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Abstract: This paper reports on using waste polyethylene to form plastic-bonded sand interlocking
blocks for wall construction. The production process, mechanical properties, and failure mechanisms
of three different interlocking block wall systems are reported. Plastic-bonded composite blocks were
formed by mixing sand into waste polyethylene in a high-temperature extruder. The blocks formed
had densities between 1.5 and 1.6 g cm 3 and compressive strengths of approximately 15.0 MPa. This
is significantly higher than the conventional sandcrete wall blocks that are widely used in developing
countries. The blocks were used to construct walls with dimensions of 1.0 m x 1.0 m x 0.15 m, and
these were subjected to in-plane compressive loads. The compressive strengths of the walls ranged
from 4.2 to 5.7 MPa. Variations in the block composition did not affect the failure mechanism, but the
extent of the block damage after failure varied significantly. The potential for using waste plastics to
form interlocking construction blocks for use in low-cost construction is discussed.

Keywords: waste plastics; circular economy; sustainable development; interlocking blocks;
sustainable infrastructure

1. Introduction

Although the adverse impacts of poor waste management in developing countries
(DCs) on public health are well known [1], government investment in sustainable waste
management systems remains inadequate [2]. Approximately 16 wt.% of global municipal
solid waste is plastics, and due to inadequate plastic recycling, 15 to 40 wt.% of the plastic
waste is disposed into water bodies in DCs [3,4]. The poorly managed plastics can block
drains and waterways, causing floods and disease. In 2015, such floods claimed at least
150 lives in Accra, Ghana [5]. The blocked drains also breed rodents, mosquitoes, and other
disease-causing vectors. Accra recorded approximately 293,000 and 12,000 cases of malaria
and diarrhoea in 2005 [6]. It is estimated that approximately 80% of ocean plastics originate
from waste dumped indiscriminately on land [7]. This adversely influences marine life,
as macroplastics can entangle or choke aquatic animals [8]. Plastics in the oceans also
disintegrate into microplastics over time and these can be ingested by aquatic animals,
leading to the bioaccumulation of plastics in the food chain [4,9,10].

Ghana has recently invested in sophisticated material recovery facilities to improve
plastic recycling and avoid contributing to ocean plastics. The recovered waste plastics
are processed into bins, packaging bags, and pellets for exportation. However, inadequate
waste management financing threatens the sustainability of such recycling infrastructure.
Therefore, developing low-cost technologies that use single-use plastics to produce products
with longer lifespans, such as construction materials, is highly desirable.
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Several research groups have investigated using waste plastics as aggregate or as
reinforcement in lightweight concrete products [11,12]. PP, PE, PET, and PS can be used as
alternative aggregates in concrete [13-15]. PA inclusion reduces concretes’ bulk densities
by increasing the air voids [11]; however, the porosity increase reduces the compressive,
flexural, and splitting tensile strengths of the concrete mixtures [16].

Bitumen modified with rubber, PP, and PE additives has improved the durability,
rutting resistance, and viscoelasticity of polymer-modified pavements [17-22]. PE water
sachets increased the viscosity and fatigue resistance and decreased the thermal stress crack-
ing of polymer-modified asphalt The flow of modified asphalt is indirectly proportional to
the PE content [23,24]. Polymer-coated aggregates can reduce the bitumen requirements
for asphalt production by 10% [25]. PCA addition increased the load resistance capacity of
flexible pavements and offered better stripping properties, with higher Marshall stability
values between 18 and 20 kN. The compressive strength of PCA is directly proportional to
the polymer coating volume due to the superior adhesive properties of molten plastics [25].
PCAs have improved mechanical properties including toughness, impact resistance, and
strength because of their reduced porosity.

Polyethylene terephthalate (PET) fibres can strengthen soils [26]. PET containers filled
with compacted soil have been used in walls and slabs [27]. Food wrapper-filled plastic
bottles have been used to produce eco-bricks [28].

Research investigating the use of waste plastics as binders in composites is limited.
Literature reports suggest the compressive strengths of plastic-bonded aggregate compos-
ites range from 2.1 to 31.4 MPa depending on the constituent properties. The optimum
plastic-to-sand proportions for compressive strength are between 65 and 86% of the FA
content. A higher aggregate content reduces the binder thickness to properly encapsulate
the aggregate grains [29-33]. PP-bonded sand attains three times the load resistance of
asphalt concrete. Typically, plastic-bonded aggregate composites offer a higher flexural to
compressive strength ratio than conventional concrete [33].

