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Mechanical and Thermal Properties of Sustainable
Composite Building Materials Produced by the
Reprocessing of Low-Density Polyethylene, Biochar,
Calcium Phosphate, and Phosphogypsum Wastes

Salifu Tahiru Azeko, Ph.D."; Emmanuel Kwesi Arthur, Ph.D.%; Doan Pham Minh?;
Nathalie Lyczko, Ph.D.% Ange Nzihou®; and Winston Oluwole Soboyejo®

Abstract: This paper presents the results of the experimental and analytical studies of the mechanical and thermal properties of laterite
composites mixed with reprocessed low-density polyethylene waste (LDPE), calcium phosphate (CaP) and phosphogypsum wastes, and
biochar to form brick composites. Bricks with mixtures of 20% by volume LDPE, 15% by volume CaP, and 15% by volume gypsum were
shown to have excellent compressive strength, flexural strength, and fracture toughness. The composites with 1% by volume LDPE and 15%
by volume biochar had the best blend of mechanical properties, such as flexural strength and fracture toughness, after sintering for ~24 h.
There was a linear association between the strength and the weight loss of the bricks. Scanning electron microscopy and optical microscopy
images revealed evidence of crack bridging by LDPE particles. The laterite—LDPE composite mixed with 5%, 10%, and 15% by volume
biochar had sintering temperatures of ~850°C, ~720°C, and ~710°C, respectively, after undergoing softening, cold crystallization, and

cooling.

Author keywords: Laterite; Reprocessed Low-density polyethylene waste (LDPE); Biochar; Phosphogypsum; Strength; Fracture

toughness; Thermal properties.

Introduction

Globally, cement and/or natural clay are used extensively in the
construction of sustainable buildings (Azeko et al. 2015; Mustapha

et al. 2016; Srijaroen et al. 2020). However, the production of
cement results in significant carbon dioxide emissions (5% of
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global CO, emissions), which has stimulated the interest in reduc-
ing the overall use of cement in modern construction. Clay also is
used extensively as a building material, although it is susceptible to
cracking due to shrinkage structural loading (Liu et al. 2010).
Therefore, there is a need for new construction materials that can
decrease the use of cement while increasing the resistance of build-
ing materials such as clay and cement to cracking.

Artificial and/or natural wastes as well as earth-based com-
posites have been explored as potential alternative building materi-
als that reduce the overall use of cement in building materials
(Azeko et al. 2015; Mustapha et al. 2016; Flomo et al. 2021).
The composites also have enabled the recycling of agricultural
wastes (natural fibers), industrial wastes [such as phosphogypsum
(PG)], and human-made waste materials (such as plastics) into
building materials that have attractive combinations of mechanical
properties (Azeko et al. 2015; Srijaroen et al. 2020; Flomo et al.
2021). Therefore, there is the potential to integrate different types
of waste materials into the development of robust and sustainable
building materials.

The potential use of polyethylene as a building material can be
supported by the annual global production of 80 million t poly-
ethylene. The usefulness of polyethylene waste is about 12%
(Azeko et al. 2015) which makes it difficult to form an effective
disposal system. Therefore, there is a need to find suitable ways
to reuse or recycle polyethylene waste for a variety of sustainable
building applications.

Phosphogypsum, an industrial waste, often is discarded in bulk,
without any processing, totaling 300—400 Mt/year (Hanan et al.
2009). The precipitation of these wastes usually is associated with
multiple loadings of radionuclides and heavy metals (Macfasa et al.
2017). Rashad (2017) showed that the heavy metals in PG are
safe for use in construction applications, especially in affordable
homes.



