
for compressive strength and 
water absorption for plastic 
cement brick models (a) com-
pressive strength and (b) water 
absorption responses

Fig. 6   Predicted versus actual 
values plots for compressive 
strength and water absorption 
for plastic cement brick models 
(a) compressive strength and (b) 
water absorption responses
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Optimisation of mixed design plastic waste cement 
bricks

Using the desirability function method in Design Expert 
(version 13) software, the optimisation process was carried 
out to develop an optimum mix design of cement brick con-
taining plastic waste as aggregate replacement. A specific 
criterion has been proposed to optimise the present study’s 
responses (Table 9). In this study, all the operational vari-
ables (cement content, plastic replacement percentages 
and types of plastic aggregate) were defined as ‘in range’. 
Besides, the responses for compressive strength were defined 
as ‘maximum’ to achieve the highest cement brick per-
formance. In contrast, the water absorption response was 
defined as ‘in range’ to achieve a desirable water absorption 
below 20%, as stated in the local and international standards 
[46, 47]. The programme combines the individual desirabil-
ity into a single number and then search to optimise this 
function based on the response goal [55]. Accordingly, the 
optimum mix design for plastic cement brick has been estab-
lished, and the results are presented in Table 10. 

From the optimisation process, about 32 solutions sug-
gested by the Design Expert software as the optimised mixed 
design of cement brick containing four different types of 
plastic aggregate. However, the highest desirability values 
were chosen as the optimum condition, as the desirability 
values of 0.80–1.00 are regarded as acceptable and excellent 
[64]. Therefore, the cement brick mixed design for plastic 
cement brick was optimised at 31.36 MPa with a desirabil-
ity of 0.959. The highest compressive strength of cement 
brick containing plastic aggregate was found in the cement 
brick containing 1% of PET with 450 g of cement content 
as described in Fig. 9. Besides, the contour plot and three-
dimensional (3D) response surfaces were also depicted from 
the software to visualise the compressive strength and water 
absorption at the optimum mix design in terms of cement 
content, plastic replacement percentages and types of plastic 
aggregate (Figs. 10, 11).

Verification of the final equation model was conducted 
to ensure the accuracy of the predicted response values 
in the validation set. A series of experiments on the opti-
mised conditions were performed under the predicted opti-
mal condition to verify the optimisation results. The mean 

Fig. 7   Perturbation plots 
of compressive strength in 
response to changes in cement 
content ( A ) and plastic replace-
ment percentages ( B ) for (a) 
PET, (b) HDPE, (c) LDPE and 
(d) PP
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of the validation samples for compressive strength and 
water absorption was 27.50 MPa and 1.16%, respectively. 
Based on the obtained findings, there is only a minor dif-
ference between the experimental (27.50 MPa and 1.16%) 
and predicted (31.35 MPa and 1.95%) results for compres-
sive strength and water absorption, respectively. Accord-
ingly, the FCCCD model has considered the applicability 

Fig. 8   Perturbation plots of 
water absorption in response to 
changes in cement content ( A ) 
and plastic replacement percent-
ages ( B ) for (a) PET, (b) HDPE, 
(c) LDPE and (d) PP

Table 9   Constraints of 
numerical optimisation

Name Goal Lower limit Upper limit

Variables constraints
Cement content (g) In range 150 450
Plastic replacement percentages (%) In range 1 6
Types of plastic In range PET, HDPE, LDPE, PP
Responses constraints
Compressive strength (MPa) Maximize 15.2 32.7
Water absorption (%) In range 0 20

Table 10   Optimum operational variable obtained

Cement 
content 
(g)

Plastic 
replace-
ment 
percent-
ages (%)

Types of 
plastic

Com-
pressive 
strength 
(MPa)

Water 
absorp-
tion (%)

Desir-
ability

450 1.0 PET 31.36 1.95 0.959



	 Innovative Infrastructure Solutions           (2022) 7:183 

1 3

  183   Page 16 of 24

for optimisation mix design of cement brick containing a 
single type of plastic aggregate. Therefore, the optimised 
mix design for cement brick containing plastic aggregate is 
shown in Table 11 and Fig. 12.

In addition, the optimum response for cement brick 
containing plastic aggregate obtained in this study was 
compared with several past studies. Table 12 summarises 
the findings reported for the optimum plastic replacement 
percentages on compressive strength and water absorption 
of the brick. It was observed that various optimum plastic 

replacement percentages were reported in previous stud-
ies, ranging from 1 to 25%. Besides, it was shown that the 
cement brick in this present study had achieved a higher 
compressive strength than the other plastic-incorporated 
brick in the previous studies. This may be due to the appli-
cation of higher cement content during the casting of cement 
brick in this study. However, it is essential to note that there 
are diversities of the mix design used in these studies.