Access to affordable housing in DCs is often difficult because of the complexities
and costs associated with conventional building construction. Ghana has a deficit of at
least 1.8 million houses [34]. The use of interlocking blocks simplifies construction and
reduces investment costs. The large-scale production of interlocking blocks made from
waste plastics would directly support efforts to achieve the sustainable development goals
in DCs as this would create jobs in the plastic recycling value chain and the construction
industry to help alleviate poverty. Walls constructed from waste plastics would drive
environmental sustainability because they consume large quantities of waste plastics that
are currently dumped indiscriminately into the environment. Using waste plastics as the
binder in building blocks is also expected to minimise the carbon footprint of construction.

The aim of this research is to investigate the mechanical performance of plastic-bonded
sand interlocking blocks and wall panels to assess their technical suitability for wall
construction. This paper is the first to report on the mechanical performance and failure
mechanisms of these types of walls.

2. Materials and Methods
2.1. Materials

Water sachets and plastic bottle caps were used as the plastic binder to produce
the interlocking block samples. The plastic waste samples were obtained from informal
plastic recyclers in the Greater Accra Metropolitan Area, Ghana. These recyclers sort the
plastics from the municipal solid waste (MSW) collected from households. Figure 1 shows
11 samples representing the complete variation of water sachets recovered from MSW.
These samples were characterised to ascertain the different compositions of PE used in
producing the water sachets in the study area. The bottle caps were identified as HDPE
from their resin identification code. The plastic waste types were selected because they are
ubiquitous and the most problematic in DCs.
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Figure 1. Figure shows the 11 different water sachet samples (WS1-WS11) and bottle caps identified
in the plastic waste sorted by the informal waste collectors in the Greater Accra Metropolitan
Area, Ghana.

The plastics were characterised using Fourier Transform Infrared Spectroscopy (FTIR,
ThermoFisher Scientific, Paisley, UK, Nicolet iS50 FTIR spectrometer with the Michelson
interferometer configuration). This showed the polymer composition and crystallinity of
water sachets and bottle cap samples. Each test was conducted at a nominal resolution
of 4 cm ™! for 30 cycles, and sample spectra were compared to reference spectra of pure
PE. Plastic waste that is dumped in the environment breaks down under prolonged UV
exposure. Hence, the carbonyl indices of the water bottles were used to assess the extent
of degradation before producing the interlocking block samples [35,36]. The carbonyl
indices were calculated from the ratio of the area under the absorbance peaks of the
carbonyl compounds to the C-H compounds. The absorbance peaks observed within
16801600 cm ! and 14801430 cm ™! correspond to the carbonyl and C-H compounds of
PE, respectively [37].

DSC analysis of the waste plastics was performed following ASTM D3418-15 [38]
(Netzsch STA 449, Jupiter F5 heat flux DSC) using N at a gas flow rate of 50 mL min~! and
a heating and cooling rate of 10 K min~!. The DSC shows the temperatures at which the
plastics undergo chemical and physical transitions during thermal processing [38,39]. The
analysis used 7 + 1 mg of sample, and this was pressed into the crucible to ensure efficient
heat transfer. The plastic samples were subjected to a heat—cool-heat temperature program
(from 30 °C to 250 °C to 30 °C to 600 °C). The first heating cycle erased the thermal history
of the sample, and the second heating cycle provided the sample identification data. The
sample crystallinity was computed from the sample’s heat of fusion normalised with the
heat of fusion of 100% crystalline PE.

River sand was used as the filler aggregate. River sand is the most preferred construc-
tion aggregate due to its smoothly rounded particles; however, indiscriminate sand mining
causes severe environmental degradation [40]. Further research investigating alternative
aggregates, including quarry dust, is recommended. In this work, river sand was used
to establish a baseline of the mechanical properties of the plastic-bonded sand blocks
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produced in DCs for further research and comparison. The particle size distribution of the
sand was determined by sieving, using a 1000 g sample (ASTM D6913/D6913M-17) [41].
The coefficients of uniformity (C,) and curvature (C.) were computed as [42]

_ Deo
Cu - DlO/ (1)
2
C D3 o)

C:7
Deo x Dy

D1, D3g, and Dgg represent the particle sizes corresponding to the 10%, 30%, and 60%
passing points on the PSD curve.

2.2. Block Production and Testing

The plastic-bonded sand interlocking block samples were manufactured at a plastics
recycling company in Accra, Ghana (NELPLAST). Figure 2 shows the manufacturing
process. The sorted plastics and river sand were sun-dried for 24 h before processing.
The plastics were shredded, and the sand was sieved to remove coarse aggregates and
impurities. The required quantities of the shredded plastics and sand were then thoroughly
mixed using a shovel to twist and turn over the mix from the middle, as shown in Figure 2
(steps 5 and 6). The plastic-sand mix was then fed into a locally manufactured single-
screw extruder.

