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Abstract: The use of concrete in road construction has grown over the past decade due to the mate-
rial’s great durability. However, concrete has poor tensile strength, ductility, and energy absorption.
This paper aims to investigate the utilization of plastic waste, namely polypropylene (PP), to create a
novel fiber to enhance the engineering properties of fiber reinforced concrete (FRC), an eco-friendly
concrete that can reduce environmental problems. The 28-day design strengths of 28 and 32 MPa
were used in this study because the compressive strength requirements for concrete footpaths and
pavement specified by Austroads and the Department of Highways, Thailand, were at least 25 and
32 MPa, respectively. The fiber (F) was a mixture of virgin PP and recycled PP (RPP). The study used
F contents of 0.25, 0.50, 0.75, and 1% by weight of cement and PP:RPP ratios of 100:0, 75:25, 50:50,
25:75, and 0:100. The compressive strength, flexural strength, leaching, and CO, emissions savings of
FRC were evaluated. Improvements in the compressive strength, flexural strength, and toughness
of the samples with F were observed in comparison to the control concrete samples for all design
strengths. All mixtures met the compressive strength requirements for concrete footpaths, except for
F contents of 0.75 and 1% and a PP:RPP ratio of 0:100. By contrast, the 32 MPa FRC samples with F
contents of 0.25 and 0.5% and all PP:RPP ratios met the requirements for rigid pavement. From an
environmental perspective, the heavy metal contaminants of the 32 MPa FRC sample were within
the allowable limits for all mixtures. Regarding incineration disposal, the maximum CO, emissions
savings of 28 MPa and 32 MPa FRC with an F content of 0.5% and a PP:RPP ratio of 0:100 were
1.0 and 1.11 kg CO,-e/m3, respectively. This research will enable plastic waste, traditionally destined
for incineration and landfill disposal, to be used as a sustainable fiber in the construction industry.

Keywords: plastic waste; recycled polypropylene fiber; heavy metals; CO, emissions savings

1. Introduction

Infrastructure development plays an important role in stimulating a country’s eco-
nomic growth. Pavement, one component of infrastructure, includes both rigid and flexible
pavement. Rigid pavement is constructed from cement concrete, which is widely used
worldwide. The advantages of cement concrete pavement are its high strength and dura-
bility compared to flexible pavement. However, cement concrete pavement has poor
flexural strength, ductility, and energy absorption. In addition, the use of cement concrete
pavement results in large CO, emissions, adding to global warming [1]. As a result, the
utilization of waste materials to enhance the properties of pavement materials is of interest
to researchers. Their goal is to identify preferred strategies that are in accordance with
sustainable development goals around the world [2].
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Global annual solid waste generation amounts to approximately 2.01 billion tons and
is forecasted to reach 3.40 billion tons by 2050 [3]. The United Nations (UN) Environment
Programme reported in 2019 that the world generates over 300 million tons of plastic
garbage each year. However, only 14% of that material is collected for recycling, and only
9% is actually recycled [4]. In 2018, Thailand produced 27.8 million tons of solid waste, of
which 39% was correctly disposed of, 34% was recycled, and 27% was illegally disposed
of (open dumping) [5]. Annually, 2.33 million tons of plastic are manufactured. Plastic
consumption has grown by 7-8% every year, leading to waste management problems
related to recycling, incineration, and disposal [6,7]. Incineration has the disadvantage
of emitting large amounts of CO, into the environment and atmosphere. Furthermore,
since plastic waste does not decay, corrode, or dissolve, it contributes to environmental
contamination [8,9]. Thus, utilizing plastic waste to enhance the properties of concrete for
concrete footpaths and pavement applications is environmentally advantageous.

Numerous studies in the concrete construction field have examined the utilization of
plastic waste, including polyethylene terephthalate (PET) [10-13], polyethylene (PE) [14,15],
and polypropylene (PP) [16-19]. The plastic waste that has been utilized in concrete in-
cludes aggregate and synthetic fibers [14,19-23]. Basha et al. [13] studied the mechanical
characteristics of lightweight recycled plastic aggregate concrete and concluded that utiliz-
ing 100% and 25% recycled plastic aggregate provided unit weights of 1500 and 2000 kg/m?
and compressive strengths of 17 and 35 MPa, respectively. Abu-Saleem et al. [19] inves-
tigated the strength of recycled plastic aggregate concrete using PET, High-Density PE,
and PP. These recycled plastic types were treated with microwave radiation to improve
the adhesion of the plastic particles to the matrix, resulting in an increase in concrete
strength [20].

