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Abstract

Common ways of disposing waste plastic such as incineration and landfilling
have negative impacts on the environment. Partial replacement of natural ag-
gregate in concrete with waste plastic including polyethylene terephthalate
(PET) is more environmental friendly and sustainable. The effect of adding
5% to 20% waste plastic by volume of natural coarse aggregate (“gravel”) and
plastic particle size (3 to 7 mm) on the density and compressive strength of
plastic-concrete mix after 28 days of curing was studied. The results showed
that density of the concrete decreased from 2406.7 to 2286.7 kg/m’ as waste
plastic increased from 5% to 20% v/v compared with 2443.3 kg/m’ recorded
by concrete without waste plastic. Change in particle size from 3 to 7 mm has
no significant effect on the density of the plastic-concrete mix. The compres-
sive strength decreased as the volume and particle size of waste plastic in-
creased. When waste plastic volume changed from 5% to 20% v/v, the com-
pressive strength decreased from 20.5 to 15 MPa, 18.6 to 14.3 MPa and 17.2
to 13.8 MPa for 3, 5 and 7 mm waste plastic particle size respectively while
the concrete without plastic has 21.33 MPa. Therefore, the addition of 5%
(v/v gravel) of flaky waste plastic in the concrete produces a lightweight con-
crete which could offer economic benefit without substantially reducing the
compressive strength of the plastic-concrete mix.
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1. Introduction

Plastic is commonly produced from petroleum-based materials which are non-
renewable. Urbanization and rapid global industrial growth have increased usage
of plastic materials in our daily needs [1]. For instance, plastic is applicable in
making polythene bags, food packaging materials, water bottles, containers, cut-
ting boards, electrical appliances, furniture, vehicles, plastic beverage, margarine,
shampoo and detergent bottles [2]. The world’s annual consumption of plastic
products was about 5 million tons in the 1950s which has now increased to 100
million tons, resulting in increase in generation of plastic waste [3].

Plastic waste materials include surplus, obsolete, broken, old plastic furniture,
different household plastic materials, equipment, anti-static packaging materials
and devices containing plastic. Waste polyethylene terephthalate (PET) bottles
can contaminate natural water streams, killing aquatic animals and can clog up
urban drainage systems resulting in urban floods if they are not properly ad-
dressed [4]. These waste plastics are naturally non-degradable even after a long
period [5] due to their high thermal, mechanical and chemical resistance. Simi-
larly, incineration of plastic waste produces secondary pollutants such as toxic
gases and carbon monoxide. Hence, landfilling and incineration of waste plastic
is non-attractive option. Those common ways of disposing plastics significantly
contribute to accumulation of waste plastic and emission of air pollutants in the
environment [6] [7].

A more appealing and sustainable way of disposing plastic is to include it in
another product [8]. For instance waste plastic can be used as partial replace-
ment of natural aggregate such as gravel and sand in concrete. This study evalu-
ates the use of flaky PET waste plastics of three different sizes as partial replace-
ment of natural coarse aggregate (“gravel”) in concrete. Specifically the effect of
replacing gravel in concrete with different volume and size of flaky PET on
compressive and density of PET-concrete mix was studied. Very limited studies

are available in this area.

2. Methodology
2.1. Materials

Dangote Portland Cement used was supplied by a cement merchant in Samaru,
Ahmadu Bello University, Zaria, Nigeria. Its grade was 42.5 which conform to the
standard recommended by CEM II A-L BS EN 197-1 [9]. River dredged-air-dried,
sharp sand of particle size (1.0 - 1.05 mm) and gravel of particle size (10 - 17 mm)
were both obtained from the same locality in Samaru, Zaria, Nigeria. Moisture
content of the sand and gravel were 0.4% and 0.6% respectively. The water ab-
sorption capacity of the sand and gravel were 2% and 1.2% respectively. The ag-
gregates’ quality conforms to BS EN 12620:2002 + A1 [10].

Clean tap water obtained within the Department of Building, Ahmadu Bello

University, Samaru, Zaria, Kaduna state, was used in mixing concrete constitu-
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ents. The flaky polyethylene terephthalate (PET) plastics of three different sizes
(3, 5, and 7 mm) were obtained from waste plastic processor and its density was

390 kg/m’. A 0.6 water/cement (kg/kg) was added for mixing.