The barrel of the single-screw extruder uses a resistance heating method. This setup
generates heat by passing current through a wire with large resistance. The heat is then
transferred from the barrel walls into the plastic-sand mix via conduction. The mix moves
through three mixing zones in the extruder, including the feeding, melting, and melt-
pumping zones. The residence time of the plastic-sand mix can be regulated. In this work,
the residence time of the plastic-sand mix was approximately 15 to 20 min, depending
on the type of plastic waste binder being used. The residence time was chosen based on
preliminary experiments reported in previous research [30]. The heat energy was supplied
by the national electricity grid, which is mainly generated from hydroelectricity. The
production process is a unit-based system and can be modified to use heat generated
from waste, such as flue gases from incinerators. Although the existing extruder has been
certified for operation in Ghana, significant design modifications are recommended to
improve its energy efficiency and reduce the wear and tear of the extruder. The use of sand
in the mix may increase the frequency of equipment breakdown during operations.

The required quantities of plastics and sand were used according to the mix ratios
shown in Table 1. The selected ratios achieved the highest 50 mm cube compressive
strengths during preliminary studies. The sand and plastic were thoroughly mixed using a
shovel to twist and turn the mix over from the middle. The plastic-sand mix was then fed
into a locally manufactured single-screw extruder. The extrusion mechanism adopted was
similar to the heat-mixing technique previously reported [30,31].

Table 1. Table showing the mix designs of the plastic-bonded sand interlocking blocks.

Plastic Waste Binder PWB Content Sand Content TZ::CziZItI:fe
(PWB) Type (Wt.%) (Wt.%) {’O o
Water sachet 25.0 75.0 250-300
Bottle caps 25.0 75.0 250-300
Water sachet + bottle caps 25.0 *80:20 250-300

* The ratio of bottle cap to water sachet content (wt.%) in the plastic waste binder (PWB) proportion of the mix. The
PWB proportion was 25 wt.% in all the samples. The plastic-to-sand ratios chosen are the optimum parameters
for attaining the highest compressive strength in 50 mm cubed plastic-bonded sand samples, as reported in the
literature [30,31].
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Figure 2. The production process of the plastic-bonded sand interlocking blocks.
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The plastic-sand mix was extruded at 250 to 300 °C. The selected processing tempera-
tures achieve the optimum mechanical properties in plastic-bonded sand blocks produced
with the heat mixing technique. The elevated temperatures achieve the optimum viscosity
for mixing the sand into the molten plastics. Higher temperatures reduce the material
toughness, plasticity, and flexural and compressive strengths due to thermal degradation.
Lower temperatures produced heterogenous samples with reduced strength due to ineffi-
cient mixing [30]. The extrudate was then transferred into locally designed steel moulds.
The moulds were mounted on a hydraulic press and had two parts: (a) a piston attached to
a flat plate and (b) a hollow section. The shape of the flat plate and the cross-section of the
hollow section were cut according to the specifications of the desired interlocking block.
Before casting, the top of the flat plate was first aligned to the baseline of the hollow section
at a depth 10% lower than the height of the block sample. The mould was then filled with
the molten plastic—sand mix and compressed into shape. The samples were removed from
the mould using the hydraulic piston after water-cooling the moulds for approximately
10 min. They were then trimmed to shape.

Figure 3 shows the dimensions and shape of the interlocking block samples. The
vertical interlocking keys are formed from the top protrusions and bottom recessions. The
side protrusions and grooves also restrict lateral movement. Each block had 10 vertical
cylindrical holes to reduce weight. The wall formed did not have any mortar joints.
However, the hollow sections allow for cement grouting to enhance the wall stability when
necessary. Compressive strength tests on the blocks were conducted following ASTM
C140 [43]. The top protrusions of each sample were cut and restrained between two steel
plates to ensure even stress distributions and prevent local failure during testing. The
compressive strength was calculated as the ratio of the maximum load to the bearing area,
excluding the hollow spaces.

Process description for Figure 2:

Heaps of sand are sun-dried for at least 24 h.

The dried river sand is then sieved to remove coarse aggregates.

The shredded polyethylene waste is sun-dried for 24 h.

The required quantities of the sand and PW are measured.

The sand and plastic waste are spread out evenly.

The plastic waste and sand are thoroughly mixed using a shovel. The shovel is used
to turn over the mix by twisting from the centre to the sides. Mixing continues until a
uniform plastic waste-sand mixture is achieved.

7. The mixture is then fed into the locally fabricated extruder through a hopper.

oG W=

— 355.6 -—
25.4
1 1 1 1
1 | | | 4 L (— | B = T
| “ I 11762 [ I__L_J__l__I_I__L\I
127.4 I 1762 || | i R Ll Il I 127
SRR R e [y I [ [ 11
. | - / | L L L _1\ *
y25.4 SO A R e S v
! | | 25.4
| 508 |- 25, 203.2 s L !
—= 50.8 [=-— ~ ' 355.6 ! ~| Cp———

Figure 3. Cont.
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Figure 3. Schematic diagram detailing the shape and dimensions of plastic-bonded sand interlocking
blocks. The figure shows the (a) left side view, (b) front view, (c) top, (d) bottom, (e) 3D view of the
top, and (f) 3D view of the bottom of the block. All dimensions are in mm. The dimensions of the
interlocking block were designed using AutoCAD inventor.