Table 1. Mechanical properties of earth bricks/blocks from previous studies

Compressive strength

Flexural strength

Fracture toughness

Type of blocks (MPa) (MPa) (MPa +/m) Reference

Laterite reinforced with polyethylene bricks 4.1 6.1 0.76 Azeko et al. (2018, 2015)
Laterite and clay reinforced with natural straw 3.03 9 1.4 Kabiru et al. (2016)

bricks

Waste sisal and Eucalyptus grandis pulp Not measured 19.2 0.64 Savastano et al. (2005)
cement composites

Cement blocks reinforced with sisal and Not measured 20 1.5 Savastano et al. (2000)
banana pulp fibers

Concrete blocks reinforced with crumb rubber 23 Not measured 0.39 Sukontasukkul and Chaikaew (2006)
Concrete block 36 Not measured 0.25 Sukontasukkul and Chaikaew (2006)
Fly ash concrete 26.7 3.6 Not measured Siddique (2004)
Cement-stabilized compressed earth blocks 4.13 Not measured Not measured Walker and Stace (1997)
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Fig. 1. Flowchart of research approach.

Biochar, a carbon-rich material, often is produced from organic
materials that burn under little or no-oxygen conditions due to
pyrolysis, hydrothermal carbonization, gasification (Cha et al.
2016), flash carbonization (Nunoura et al. 2006), and torrefaction
(Benavente and Fullana 2015). Some applications of biochar in-
clude water purification and energy storage (Yang et al. 2017).

The use of cement in modern buildings are expensive and envi-
ronmentally unfriendly, and therefore there is a need to replace this
material partially with other natural and artificial wastes such as
slags (Savastano et al. 2001), straws (Mustapha et al. 2016), banana
fibers (Savastano et al. 2000), discarded tires (Sukontasukkul and
Chaikaew 2006), ash (Saddique 2004), termite soil (Mahamat et al.
2021), and polyethylene (Azeko et al. 2015c¢, 2018; Flomo et al.
2021) without causing additional pollution. These wastes when in-
corporated into cement-based materials have enhanced mechanical
properties such as compressive strength, fracture toughness, and
flexural strength that are similar to those of conventional cement-
based structures (Table 1). Although these methods have signifi-
cantly increased the mechanical properties of reinforced blocks/
bricks, there still is a need to recycle potential environmentally
unfriendly materials such as polyethylene, calcium phosphate, and
phosphogypsum wastes for sustainable building applications.

This paper presents the results of an experimental and theoreti-
cal study of the mechanical properties of sustainable building
materials that incorporate recycled plastics, calcium phosphate, and
phosphogypsum into laterite (clay with high iron oxide content)
composite materials. Low-density polyethylene (LDPE) was pow-
derized and mixed in different proportions with laterite, calcium

phosphate, phosphogypsum, and cement to form unique compo-
sites for sustainable building applications. The strength and fracture
toughness of the resulting composites were studied using a com-
bination of experiments and micromechanical models. The im-
plications of the results were discussed for the development of
sustainable building materials.

The research approach for this work is illustrated in Fig. 1.
Modeling and composite processing played an integral part in ma-
terials and methods. Strength models and characterization, results
and discussion, implications of results, and conclusions depended
on the type of materials selected for processing of the polyethylene
composites.

Modeling

The modified mean field (M-T) was the basis for the development
of the micromechanical composite model (Weng 2011; Guo et al.
2014). This model was used in estimating the overall stress and
strain in bimodal LDPE bricks. The secant elastic modulus and
secant Poisson’s ratio for the jth phase can be expressed as
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where EV) and () = elastic modulus and Poisson’s ratio, respec-
tively, of jth phase. The matrix and coarse grains phase are denoted
0 and 1, respectively. The resultant secant bulk and shear moduli
for the jth phase are considered and this satisfies the respective
isotropic expressions

and
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Suppose that there is a boundary displacement in the composite
with a homogenous strain, &; the hydrostatic and deviatoric strains
of the constituent phases relationship are (Weng 2011; Guo et al.
2014)
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where the mean stress components of the matrix phase and inclu-
sions are given by
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where f; = volume fraction of ith phase; and « and v = components
of Eshelby’s tensor for spherical inclusions, as follows:
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Therefore, the dilatational and deviatoric stresses and strains of
the composite are connected by
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Materials and Methods