2.2. Experimental Procedures

The control concrete (normal concrete) contains cement, sand, gravel and water
while the recycled plastic aggregate concrete (RPAC) was casted by replacing
percentage volume of gravel with specified quantities and size of flaked polyeth-
ylene terephthalate (PET) plastics. Firstly, three different flake sizes: (3, 5 and 7
mm) of waste polyethylene terephthalate plastics were procured, and the density
of each was determined to ensure homogeneity in density of the three PET sizes.
Then, the moisture content and water absorption capacity of the sand and gravel

were both determined via oven-dry method.

2.3. Batching and Mixing

The concrete mix was designed in accordance with BS 8500-2 [11]. The control
concrete mix which contained no PET was made by mixing 1:2:4 of cement:
sand: gravel on mass basis. In the batches compared to the control, gravel was
partially replaced by PET (5% - 20% v/v gravel). Then, a 0.6 water/cement
(kg/kg) was added for mixing. Electric powered rotary concrete mixer was used

in each batch to ensure uniform mixing.

Materials Required for Casting a Batch

A batch contains three specimens (units). For an equal volume of PET and
gravel, mass of PET was measured to be =1/4 x mass of gravel due their differ-
ence in density. Water absorption capacity of the sand used was measured as
2.0% (kg/kg sand) while that of gravel was 1.2% (kg/kg gravel). Table 1 shows
the amount of materials required for a batch mix which was sufficient to cast 3
units of specimens (100 mm cube each). It contained 1:2:4 of cement: sand:
gravel on mass basis. A 0.6 water/cement (kg/kg) was used for mixing each 5%,
10%, 15%, and 20% PET (v/v gravel). It also shows the mass (kg) equivalent to%
(v/v gravel) replaced by PET.

Table 1. Materials required for casting a batch at specific gravel-PET replacement.

Material 5% 10% 15% 20%
Cement (kg) 8.357 8.357 8.357 8.357
Sand (kg) 16.714 16.714 16.714 16.714
Water for sand saturation (kg) 0.334 0.334 0.334 0.334
Gravel (kg) 31.758 30.086 28.415 26.743
Water for gravel saturation (kg) 0.381 0.361 0.341 0.321
Water for mixing (kg) 5.0142 5.0142 5.0142 5.0142
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2.4. Preparation of Specimens

After mixing the constituents of the concrete, the workability of each fresh batch
was determined via slum test according to ASTM C143 [12]. A mold that has
conical frustum of top and base diameter and height of 4, 8 and 12 inches re-
spectively was filled up with freshly prepared concrete mix in three layers of
equal volume. Each layer was compacted with twenty-five strokes of tamping
rod. Then the slump frustum mold was lifted vertically upward, and the differ-
ence between the height of the frustum and that of concrete after removing the
slump frustum was measured and recorded as the slump. Throughout the tests,
true slump ranged from 7 to 8.5 mm was observed in the various concrete mixes.
After slump determination, three cube molds of the same size (100 mm) were
filled up with fresh concrete mix. The concrete inside the mold was vibrated via
electronic poker vibrator for 15 seconds to ensure uniform compaction. Then
the surface of the concrete mix was leveled with trowel, and allowed to dry at
25°C for 24 h. The dried concrete mix was demolded and allowed to cure in a

curing tank for 28days to prevent moisture loss, and increase hardening.

2.5. Compressive Strength Test on Hardened Concrete

After 28 days of curing, the compressive strengths of the 100 mm cube concrete
casts were determined for each specimen containing gravel replaced by PET
(0%, 5%, 10%, 15%, and 20% v/v gravel) according to BS EN 12390-4 [13]. The
hardened concrete cube specimen was placed in turn on the compression testing
machine for crushing. Each hardened cube concrete was loaded steadily by the
compression testing machine without shock until no more loads can be sus-
tained. The Maximum force at each failure point was recorded from the visual
display unit (VDU) of the compression machine. The compressive strength was

computed using:
C=P/A (1)

where:

C= Compressive strength (MPa or N/mm?).

P = Average crushing force of the three cube specimens recorded by the
machine (kN).

A = Cross sectional area of the cube on which compressive force acts.

The procedure was repeated to obtain average crushing force, and the various
results recorded on different PET-sizes: 3, 5 and 7 mm.