2.3. Wall Panel Fabrication and Testing

The protrusions, grooves, and recessions of the blocks were trimmed before form-
ing the wall panels. The 7-course wall panels had a length, height, and thickness of
900.0 mm x 890.0 mm x 152.4 mm, respectively. Side protrusions were hammered into the
grooves of adjacent blocks to form lateral interlocking keys for the base course. Once the
base course was aligned, the top protrusions were locked into the recessions underneath
the overlaying blocks to form the next wall course. This process continued until all 7 wall
courses had been completed. The topmost protrusions were then cut to smooth the top of
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the wall. Compressive tests on the wall panels were conducted at the Ghana Standards
Authority facilities. A forklift was used to covey the constructed wall panels onto a com-
pressive testing rig set-up, as shown in Figure 4. Figure 5 provides a graphical summary of
the mounting and testing of the plastic block wall panels.

vertical load piston

A
890.0
1.:(] v
SIS LTSI TSI 7o i
< > >

900.0 152.4

Figure 4. Schematic diagram of the compressive test set-up of the plastic-bonded sand interlocking
block wall panels. All dimensions are in mm.

Process description for Figure 5:

—

Unwanted protrusions on the interlocking keys are removed using a machine cutter.

Full stretcher blocks are cut to form the half blocks shown in 2a.

3. The interlocking keys are removed from the blocks to be used for the top course of
the wall. The surfaces are then smoothened, as shown in 3a.

4. The protrusions are locked into the grooves to form the interlocking keys that hold
the wall together.

5. Top-course interlocking blocks are laid.

6. The completed wall is placed on a pay loader and transported to the mechanical
testing area.

7. The wall is transferred to the compression testing unit.

8.  The wall is properly aligned, directly under the loading beam prior to testing.

N
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Figure 5. Fabrication process of the plastic-bonded sand interlocking block wall. The excess block
protrusions are first removed. Half blocks are then cut from the stretcher blocks. The base course is
then laid by hammering the block protrusions into grooves of adjacent blocks before continuing with
the subsequent courses.
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3. Results
3.1. Materials” Characterisation

The FTIR results identified the plastic waste binders as polyethylene (CyHy).
Figure 6 compares the FTIR sample spectra to that of the pure PE spectrum. The av-
erage percentage similarity between the water sachet (WS) samples and PE reference
spectra was approximately 95%. The water sachet spectra had PE characteristic bands
at 2900-2950 cm !, 28002850 cm !, 1425-1480 cm ™!, and 700-730 cm !, These bands
correspond to the symmetrical stretching of -CHj, asymmetrical stretching of -CH,, de-
formations of C-H bonds, and vibrations of the methylene functional group connections,
respectively. Other absorbance peaks recorded within 1300-1350 cm ! and 1340-1380 cm !
are also due to the torsional and swinging deformation of -CHj3 and balanced deformations
of -CH3, respectively [44-47].

1

0.9
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<
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Figure 6. FTIR spectra of the water sachet (WS) samples and HDPE bottle cap shreds. The samples’
spectra are compared with the reference spectra of pure HDPE and LDPE pellets obtained at a spectral
resolution of 4 cm 1. The graph indicates no distinct variations in the absorption intensities at the
bands relevant for differentiating between LDPE, HDPE, and LLDPE.

Absorbance peaks within 1600-1800 cm ! are due to the carbonyl compounds formed
when the polymer degrades. Carbonyl bands are due to C=0 stretching vibrations in the
carboxylate or carboxylic acid salt (1610-1550 cm '), amide (1680~1630), conjugated ketone
(1690-1675), carboxylic acid (1725-1700), ketone (1725-1705), aldehyde (1740-1725), and
ester (1750-1725) [35,36]. The bottle caps showed no sign of degradation with carbonyl
indices of 0.0. Eight of the water sachet samples recorded carbonyl indices below 0.2,
indicating little to no degradation before thermal processing. The three water sachet
samples that had degraded appreciably recorded carbonyl indices between 1.1 and 2.3.
The alcohols formed from polymer degradation were observed within approximately
1050-1200 cm 1! [35]. Absorption bands of 3400 to 3200 cm~ ! and around 1600 cm ™!
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confirmed the presence of primary antioxidants in WS2, WS5, and WS9 [36]. The peaks
within 1100-1300 cm ! suggested the deposition of salts or other inorganic compounds.
Polyethylene (PE) is a non-polar polymer with no functional groups attached to its
carbon backbone. PE is a transparent and chemically resistant polymer with melting
temperatures between 110 and 137 °C, depending on the polymer structure. The level of
polymer branching classifies PE into high-density (HDPE), low-density (LDPE), and linear
low-density polyethylene (LLDPE). LDPE densities range between 0.91 and 0.94 g.cm 3
with 35 to 55% crystallinity due to its higher branching. In contrast, HDPE has reduced
branching, producing a closely packed polymer structure with densities above 0.94 g.cm 3.
Hence, HDPE has a higher crystallinity, hardness, strength, and stiffness than LDPE. The
density of LLDPE is similar to LDPE. However, LLDPE has straight, shorter branching with
improved strength and toughness [30,31,48]. Literature reports have confirmed the effect of
the PE type on the mechanical properties of plastic-bonded sand composites [30,31]. Hence,
the DSC curves of WS1, WS2, and WS3 presented in Figure 7 were compared to those of
pure HDPE, LDPE, and LLDPE, and their blends, to identify the different types of PE in the