Fig. 9   Ramp function graph for optimum mix design of plastic cement bricks

Fig. 10   The (a) three-dimen-
sional (3D) and (b) contour 
plots for the compressive 
strength of plastic cement bricks 
on cement content and plastic 
percentages
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Microstructure observation by the scanning 
electron microscopy (SEM)

Following the optimisation procedure, the optimised plastic 
cement brick was evaluated for microscopic and chemical 
characteristics of cement mixtures. In this study, the porosity 
of the optimised plastic cement brick, micro-crack distribu-
tion, homogeneity of the cement mixtures and the cross-
linking bridges at the interfacial zone (ITZ) between the 
cement mixtures and plastic aggregate were investigated 
(Fig. 13). From Fig. 13b, it was observed that the homo-
geneity of cement mixtures has lessened after the addition 
of plastic waste as aggregate. The SEM images showed 

many open pores in the cement mixture of optimised plastic 
cement brick (C3-1% PET). On the other hand, the control 
brick with no addition of plastic waste had a homogenous 
surface and texture (Fig. 13a). The number of open pores 
was lower in the cement mixtures for control brick, and it 
portrayed that the mixtures of sand and cement were mixed 
and packed well in the control brick as compared to cement 
brick containing plastic aggregate.

The higher number of open pores in cement brick incor-
porated with plastic waste may be due to the irregular shape 
and non-uniform sizes of plastic aggregate added to the 
mixtures [29]. The surface roughness of various types of 

Fig. 11   The (a) three-dimen-
sional (3D) and (b) contour 
plots for the water absorption of 
plastic cement bricks on cement 
content and plastic percentages

Table 11   Optimum mix design and model validation of compressive strength and water absorption from numerical optimisation

Model Cement content (g) Plastic replacement percentages (%) Types of plastic Compressive 
strength (MPa)

Water absorption 
(%)

Actual Predicted Actual Predicted

Plastic cement brick 450 1 PET 27.50 31.35 1.16 1.95

Fig. 12   C3-1% PET has been optimised from the RSM optimisation 
analysis

Table 12   Comparison of optimum plastic replacement percentages of 
plastic-impregnated brick observed in seven different studies with the 
present study

Types of 
plastic 
aggregate

Optimum 
plastic 
replacement 
(%)

Compres-
sive strength 
(MPa)

Water 
absorption 
(%)

References

PET 1 18.56 7.46 [51]
PET 1 27.50 1.16 This study
HDPE 10 6.3 – [65]
HDPE 5 11.61 14.46 [66]
HDPE 3 15.90 2.17 [67]
PP 5 14.85 15.03 [42]
Mixed 24 20.10 – [21]
Mixed 1 29.19 7.79 [19]
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plastic waste inhibited the cement mixtures from mixing 
well with the other raw materials such as sand and cement 
[5, 68]. Besides, it was also observed that the optimised 
plastic cement brick has a micro-crack formation within the 
cement mixtures. The microscopic images shown in Fig. 14 
indicate that plastic waste as aggregate in cement brick has 
caused significant crack formation within the cement brick 
mixtures. According to Alqahtani et al. [69], the major crack 
formation that occurred within the cement mixtures may be 
attributed to the weaker adhesion between the plastic aggre-
gates and cement mixtures.

Hence, the microscopic observation on the interfacial 
zone between plastic aggregates was also performed for 
optimised plastic cement brick. The SEM analysis revealed 
a weaker adhesion at the interfacial zone of plastic aggre-
gates and cement matrix (Fig. 15). These SEM images of 
optimised plastic cement brick were also compared with 
the control brick, which found that the control brick has a 

dense and packed cement paste, unlike the optimised plastic 
cement brick (Fig. 16).