2.6. Determination of Density

Densities of the cured dry concrete mix (Ze. after 28 days curing) were deter-
mined as follows. A dry cloth was used to dry off water from the wet surface of
the specimen. Then, the specimen was weighed on a weighing balance and the

mass recorded. The density was computed using:

M
Density, p= v (kg/m’) (2)
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where:

M = mass recorded on the weighing balance (kg);

V = volume of the mold (m?).

The procedure was used for each cube concrete mix containing PET (0, 5, 10,
15, and 20% v/v gravel) for flaky plastic particle size of 3, 5, and 7 mm.

2.7. Statistical Analysis

An independent sample t-test was conducted to determine if there is no signifi-
cant difference (ie. p > 0.05) between the mean compressive strength of the
concrete that contained 5%, 10%, 15% and 20% PET (v/v gravel), 3, 5 and 7 mm
PET particle size and the mean compressive strength of the concrete that con-
tained no PET.

3. Results and Discussion

3.1. Effect of Plastic Particle Size and Volume on Compressive
Strength of PET-Concrete

Figure 1 shows that increase in volume of flaky plastic from 0% to 20% v/v natural
coarse aggregate (gravel) caused decrease in compressive strength from 21.332 to
14.971 MPa for a fixed 3 mm flaky plastic size.

Figure 2 shows that increase in volume of flaky plastic from 0% to 20% v/v
natural coarse aggregate (gravel) caused decrease in compressive strength from
21.332 to 14.305 MPa for a fixed 5 mm flaky plastic size.

Figure 3 shows that increase in volume of flaky plastic from 0% to 20% v/v
natural coarse aggregate (gravel) caused decrease in compressive strength from
21.332 to 13.74 MPa for a fixed 7 mm flaky plastic size.

These results clearly show that increased addition of flaky plastic in the range
of 5% to 20% v/v of coarse aggregate consistently decreased the compressive

strength regardless of the waste plastic particle size. This observed reduction in
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Figure 1. Change in compressive strength of PET-concrete at different PET replacement.
Volume of PET added: 0% - 20% v/v gravel; PET size: 3 mm.
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Figure 2. Change in compressive strength of PET-concrete at different PET replacement.
Volume of PET added: 0% - 20% v/v gravel; PET size: 5 mm.
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Figure 3. Change in compressive strength of PET-concrete at different PET replacement.
Volume of PET added: 0% - 20% v/v gravel; PET size: 7 mm.

compressive strength is attributable to the fact that, PET aggregates unlike natu-
ral coarse aggregates, cannot bond strongly with cement as natural aggregate
[14] [15]. This explains why PET-concrete mix often leaves voids within the ma-
trix of the specimen [16] [17] [18] [19]. In addition, PET aggregates are hydro-
phobic Ze. cannot absorb water; hence reducing water intake necessary for ce-
ment hydration for PET concrete specimens during the curing period [20].

Generally the compressive strengths of all the PET-concrete mix regardless of
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the particle sizes were lower than the concrete without any plastic waste. These
results support the findings of previous studies that increase in amount of waste
plastic (PET) as aggregate in concrete reduces its compressive strength [5] [7]
[21] [22] [23] [24].

In several studies the volume of natural aggregates replaced by plastic waste in
concrete is usually greater than 10%. For instance, Ramesh e al [25] replaced
20% to 40% gravel by low density polyethylene (LDPE). Ismail et al [14] re-
placed 10% to 20% sand by recycled plastic. Suganthy et al [1] replaced 25% to
100% sand by plastic while Patil et al [26] replaced 10% to 50% gravel by recy-
cled plastic. They all observed reduction in compressive strength of the resulting
plastic concrete mix. In the present study lower level was included z.e. 5% to 20%
v/v of gravel replaced by PET. This is to allow production of light weight con-
crete but still maintain the desired high compressive strength.

Figure 4 shows that the reduction in compressive strength due to inclusion of
flaky plastic waste became more intense with increase in particle size with the
highest strength at 5% and lowest at 20% v/v gravel PET replacement. For in-
stance at 5% inclusion, the compressive strength was 20.414, 18.620 and 17.215
MPa for 3, 5 and 7 mm flaky particle size respectively while at 20%, the recorded
compressive strength were 14.971, 14.305 and 13.78 MPa for 3, 5 and 7 mm
flaky particle size respectively. The results obtained clearly show that both in-
crease in percentage PET addition and size contribute to reduction in compres-
sive strength.