water sachet samples.

0 I
B TR e S SR Y T L L]
1
~~
=
g 2 LDPE Pellets
E ----- HDPE Pellets
N’
Q — .. Ws1
172}
R 37 - - WS2
......... WS3
4 F
5 1 1
80 130 180 230

Temperature (°C)

Figure 7. The differential scanning calorimetry (DSC) curves of three selected water sachet samples
(WS1, WS2, WS3) in comparison with those of pure LDPE and HDPE pellets. The DSC curves

represent the second heating test run in nitrogen.

Thermal analysis showed that the water sachets were made from LDPE, HDPE, and
LLDPE polymer blends. WS1, WS2, and WS3 melted at temperatures of 135.4 °C, 127.5 °C,
and 129.4 °C, respectively. The high melting temperature of WS1 indicated the presence of
HDPE. The appearance of a sharp melting peak between 135 and 140 °C is due to the high
crystallinity of HDPE. WS1 had a slightly broader and shorter melting peak, indicative of a
polymer blend rather than pure HDPE.

WS1 had 43.82% crystallinity, which is lower than that of HDPE. The DSC curve of
W61 had close similarities to that of HDPE-LDPE blends with a higher HDPE content. The
DSC curves of such blends show a negligible peak corresponding to the LDPE and a more
pronounced peak corresponding to the HDPE but at a lower-than-expected temperature,
as observed with WS1 [49]. WS2 was confirmed as LLDPE due to its broad and bimodal
melting peak observed between 106 and 110 °C and 120 and 130 °C. Such complexities
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in the DSC curves are due to the heterogenous comonomer distributions and short-chain
branching of LLDPE [50-52]. The melting temperature for WS3 was inconsistent with the
characteristic LDPE, LLDPE, and HDPE temperatures. However, the DSC curves showed
a close similarity between WS3 and HDPE-LLDPE blends. Such polymer blends have
bimodal melting peaks similar to HDPE-LDPE blends but with lower melting temperatures
for the same HDPE content. The peak corresponding to the LLDPE diminishes with a
decreasing LLDPE content [50]. The DSC endotherms of the bottle caps, with a sharp
melting peak at 138.3 and 59.96% crystallinity, were consistent with HDPE. Table 2 presents
the data on the thermal characterisation of the plastic waste binder samples.

Table 2. The crystallinity, heat of fusion, and melting temperatures of the WS1, WS2, WS3 and the
bottle caps.

s ) Crystallinity (%) Heat of Fusion (J/g) Melting Temperature (°C)
ample

P 1st Heating 2nd Heating 1st Heating 2nd Heating 1st Heating 2nd Heating
WS1 38.87 43.82 113.9 128.4 126.5 135.4
WS2 34.20 21.21 100.2 62.14 124.4 127.5
WS3 27.78 27.42 81.39 80.34 125.5 129.4
Bottle caps 56.49 59.96 165.5 175.7 133.0 138.3

The particle size distribution data, shown in Figure 8, characterised the river sand
as an open, course-grained, poorly graded soil with coefficients of uniformity (C,) and
curvature (C.) of 1.76 and 0.95, respectively. The sand had a specific gravity of 2.64 with an
effective particle size (D1g) of 0.42 mm.

100
9
80

70

% Passing by weight
%

20

10

0.01 0.1 1 10
Sieve sizes (mm)

Figure 8. Particle size distribution curve of the river sand used in the experiments.