Following the microscopic observation of both control 
and optimised plastic cement brick, the SEM analysis has 
confirmed that the addition of plastic waste has increased 
the brick's porosity, reduced the homogeneity and increased 
the formation of micro-crack in the cement paste. These 
phenomenal occurred due to the weaker adhesion of plastic 
aggregate with cement mixtures, which can be related to the 
hydrophobic properties of plastic [68, 70]. The hydropho-
bic nature of plastic has inhibited the water-cement reac-
tion at the surface of plastic aggregate, which eventually 
increases the water content between the interface and created 
a layer that prevents the plastic aggregate from having a 
good bonding with cement paste [5, 69]. Hence, this might 
explain the compressive strength reduction and structural 
deterioration in the cement brick after adding plastic waste 
as aggregate. The higher reduction in compressive strength 

Fig. 13   SEM images of (a) control brick and (b) plastic cement brick at 40× magnification with 100 µm spatial resolution

Fig. 14   Micro-crack formation in cement matrix after addition of plastic aggregate (a) 40× magnification with 100 µm spatial resolution and (b) 
150× magnification with 20 µm spatial resolution
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was observed in the cement brick with higher plastic aggre-
gate amount that could also be credited to the greater stress 
transfers produced between the plastic aggregate and cement 
components, and consequently led to the structure deterio-
rations through a few plastic aggregate detachments from 
the cement paste and cracks formation in the mixtures [29]. 
Moreover, the higher porosity observed in the optimised 
plastic cement brick (C3-1% PET) has confirmed that the 
addition of plastic waste as aggregate in cement brick did 
not increase the water absorption of the plastic cement brick. 
This is consistent with the findings from several previous 
studies by Akinyele and Toriola [42], Al-Hadithi and Al-
Ani [50] and Kamarulzaman et al. [49], which also showed 
a reduction in water absorption after the addition of plastic 
aggregate into cement mixtures.

The deterioration of mechanical properties such as com-
pressive strength of cement bricks due to weaker adhesion 
at the interfacial zone of plastic aggregate and cement paste 
has prompted many researchers to develop new methods to 
improve the conversion of plastic waste into aggregate to be 
used as a construction material. Rai et al. [60], Jaivignesh 
et al. [71] and Correa et al. [72] have suggested the use of 
admixtures and additives such as superplasticizer and metal 
fibre to improve the chemical bond between plastic wastes 
and cement mixture. Besides, chemical treatment on the 
surface of plastic aggregate can also improve the bonding 
between the cement paste and plastic aggregate added into 
the cement brick [5, 73, 74]. These treatments are significant 
in avoiding the diminishment of the strength property of the 
construction materials containing plastic waste. Therefore, 
adding admixtures and applying chemical treatment could 
be a good option in improving the chemical bond of plas-
tic aggregates with cement paste and reducing the internal 
damage within the cement brick, which leading to strength 
deterioration.

Fourier transform infrared spectroscopy (FTIR) 
analysis of the optimised cement brick specimen

An infrared spectrum test with scanned absorption bands 
from 400 to 4000 cm−1 was conducted to examine the main 
functional groups in the optimised cement brick containing 
plastic aggregate (C3-1% PET) as well as to compare the 
plastic cement brick with control brick in term of the chemi-
cal composition of the cement brick mixtures. From Fig. 17, 
the pattern and absorption bands obtained for all samples 
for control brick and optimised plastic cement brick (C3-1% 
PET) are quite similar and parallel with each other. Besides, 

Fig. 15   Interfacial zone between plastic aggregate and cement paste (a) 40× magnification with 100 µm spatial resolution and (b) 150× magnifi-
cation with 20 µm spatial resolution

Fig. 16   SEM image of the cement mixture of control brick
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there is no unique peak observed in the spectrum obtained 
by the cement brick containing plastic aggregate as com-
pared to the spectrum bands of control bricks. Hence, it can 
be assumed that the addition of plastic waste as aggregate 
replacement in the cement brick might not have many dif-
ferences in terms of the chemical composition of the cement 
brick containing plastic aggregate.

A strong and broad absorption peak was obtained in all 
cement brick samples between 3436.05 and 3436.48 cm−1 
representing O–H stretching vibration, which may be due 
to the presence of calcium hydroxide in the cement brick 
mixtures. Calcium hydroxide is the main by-product formed 
in the cement hydration process [75]. Tricalcium silicate 
in cement powder is responsible for calcium hydroxide 
whereby in the hydration reaction, tricalcium silicate reacts 
with water to release calcium ions, hydroxide ions and 
heat [76]. Therefore, the free calcium (Ca2+) and hydrox-
ide (OH−) ions are attracted to each other; hence, calcium 
hydroxide was formed and highly available in the cement 
brick mixtures.