Figure 5 shows the percentage reduction in compressive strength of waste
plastic (PET) concrete mix compared with concrete containing no waste plastic.
It shows clearly that for the 5% - 20% PET added, the reduction in initial con-
crete strength range from 4.3% to 35.5% with 3 mm and 5% flaky plastic show-
ing the least while 7 mm and 20% flaky plastic having the highest reduction in
compressive strength. These reductions conform with the range reported by
other researchers [24] [26] [27] [28].

L I L I L I L I

0% 5% 10% 15% 20%
Gravel-PET replacement (% v/v)
E3mm ®5mm ¥ 7mm

25

— p— ~
< wn =

Compressive strength (MPa)

wn

Figure 4. Change in compressive strength of PET-concrete at different volume and size of
PET replacement. Volume of PET added: 0% - 20% v/v gravel; PET size: 3 - 7 mm.
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Figure 5. Percentage reduction in initial compressive strength with different gravel PET
replacement. Particle size: 3 - 7 mm; volume of PET added: 5% - 20% v/v gravel.

This means that reduction in compressive strength of RPACs is also influ-
enced by size of the plastic in the mix, Z.e. the bigger the size (surface area of unit
particles of the plastic), the higher the reduction in compressive strength. This is
because plastics surfaces have relatively poor interaction (extremely low adhesive
bond) with cement paste at these surfaces. Thus, at the surface of PET-cement
interface, there are always “void” caused by the poor adhesion between them.
Therefore, the bigger the PET size, the greater the “void”, hence the weaker the
compressive strength. In other word bigger particle size often caused lower bond
strength at the interfacial transition zone (ITZ) between the surface of the RPA
and the cement paste.

These results conform to similar studies. Specifically, Saikia and De Brito [15]
studied compressive strength of concrete mix containing three different sizes
and shaped particles: 1) Large particles (10 - 20 mm length); 2) shredded flaky
fine particles (2 - 5 mm length); and 3) cylindrical pellet shaped particles (3 mm
length). Each of these was tested over a series of replacement ratios, ranging
from 0% to 15% of fine aggregate. They found that 5% sand replacement with
fine plastic aggregate caused less than 2% reduction in compressive strength. In
contrast, replacement of sand with 5% larger plastic pellets caused 12% com-
pressive strength reduction.

In the present study natural coarse aggregate (gravel) was replaced with varied
size (3 to 7 mm) of flaky plastic rather than natural fine aggregate investigated
by Saikia and De Brito [15] and the results obtained also show that increase in
size of flaky plastic particle reduced the compressive strength. However, the com-

pressive strength obtained at 5% and 3 mm flaky plastic was not significantly
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Figure 6. Change in density of cube specimens with different gravel PET replacement.

Particle size: 3 - 7 mm; volume of PET added: 0% - 20% (v/v).

different from the compressive strength of the concrete without PET (p > 0.05)
while others indicated a significant difference from the concrete without PET (p
< 0.05). This suggests that the loss in compressive strength can be minimised at
small plastic particle size and low percentage replacement (Ze. 5% and 3 mm
flaky plastic).

3.2. Effect of Plastic Size and Volume on PET-Concrete Density

Figure 6 shows that increase in percentage PET from 0% to 20% as partial re-
placement of coarse aggregate (gravel) in the concrete decreased the density of
the PET-concrete mix. This result conforms with decrease in density as fine ag-
gregate (sand) in concrete replaced by the plastic bag waste (PBW) increased
from 10% to 40% [29]. The resulting density decrease was attributed to induced
voids created by the plastic waste causing greater volume than the concrete
without plastic; hence reduced density [16] [17] [18] [19]. However, change in
PET particle size at a fixed partial replacement has no significant effect on the
density of PET-concrete mix. This could be explained by the fact that plastic is
compressible; hence plastic of the same thickness, type, and percentage replace-
ment can be compressed to the same volume regardless of different particle size

when subjected to the same force.

4. Conclusions

From the results of this study the following conclusions were reached:

1) The compressive strength of the flaky PET-concrete reduces as the volume
of gravel replaced by flaky PET increases from 5% - 20% v/v gravel.

2) Increase in particle size (3 - 7 mm) of flaky PET decreases the compressive
strength of the PET-concrete mix.

3) Increase in volume of gravel replaced by flaky PET (5% - 20% v/v gravel)
moderately decreases the density of the resulting PET-concrete mix but change
in flaky PET particle size shows no significant effect on the density.
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