3.2. Block Testing

The densities of the bottle cap-bonded sand (BBS), water sachet-bonded sand (WBS),
and mixed plastic-bonded sand (mPBS) interlocking blocks were 1.5, 1.6, and 1.6 g.cm’3, re-
spectively. Their average compressive strengths were 15.0, 13.3, and 14.8 MPa, respectively.
The different types of blocks exhibited similar failure modes under compression. The blocks
exhibited a failure similar to that of 50 mm cubed plastic-bonded sand samples [29-31].
The complete failure of the blocks was not observed. Failure resulted from the propagation
of shear cracks on all six block surfaces, including the top, bottom, side protrusion, groove,
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front, and back surfaces, as indicated in Figure 9. Visible cracks developing from the
hole edges propagated across the length of the top surface of only the bottle cap-bonded
sand blocks. Minute cracks developed from underneath the top protrusions to the side
protrusions, as shown in Figure 9b. Cracks also propagated from the top corners to the
centre of the side protrusion surface, as shown in Figure 9c. Figure 9d shows the splitting
away of the side protrusions from the shell of the blocks. One block developed minute
horizontal cracks across the side groove surface, as shown in Figure 9e. The front and back
surfaces of the blocks showed the most damage, with wider and longer cracks developing
along the length of the blocks, as shown in Figure 9f.

(a) (b)

(e) (f)

Figure 9. The development of cracks on the (a) top, (b) bottom, (c) side interlocking protrusions,
(e) grooves, and (f) front side of the plastic-bonded sand interlocking block units under compression.
(d) shows the splitting of the side protrusions from the main shell of the unit.

The blocks exhibited high toughness, with the core of the samples remaining intact
after failure. Minimal shape deformations were observed at failure. The failure mode
observations are due to the mode of application of the compressive loads. The load-bearing
area influences the extent of the damage at failure. Loads concentrated on the edges of the
bearing surface damage the surfaces while protecting the core of the blocks, as reported in
rubberised and conventional concrete interlocking blocks [53,54].
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(a)

3.3. Failure Mechanisms

Three variations of the wall panels were produced using the bottle cap-, water sachet-
and mixed plastic-bonded sand interlocking blocks. The bottle cap-, water sachet-, and
mixed plastic-bonded sand wall panels recorded compressive strengths of 5.7, 4.7, and
4.2 MPa, respectively. The three wall panels exhibited similar failure mechanisms but with
varying extents of damage. The top three courses of each wall panel failed, while the
bottom four courses showed little to no signs of failure at the end of the test, as shown in
Figure 10.

(b)

Figure 10. Figure showing the failure mechanisms observed for the plastic-bonded sand interlocking
blocks. The figure shows (a) the development of vertical cracks across the width of the interlocking
units, (b) the splitting of the interlocking grooves, and (c) the development of cracks from the edges
of the cylindrical holes in the interlocking blocks.

The initial compressive loads expanded the sides and top protrusions of the blocks to
further strengthen the interlocking keys due to the viscoelasticity of the blocks [30,31]. The
tightening of the interlocking keys resisted shear cracking in both the lateral and vertical
directions. Further loading initiated vertical shear cracks across the block width, as shown
in Figure 10a. The initial cracks developed when the applied load reached 64, 91, and 74%
of the ultimate failure load in the bottle cap-, water sachet-, and mixed plastic-bonded sand
wall panels, respectively. Further loading propagated the cracks through the wall panel
thickness, as was reported in mortarless block and conventional hollow wall panels [53-55].
Other failure modes observed included the splitting of the side grooves and protrusions, as
shown in Figure 10b. The cracks originating from the edges of the holes propagated along
the length of the blocks to split the wall, as shown in Figure 10c. The bottle cap-bonded
sand wall panels primarily failed due to cracks developing across the wall width through
the centre sections of the blocks, as shown in Figure 11a,b. The water sachet-bonded sand
wall panels primarily failed due to the splitting of the wall length, block’s side grooves,
and protrusions, as shown in Figure 11d. The mixed plastic-bonded sand wall panels
experienced the least damage from the proportional propagation of cracks across the width
and along the length of the wall, as shown in Figure 11e,f.
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(e) ()

Figure 11. Figure showing the failure mechanisms of the plastic-bonded sand interlocking block wall

panels. The figures on the left represent the development of the first crack in (a) bottle cap-, (c) water
sachet-, and (e) mixed plastic-bonded sand wall panels. The figures on the right show the state of
the (b) bottle cap-, (d) water sachet-, and (f) mixed plastic-bonded sand wall panels at the end of the
compressive tests.