Formulation and Processing of Composite

Laterite was acquired from the Building and Technology Depart-
ment at Tamale Technical University (TaTU) in Tamale, Northern
Region, Ghana. The as-received laterite initially was air-dried and
crushed/milled with reduced particle sizes of approximately
900 £ 0.03 pm. The particle-size distributions of the laterite after
the sieve analysis are presented in Fig. 2. The LDPE particles were
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Fig. 2. Particle-size distribution curve of laterite.

produced according to the procedure used by Azeko et al. (2015a,
2018). The powdered LDPE was subjected to sieve analysis to ob-
tain an average size of 900 & 0.03 ym. Portland cement (Savannah
Cement Company, Buipe, Northern Ghana) was used as a binding
material.

The matrix material (i.e., combination of laterite and cement)
was mixed with the LDPE particles and calcium phosphate in
one composite, then LDPE particles and gypsum as well as LDPE
particles in another composite, and finally with calcium phosphate
and gypsum in the third composite in different proportions. The
LDPE particles were mixed mechanically using 10%, 15%, and
20% by volume. These were mixed with 150 mL water for 5 min.
The mixed samples were molded into rectangular-shaped samples
with dimensions of 100 x 25 x 12.5 mm. A uniform pressure of
about 20 kN was applied to the molds for 5 min. The prepared sam-
ples then were cut into pieces with dimensions of 60 x 10 x 5 mm
for flexural strength and fracture toughness measurements and with
dimensions of 20 x 20 x 20 mm for compressive strength meas-
urement. All the samples (for flexural, compressive, and fracture
toughness) were carefully ground with P80 SiC abrasive papers
(CarbiMet, Buehler, Uzwil, Switzerland), at 350 rpm to produce
composites with different proportions.

Similar procedures were used for molding the 100% by volume
laterite; 20% by volume ordinary portland cement (Savannah
Cement Company, Buipe, Northern Ghana) was used throughout
the sample preparation with the exception of the samples with
100% laterite.

The prepared composite samples were air-dried at room temper-
ature (25°C-30°C) for 2 weeks and then dried in an electric oven
(Memmert, Schwabach, Germany) at 100°C for 24 h. Samples then
were subjected to various forms of analysis, including flexural
strength, compressive strength, resistance curve, fracture tough-
ness, scanning electron microscopy (SEM), differential scanning
calorimetry (DSC) and X-ray diffraction (XRD).

Composite Preparation for Thermal Energy Storage

Various formulations of the composites used for thermal energy
storage applied in buildings are listed in Table 2. This involved
mixing different weight percentages of pure laterite with biochar,
laterite with gypsum, as well as laterite, biochar, and gypsum with
LDPE, respectively, to investigate the strength and thermal energy
storage capabilities for building applications. The biochar was ob-
tained from the gasification of wood biomass. The biochar was
ground and sieved to obtain average particle sizes of approximately
160 pm. The biochar then was mixed in volume percentages of 5%,
10%, and 15% with the LDPE at 1% and 2% by volume, and
gypsum was mixed uniformly at 20% by volume. The mixtures
were mixed mechanically with 150 mL water for 5 min and then
extruded with a bench extruder (Reber, Correggioverde di Dosolo,
Italy) to obtain composites with rectangular dimensions of 60 x
30 x 10 mm. The prepared samples were cut into rectangular
dimensions (60 x 10 x 5 mm ) and ground with P80 SiC abrasive
papers (CarbiMet, Buehler, Uzwil, Switzerland) at 350 rpm.

Table 2. Composition of laterite and biochar

Laterite Biochar
No. (% by volume) Laterite (g) (% by volume) Biochar (g)
1 95 285 5 15
2 90 270 10 30
3 85 255 15 45




A Phillips P-analytical X’pert Pro MPD diffractometer was used to

collect the XRD data. The radiation source ray used was copper
(Cu) with wavelength K, of 1.543 A. A nickel filter was used to
remove the CuK g ray. The operating conditions for the apparatus
were 45 kV and 40 mA. The diffractogram was recorded from 10°
to 75° in 2¢q. The steps size was 0.017° in 2¢ and the scan step-time
was 29.89 s. The phase identification was carried out from the

databases of JCPDS and COD.