Besides, the C–H stretching absorption bands were 
slightly present at the wavenumber between 2850 and 
3000 cm−1 in the FTIR spectra of optimised plastic cement 
bricks. These peaks that appeared in plastic cement brick 
might occur due to alkanes and alkyls. However, these peaks 
were not available in the control brick, and it was more 
intense in cement brick with the addition of plastic waste as 
it could be due to the presence of plastic waste in the cement 
brick, which consist of a substantial number of alkanes and 
alkyl groups [72, 77].

Furthermore, the peaks observed at 1422.25 cm−1 for 
optimised plastic cement brick and 1479.32  cm−1 in the 
control brick could be due to the stretching bond of C-O 

of a carbonate ion. Besides, the presence of carbonate ion 
(CO3

2−) was confirmed with the narrow bands found at 
875.10 cm−1 and 779.96 cm−1 for plastic cement brick and 
control bricks, respectively [38, 77]. The presence of carbon-
ate ions in the cement brick mixtures might be due to the 
calcium carbonate salt formed after the reaction of calcium 
hydroxide with the atmospheric carbon dioxide [75]. Fur-
thermore, the bands observed between 970 and 1100 cm−1 
in the cement brick sample for control and optimised plastic 
cement brick acted as an indicator of the presence of calcium 
silica hydrate (C–S–H) within the cement brick [38]. The 
signals at 1082.63 cm−1 and 1082.64 cm−1 for plastic cement 
brick and control bricks were attributed to the asymmet-
ric vibrations of Si–OH in the formation of calcium silica 
hydrate (C–S–H) [78].

The bands or peaks of FTIR spectra discussed above 
are compared with several previous studies [72, 77]. It was 
found that similar compounds such as alkane, alkyl, carbon-
ates and hydroxides were reported to be within the cement 
composite containing recycled plastic aggregate. Overall, 
no unique bands were observed in the optimised single and 
mixed plastic brick. Furthermore, the compounds found in 
this study were also reported to be similar to the standard 
hydrated cement paste [38, 75]. Therefore, it can be con-
cluded that the addition of plastic aggregate into the cement 
brick as an aggregate replacement is unlikely to modify the 
chemical compound within the cement brick significantly.

Fig. 17   The IR-spectra obtained 
for control brick (black) and 
optimised plastic cement brick 
(blue)
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Conclusions

This present study optimises the mix design of cement brick 
containing plastic waste using response surface methodol-
ogy (RSM) with three independent variables (cement con-
tent, plastic replacement percentages and types of plastic). 
Overall, the results indicated that plastic waste possess 
great potential as an efficient partial aggregate replacement 
in cement bricks with considerable potential of excellent 
cement brick properties.

1.	 All three controlled variables (cement content, plastic 
waste replacement ratio and types of plastic aggregate) 
have a significant relationship (p < 0.05) with the cement 
brick properties (compressive strength and water absorp-
tion).

2.	 Response surface methodology via the FCCCD has sta-
tistically proven (p < 0.05) that the second-order polyno-
mial (quadratic) function fit well with the experimental 
results.

3.	 The optimum cement brick mix design was observed at 
C3-1% PET and C3-1% MIX for single and mixed plas-
tic brick with compressive strength of 27.50 MPa and 
24.00 MPa and water absorption of 1.16% and 2.14%, 
respectively.

4.	 Microstructure observation by scanning electron micros-
copy (SEM) revealed a higher porosity and weaker adhe-
sion at the interfacial transition zone (ITZ) between plas-
tic aggregate and cement mixtures. Hence, the impacts 
observed in the microstructure properties explained the 
reduction of compressive strength in almost all cement 
brick incorporated with plastic aggregate.

5.	 The FTIR analysis showed a similar pattern of spectrum 
band among the optimised plastic brick with the control 
brick. Therefore, it was concluded that the addition of 
plastic aggregate into cement brick did not considerably 
change the chemical structure of the cement brick.

Future research

This study has effectively provided new insight into plastic 
waste utilisation as construction materials and the charac-
teristics of plastic cement brick. Considerably more work 
will need to be done to determine other mechanical and 
durability properties such as flexural strength, thermal con-
ductivity and masonry failure mechanism. Furthermore, 
the environmental perspectives of the plastic cement brick 
should be evaluated to uncover the environmental impacts 
of plastic waste utilisation. Plastic stability in cement mix-
tures, microplastic contributions and leaching potential 
of plastic additives from plastic aggregate are among the 

potential topics that are yet to be explored by many research-
ers. Finally, a comprehensive life cycle assessment (LCA) 
on plastic cement brick can be conducted in the future to 
analyse the potential environmental impacts associated with 
the entire process involved from the production, use and 
disposal phases.
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