4. Discussion

Due to the lack of source separation systems, there is a significant risk of recovering
contaminated plastic waste to produce inferior plastic interlocking blocks in developing
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countries (DCs). However, the FTIR results confirmed reports that the informal waste
collectors could use simple sorting techniques, including a stretching and flame test, to
recover polyethylene (PE) from municipal solid waste efficiently [2]. When ignited, PE
produces a well-lit blue flame and is more flexible than other waste plastics [30,31]. The
recovered PE bottle caps and water sachets can be used as plastic waste binders to produce
durable plastic-bonded sand interlocking blocks. However, the block properties are sensi-
tive to the PE type used in producing the plastic waste binder. The bottle caps achieved
better mechanical properties than the water sachets made of LDPE, HDPE, and LLDPE
blends. Proper quality control and separation systems will ensure the production of durable
blocks. However, the mechanical properties of the blocks made with water sachets could
significantly vary since it is not practical to separate the water sachets into different types
of PE for large-scale block production. The mechanical properties of the blocks are also
influenced by the filler aggregate’s type, size, and content [29-31].

The properties of the plastic-bonded sand interlocking blocks could be affected ad-
versely if degraded PE feedstock is used. Pure PE is highly resistant to degradation due to
high C-C and C-H bond energies between 300 and 600 KJ mol~! [56]. However, additives
used in packaging plastics, including catalysts, antioxidants, and plasticisers, reduce PE’s
degradation resistance after prolonged exposure to heat, UV-B, or UV-C [57-61]. However,
PE dumped into the environment degrades mainly due to UV-B exposure because UV-C
cannot penetrate the atmosphere to reach the earth’s surface [62]. PE degradation via
photo-oxidation or thermo-oxidation adversely affects the polymer crystallinity, thereby
affecting the mechanical properties of the blocks [63]. Literature reports have confirmed a
compressive strength reduction in LDPE-bonded sand samples due to the thermo-oxidative
degradation of the plastic binder [30,31]. The bottle caps and water sachet feedstock
showed little to no signs of degradation before processing and are therefore recommended
for producing blocks. However, further research into the durability of plastic-bonded sand
interlocking blocks after prolonged exposure to UV must be conducted. Source separation
systems and initiatives to encourage the proper storage of PE waste plastics in house-
holds must be promoted in DCs to ensure high-quality feedstock for the plastic recycling
industries, including plastic-bonded sand interlocking block production.

The developed interlocking blocks are lightweight and durable for wall systems in
DCs. The average block density ranged between 1.5 and 1.6 g-cm 3, typically lower than
the 2.2 to 2.4 g-cm ™~ of conventional concrete. The bottle cap-, water sachet-, and mixed
plastic-bonded sand interlocking blocks recorded compressive strengths of 15.0, 13.3, and
14.8 MPa, respectively. The bottle cap-, water sachet-, and mixed plastic-bonded sand
blocks only attained 59, 78, and 59% of their 50 mm cubed compressive strength due to
their shape. An improved design would enhance the compressive strength of the blocks. In
contrast, interlocking concrete blocks containing quarry dust have achieved 95 to 118% of
their cubed strength, suggesting that factors other than the shape could significantly affect
the compressive strength [54]. Table 3 compares the mechanical properties of the plastic-
bonded sand interlocking blocks to conventional hollow concrete interlocking blocks. The
plastic-bonded sand interlocking blocks offer a higher strength-to-density ratio than the
typical sandcrete wall blocks used in DCs. In Ghana, the compressive strength of sandcrete
blocks ranges between 1.4 and 2.8 MPa. The compressive strengths of the plastic-bonded
sand interlocking blocks meet the minimum requirement of 2.8 MPa and 1.5 MPa for
load-bearing and non-loading-bearing walls, respectively, in DCs [64].

Masonry walls can transfer structural loads to the foundations or resist lateral wind
and earthquake loads. The strength of mortar joints and the surface friction of the blocks
contribute significantly to the lateral resistance of conventional masonry walls [65]. The
cohesion of conventional continuous wall systems provides their initial shear strength. In
the case of vertically restrained plastic-bonded sand wall panels, initial shear stresses and
the applied structural loads are resisted by the interfacial friction between the interlocking
keys [55]. Lateral loads are transferred via the lateral interlocking keys without mortar joints.
However, the lack of mortar joints reduces the tensile strength of the wall panels [66,67].
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Table 3. Comparison of the properties of the plastic-bonded sand interlocking blocks to other blocks
reported in the literature.

Dimensions (mm) Average
Specimen Constituent Materials Density (g-cm—3) Compressive Reference
(L x B x H) (mm)
Strength (MPa)
Plastic-bonded sand Polyethylene waste, sand 356 x 152 x 127 1.5-1.6 13.3-15.0 -
interlocking blocks
Rubberised Cement, fly ash, sand,
interlocking units crumb rubber, water 250 x 125 x 105 17 185 1531
Dry stack interlocking Compressed soil 280 x 140 x 90 ; 11 [55]
compressed earth
Cement interlocking blocks ~~ Cement, quarry dust, 300 x 150 x 200 14-15 15.2-19.0 [54]

sand, water

Coconut fibre-reinforced
concrete interlocking blocks

Cement, sand, coarse
aggregates, coconut 400 x 200 x 195 21-2.3 16.5 [68]
fibre, water