Thermogravimetric Analysis and Differential Scanning
Calorimetry

Thermal analyses of the formulated composite samples were car-
ried out using thermogravimetric analysis (TGA)/DSC equipment

(SDT Q600, TA Instruments). About 50-100 mg of the solid was

heated from ambient temperature to 1,100°C at 5°C/min, followed
by an isotherm for 30 min. All the TGA/DSC analyses were made
under atmospheric conditions with a 100 mL - min~! flow rate.
The crucible used for the analysis of the samples was made from
alumina, and the reference was an empty alumina pan.

Thermomechanical Analysis

Thermomechanical analyses (TMA) were carried out using a TMA

Setsys (Setaram). A sample with a mass of 10 g was heated from

30°C to 1,100°C at 5°C/min, followed by an isotherm for 30 min,

100 pm

0007 NL x8

0006 — NLUD55 x300 100 pm
L+20%gypsum

and then slowly cooled to 30°C. The crucible used for the analysis
of the samples was made from alumina, and the reference was an
empty alumina pan.

Results and Discussion

Microstructural and XRD Analysis

Micrographs of the laterite/cement matrix and the PE, gypsum, and
calcium phosphate composites are presented in Figs. 3(a—d) and
4(a—d). These SEM images clearly indicate how different particles
interacted within each composite microstructure. Figs. 3(a) and
4(c and d) show porous microstructures, which means that the
particles are bonded loosely at the microscopic scale. This nega-
tively affects the composite overall strength. However, Figs. 3(d)
and 4(a and b) exhibit particles that are bonded closely within
the microstructure, and are likely to have high strength, Evidence
of multiple cracks, emanating from a parent crack, and smooth
transgranular cracks are presented in Figs. 5(a—d).

The XRD results obtained for the composites are presented in
Figs. 6(a—c). The mixing of laterite with gypsum, PE, or biochar did
not modify the obtained diffractograms [Figs. 6(b—c)]. However,
there were distinct diffractograms for laterite, PE, and biochar
[Fig. 5(a)].

In the XRD analysis, AlSiO,(OH),, which is in the kaolinite
group, was identified. This compound has a hexagonal plate-like
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Fig. 3. SEM images of (a) laterite with 20% biochar; (b) laterite with 20% gypsum; (c) laterite only; and (d) laterite with 10% LDPE and 20% CaP.
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Fig. 4. SEM images of (a) laterite with 15% LDPE and 25% CaP; (b) laterite with 20% LDPE and 30% CaP; (c) laterite with 15% gypsum and
15% CaP; and (d) laterite with 15% biochar and 1% LDPE.

Fig. 5. Optical images of (a) laterite; (b) laterite with LDPE and biochar; (c) laterite with gypsum; and (d) laterite with LDPE, CaP, and gypsum.
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Fig. 7. Compressive strengths of laterite composites. Fig. 8. Flexural strengths of laterite composites.

shape with higher stacking regularity in varying degrees. The XRD Compressive Strength
analysis also revealed the presence of a second compound,

Mg, 35Fe( 13Aly 5o, which was attributed to reactions between the Fig. 7 presents the measured compressive strengths values obtained
portland cement and the biochar. This compound is responsible for all the tested samples. The compressive strength results showed
for quick setting and rapid hardening (i.e., it is a good binder), lead- that the 100% laterite composition had a compressive strength of
ing to the higher overall strength of the composite. The toughening ~ 2.82 +0.01 MPa after drying in an oven for 24 h. The strength
and strengthening mechanisms of the polyethylene and phospho- o f the composites increased to~ 3.5+ 0.032 MPa and ~ 3.6+

gypsum in the bricks are a major scientific contribution. 0.231 MPa for composite mixtures of 70% by volume laterite



+10% by volume LDPE = 20% gypsum and of 60% by volume
laterite +15% by volume LDPE +12.5% by volume gypsum
+12.5% by volume calcium phosphate, respectively, after drying
for 24 h in an electric oven. The highest compressive strength
of the composites was achieved (~4.3 4+ 0.02 MPa) by increasing
the LDPE to 20% by volume and increasing the gypsum and

Fracture Toughness (MPa \m)

F5

F1 F3 F4 Fo6

Composition

Fig. 9. Fracture toughness of laterite composites.

calcium phosphate to 15% by volume each. This tremendous in-
crease in compressive strength was possible due to the effective
binding of LDPE particles with gypsum and calcium phosphate
particles within the microstructure.