Lightweight interlocking
cement blocks

Cement, sand, expanded
polystyrene beads, water

600 x 200 x 200 0.8 49 [69]

Putra interlocking
concrete blocks

Cement, sand coarse

300 x 200 x 150 - 22.9 [70]
aggregate, water

Steel fibre-reinforced
concrete blocks

Cement, sand coarse
aggregate, steel 600 x 200 x 300 1.5 6.1 [71]
fibres, water

Plastic-bonded sand interlocking block walls are orthotropic due to their hollow sec-
tions and wall structural discontinuities. The compressive strength of interlocking block
walls decreases with increasing eccentricity from the wall centreline. A direct correlation
also exists between the interlocking block units and the compressive strengths of their
corresponding wall panels [72]. The compressive strength of the bottle cap-, water sachet-,
and mixed plastic-bonded sand wall panels of 5.7, 4.7, and 4.2 MPa represented approxi-
mately 38, 36, and 29% of the compressive strengths of their block units, respectively. The
strength reduction is due to the increased slenderness ratio and discontinuities due to their
interlocking joints. Plastic-bonded sand walls exhibit three failure mechanisms: (i) vertical
crack propagation across the wall width, (ii) wall splitting due to crack propagation along
the block lengths, and (iii) side protrusion and grown splits. The viscoelasticity of the
blocks allows for further strengthening of the interlocking keys to resist more loads than
the conventional cement interlocking blocks. Interlocking block walls have recorded 40%
more lateral resistance than conventional solid block walls with mortar joints [67]. The
out-of-plane shear capacity of interlocking wall panels also exceeds the in-plane shear
capacity by 25% [68].

Using plastic-bonded sand interlocking blocks in masonry wall construction has sev-
eral advantages. Plastic-bonded sand blocks have high water and chemical resistance and
using them in the base course reduces the effect of capillary action on walls in waterlogged
areas. Minimal training is required for laying the blocks, and they offer a significant reduc-
tion in construction time. Conventional concrete blocks are brittle and require significant
packing and storage controls to prevent damage when transporting them on poor roads
in DCs. The careless transportation of concrete blocks increases block damage losses and
affects their structural integrity. In contrast, the viscoelasticity of the plastic-bonded sand
blocks offers a higher resistance to damage during transportation. However, the abra-
sion resistance of the blocks is similar to that of conventional concrete. Hence, there is a
significant risk of the blocks disintegrating into microplastics when used in applications
where there is high abrasion, such as road pavements. Using plastic-bonded sand in wall
construction reduces this risk. Further material property investigations to establish the
service and long-term durability of the plastic-bonded sand blocks are recommended to
harness their full potential.
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5. Conclusions

PE water sachets and bottle caps threaten environmental sustainability and public
health in developing countries (DCs) because of limited recycling options. Constructing
masonry walls with plastic-bonded sand interlocking blocks sustainably transforms prob-
lematic waste plastics into a valuable resource and creates jobs along the plastic value chain.

Water sachets in DCs are made from a varying blend of PE and, therefore, affect
the predictability or consistency of the mechanical properties of the plastic-bonded sand
blocks. Bottle caps, typically HDPE, produce a more UV-degradation-resistant interlocking
block with more consistent and superior mechanical properties to the water sachet-bonded
sand blocks. Introducing source separation systems and simple feedstock quality control
procedures would guarantee high-quality plastic waste to produce durable blocks.

The research data revealed that plastic-bonded sand interlocking blocks are lightweight
and durable for both load- and non-load-bearing wall construction in DCs. The properties
and failure mechanisms of the tested walls are sensitive to the type of PE binder in the
interlocking block units. The plastic-bonded sand blocks achieved compressive strengths
between 14 and 15 MPa, and their corresponding wall panels recorded between 4 and
6 MPa. The compressive strengths to density ratios of the plastic-bonded sand interlocking
blocks are higher than conventional concrete blocks, resulting in stronger wall panels. Better
configuration designs and reinforcements can be explored to strengthen the plastic-bonded
sand walls further.

Shear cracks develop on all the block surfaces at failure under compression. The
failure modes of the three wall panels were similar but with varying extents of damage.
The failure mechanisms of the walls were due to (i) the propagation of cracks across the
wall widths, (ii) a longitudinal wall split, and (iii) the separation of side protrusions from
the block shell.

Using plastic-bonded sand interlocking blocks in wall panels significantly reduces
construction costs and complexities to improve access to affordable housing in DCs. The
environmental benefits of plastic-bonded sand block production are significant because
the production process consumes large quantities of problematic waste plastics with no
water or cement requirements. Further research into the production efficiency, long-term
durability, and life cycle analysis of these novel blocks is recommended to harness the full
potential of these blocks.
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