Poorer strengths of the composites (2.6 + 0.03 MPa) were ob-
tained for the composites reinforced with 10% by volume LDPE
and 20% by volume calcium phosphate. This was attributed to
the presence of voids unfilled by LDPE particles and weak linkages
due to matrix—matrix interactions of calcium phosphate particles.
The trends of the measured compressive strength results in Fig. 7
are consistent with those of related work on earth-based brick com-
posites (Table 1). The recycling of polyethylene and phosphogyp-
sum wastes contributed to the overall strengthening mechanism in
the bricks.

Flexural Strength

Fig. 8 shows the flexural strengths obtained for all of the tested
formulated composite samples. The flexural strength results show
that the 100% laterite sample had a flexural strength of 4.1 &
0.02 MPa after drying in an electric oven for 24 h. This value in-
creased significantly to ~6.0 &= 0.02 MPa for mixtures of 50% by
volume laterite, 20% by volume LDPE, 15% by volume gypsum,
and 15% by volume calcium phosphate after drying for 24 h in an
electric oven.

The flexural strength of the laterite increased with the inclusion
of 1% by volume LDPE and 15% by volume biochar after sintering
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Fig. 10. Resistance curve behavior of (a) 94% by volume laterite +1% by volume LDPE +5% by volume biochar; (b) 89% by volume laterite +1%
by volume LDPE +10% by volume biochar; and (c) 84% by volume laterite +1% by volume LDPE +15% by volume biochar.




for 24 hours. The laterite composite reinforced with 1% by volume
LDPE and 15% by volume biochar had the highest flexural
strengths, ~10.1 £ 0.02 MPa (Fig. 8). This was because of the de-
hydration caused by the sintering. Such dehydration should harden
and strengthen the composite. In addition, during the sintering
process, some of the LDPE particles melted and filled the voids
left behind after hydration, resulting in overall composite
strengthening.

Poorer flexural strengths of ~4.0 £ 0.03 MPa were obtained
for composites reinforced with 10% by volume LDPE and 20%
by volume calcium phosphate. Similar to the results obtained for
the compressive strength results, this trend was attributed to the
existence of voids unfilled by LDPE particles and weak linkages

due to matrix—matrix interactions of calcium phosphate particles.
The trends in the flexural strength results are shown in Fig. 8. These
are consistent with results of related work on earth-based brick
composites (Table 1). It is clear from these results that the recycling
of polyethylene and phosphogypsum wastes contributes to the
overall strengthening of the bricks.

Fracture Toughness and Fracture Modes

Fig. 9 shows the measured fracture toughness values obtained for
all the tested samples. The fracture toughness of the formulated
composite samples increased with LDPE and biochar volume
percentages (1% by volume and 15% by volume, respectively).
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Fig. 11. TGA/DSC analysis of (a) laterite; (b) laterite with biochar; (c) laterite with LDPE and biochar; (d) laterite with phosphate and biochar; and

(e) laterite with gypsum.




The highest fracture toughness, ~1.1 +0.04 MPa\/m, was ob-
tained for the laterite composite reinforced with 1% by volume
LDPE and 15% by volume biochar (Fig. 9). Furthermore, the
composite formulation with 10% by volume LDPE and 20% by
volume calcium phosphate had the lowest fracture toughness,
~0.4 + 0.03 MPa,/m. The trend of the fracture toughness of the
composite sample incorporating 10% by volume LDPE and
20% by volume calcium phosphate might be due to the presence
of voids unfilled by LDPE particles and weak linkages due to
matrix—matrix interactions of calcium phosphate particles. Due
to the formation of weak interfaces within the particles, when

cracks initiate they will propagate easily, without any serious
impediment of LDPE and other particles in the microstructure.
The fracture modes obtained from optical images of the fracture
surfaces using ProbScope for different formulations are shown
in Figs. 5(a—d). The optical micrographs showed evidence of
multiple cracking [Fig. 4(c)] and smooth transgranular cracking
[Figs. 5(a-b)]. The Mode I (opening of cracks) type of fracture
mode existed in these composites [Figs. 5(a—d)]. The quick setting
and rapid hardening in the bricks was a result of recycling of poly-
ethylene and phosphogypsum wastes, and this contributed to the
overall toughening and strengthening mechanism in the bricks.
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The resistance curves obtained from the superposition of the
toughening due to crack bridging on the initiation toughness are
compared with the experimental resistance curves in Figs. 10(a—c).
All the composites had initial toughness values of ~0.4 MPa,/n.
Furthermore, the predictions of the SSB and LSB models exhibited
similar characteristics [Figs. 10(a—c)]. The composite reinforced with
15% biochar [Fig. 10(c)] had the highest fracture toughness value,
~1 MPay/m, whereas the composite sample formulated with 5% bi-
ochar had the lowest fracture toughness value, ~0.56 MPa+/m. This
indicates improved fracture resistance of the formulated composite
samples compared with that of the matrix of the composite. The
increase in resistance to crack growth was found to be connected
with microstructural interactions within the composites [Figs. 3(a)
and 5(b)]. Crack bridging by low-density polyethylene and phospho-
gypsum particles played a vital role in the toughening of the overall
composite, which is a significant scientific contribution to the web of
knowledge.

DSC/TGA

The DSC/TGA results are illustrated in Figs. 11(a—e). All the
composite compositions had similar exothermic crystallization
temperatures, ~300°C. However, as expected, the total weight
losses of the different composite compositions differed; the laterite
material had a weight loss of ~10.5% [Fig. 11(a)], whereas the lat-
erite + biochar, laterite + LDPE + biochar, and laterite + phosphate
+ LDPE had weight losses of ~13.1%, ~22.5%, and ~14.8%, re-
spectively. In addition, laterite mixed with gypsum had a weight
loss of ~14.6% [Fig. 9(e)]. The crystallization temperature (usually
an exothermic reaction) of the different composites affected their
mechanical properties.
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Fig. 13. Regression analysis of strength versus weight loss.

Table 3. Statistical analysis of cracks

ThermoMechanical Analysis Results

The TMA analysis of the composites is presented in Figs. 12(a—e),
which show the behavior of the different composites upon heating
and cooling. Softening, cold crystallization, and particle shrinkage
occurred during the heating curves. Particle shrinkage occurred due
to increase in mobility of the molecules. The laterite material had a
sintering temperature of ~820°C after going through softening,
cold crystallization, and cooling [Fig. 12(e)], whereas the laterite—
LDPE composite mixed with 5%, 10%, and 15% by weight biochar
had sintering temperatures of ~850°C, ~720°C, and ~710°C, re-
spectively [Figs. 12(a—c)]. A sintering temperature of ~800°C was
found [Fig. 12(d)] for the mixture of laterite and gypsum. The
LDPE particles in the composite served as phase change materials,
and the availability of biochar enabled easy absorption of thermal
energy from the sun’s rays.

Mechanical Strength Analysis

The regression model linking the mechanical strength to the weight
loss of the composites is illustrated in Fig. 13. The model predicts a
linear relationship between strength and weight loss of the resulting
composites. The R — squared adjusted value of nearly 98% indi-
cates a strong correlation between the strength and weight loss
of the composites. This indicates that the strength of the composite
increases when more weight is lost. This was attributed to the fact
that more weight reduction strengthens the bonds in the composite.
The linear association between the strength and weight loss of the
composite identified in this work is a major scientific contribution
to the web of knowledge.

Statistical Analysis of Cracks

The statistical analysis result of composite cracks is shown in
Table 3. This analysis was conducted at a 95% confidence interval
(CI) using Student’s z-test. Crack formations and extensions for the
different brick composites all had p-values less than 0.05. This
means that the null hypothesis is rejected and the test statistic is
statistically significant for crack formation and extension.

Scientific Contribution

This work used potential environmental pollutants and waste ma-
terials, such as low-density polyethylene and phosphogypsum, in
multifunctional earth-based bricks for applications in sustainable
buildings. The waste low-density polyethylene that was recycled
served as a toughening material for crack-tip shielding by crack
bridging in the composite. The phosphogypsum waste in the
composite allowed quick setting and rapid hardening of the bricks,
thereby increasing the bond strengths and overall strength in the
bricks. Furthermore, the linear association between the strength
and weight loss of the low-density polyethylene composite is a
major scientific contribution to the body of knowledge. Finally,
the LDPE particles in the composites can serve as a phase change
material, and the biochar absorbs heat from the sun’s rays.

Variable N Mean Standard deviation SE mean 95% CI T P

Laterite only 8 1.699 2.114 0.748 (—0.069, 3.467) —3.08 0.018
Laterite with PE and biochar 8 1.087 1.290 0.456 (0.008, 2.165) —4.19 0.004
Laterite with gypsum 8 1.051 1.247 0.441 (0.008, 2.093) —4.42 0.003
Laterite with PE, CaP, and gypsum 8 0.391 0.384 0.136 (0.070, 0.712) —4.48 0.003




Implications

This study showed that recycled LDPE particles containing calcium
phosphate and phosphogypsum can be utilized as reinforcements in
cement-stabilized laterite composites. The utilization of such
reinforcement could help decrease the quantity of cement that is
used in construction applications. In addition, phosphogypsum,
an industrial by-product, can be beneficial to the construction in-
dustry, reducing the adverse effects of this pollutant on the
environment.

The LDPE-laterite—-phosphate—gypsum composites had excel-
lent combinations of flexural strength, compressive strength and
fracture toughness values (Table 1). Furthermore, the optimum
balance of compressive strength, flexural strength and fracture
toughness was observed in the LDPE-laterite—phosphate—gypsum
composite reinforced with a combination of 20% by volume
LDPE, 15% by volume gypsum, and 15% by volume calcium
phosphate.

After sintering, the laterite composite reinforced with 1% by
volume LDPE and 15% by volume biochar had the best combina-
tion of fracture toughness, R curves, and thermal behavior. There-
fore, reprocessed LDPE at volume fractions of 20% and the
inclusion of 1% by volume LDPE and 15% by volume of biochar
has the potential for application in construction materials, such as
those that are used in sustainable housing and thermal energy
storage.

Conclusions

The following conclusions can be made from this work:

1. Low-density polyethylene bags and gypsum waste can be re-
processed into laterite composite reinforcements for applica-
tions in the building and construction industry. The resulting
LDPE-laterite—gypsum composite and laterite—LDPE—biochar
composite each had excellent combinations of mechanical
and thermal properties.

2. The composite reinforced with 1% by volume LDPE and 15%
by volume biochar had the best combination of flexural strength,
fracture toughness, and thermal behaviour after sintering at
850°C, compared with those in other studies (Table 1). This
composite has potential applications in infrastructural construc-
tion materials such as sustainable housing and thermal energy
storage. The while biochar facilitates the absorption of thermal
energy, and the LDPE helps bridge composite cracks; the also
are phase change materials.

3. The introduction of the compound AlSiO, (OH), in the kaolinite
group partially was responsible for the overall strength in the
composite due to its higher stacking regularity. The existence
of Mg, 3s5Feq 13Aly 5, provided quick setting and rapid harden-
ing, leading to the overall strength of the composite, which is a
key scientific contribution.

4. The statistical analysis showed that crack formation and exten-
sion of the different brick composites all had p — values less
than 0.05. This means that the null hypothesis is rejected, and
the test statistic is statistically significant for crack formations
and extensions.
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