Additionally, reinforcing concrete with plastic fibers can improve several mechanical
properties due to the effect of fiber bridging across the cracks [21-23]. At optimum fiber
content, plastic fiber reinforced concrete indicated higher flexural strength and toughness
than unreinforced concrete [24]. However, the high fiber content may decrease workabil-
ity and increase porosity because of pore connectivity in the interfacial transition zone
(ITZ) [25], resulting from the material’s smooth surface and hydrophobic nature [26,27].
Sukontasukkul et al. [23] reported that the maximum compressive strength of high calcium
fly ash geopolymer mortar was found at a PP fiber content of 0.5% by volume fraction.
Similarly, Chindaprasirt et al. [24] concluded that 0.5% and 1.0% PP fiber contents by weight
of FA offered the maximum compressive strength and flexural strength, respectively. Yin
et al. [28] produced fiber from 50% virgin and 50% recycled polypropylene using a melt
spinning and hot drawing method in an industrial factory. They found that a 50% virgin
and 50% recycled PP fiber blend had the same tensile strength as, but a greater Young's
modulus than, virgin PP fiber. The properties of recycled polypropylene fibers in concrete
for footpath applications were studied by Yin et al. [29], who concluded that the energy
absorption of fiber reinforced concrete with a virgin PP to recycled PP ratio of 50:50 was
higher than that using only virgin PP fiber due to the greater Young’s modulus and tensile
strength. The lowest energy absorption was found when using recycled PP fiber [30,31].

Although research has been conducted on the use of plastic waste in concrete ap-
plications, an engineering and environmental evaluation of recycled plastic waste fiber
reinforced concrete has not been done previously, and this is the focus of the current re-
search. This paper aims to explore the utilization of plastic waste to create a novel fiber,
which is a mixture of virgin polypropylene (PP) and recycled polypropylene (RPP), to
improve the engineering properties of fiber reinforced concrete (FRC) for eco-friendly
concrete footpaths and rigid pavement. The compressive and flexural strengths of FRC
were investigated, along with its environmental impacts via a leaching test according
to the toxicity characteristic leaching procedure (TCLP) and its CO, emissions savings.
The influence factors studied were design strength, fiber content, and PP:RPP ratio. This
research will enable plastic waste, which is currently intended for incineration and landfill
disposal, to be utilized as a sustainable fiber in concrete footpaths and pavement.
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2. Materials and Methods
2.1. Materials

The aggregate materials used in this study consisted of coarse and fine aggregates. The
coarse aggregate was crushed limestone collected from a stone mill factory in Pak Chong
District, Nakhon Ratchasima Province, Thailand. The maximum size, water absorption, and
specific gravity of the coarse aggregate were 19 mm, 0.43%, and 2.70, respectively [32,33].
River sand with a specific gravity of 2.60 was used as the fine aggregate [34]. The maximum
size and water absorption of the fine aggregate were 4.75 mm and 0.47%, respectively [32].
The particle size distribution of the aggregate materials is shown in Figure 1. The particle
sizes of the aggregate material samples were prepared according to ASTM C33 [35].
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Figure 1. Grain size distribution curves of aggregate.

Ordinary Portland cement (OPC) was used in this study. The OPC had a specific
gravity of 3.09, and its chemical properties are listed in Table 1. The main chemical
in the OPC was calcium (CaO) at 66.53%. Silica (5iO;) and alumina (Al;O3) made up
19.88 and 4.88% of the OPC, respectively.

The PP and RPP pellets were obtained from IRPC Public Co., Ltd. (Rayong, Thailand)
and Thai Rung Rueang Plastic Co., Ltd. (Samut Prakan, Thailand), respectively, as shown
in Figure 2a. In this study, the fibers at PP:RPP ratios of 100:0, 75:25, 50:50, 25:75, and
0:100 were mixed and extruded at a temperature of 315 °C and a stretching temperature
of 140-170 °C. The fiber specimens at PP:RPP ratios of 100:0 and 0:100 are shown in
Figure 2b,c, respectively. The density of the fibers was 0.90-0.95 g/cm?. The fibers had a
nominal diameter of 2 £ 0.1 mm. The fibers were cut into pieces 50 mm in length. The
tensile properties of the plastics were evaluated according to ASTM D638-14 [36].



Sustainability 2022, 14, 6839 40f 15

Table 1. Chemical composition of OPC.

Chemical Compositions

OPC (%)

S5i0, 19.88
Al O3 4.88
F6203 3.18
CaO 66.53
MgO 1.48
SO; 291
K,O 0.20
LOI 0.96

(b)

Figure 2. The appearance of (a) PP and RPP pellets, (b) PP fiber, and (c) RPP fiber.

(c)
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2.2. Sample Preparation and Testing

The concrete mix design method following ACI 211.1-91 [37] was used to prepare the
28 MPa and 32 MPa control concrete without fiber, with slump values varying between
75 and 100 mm. The mixed proportions of the control concrete and fiber reinforced concrete
(FRC) are indicated in Table 2. The fiber (F) contents were used in four different percentages:
0.25, 0.50, 0.75, and 1% by OPC weight. PP:RPP ratios of 100:0, 75:25, 50:50, 25:75, and 0:100
were used. To prepare the specimens, dry fine aggregates and OPC were mixed for 2 min
to obtain a uniform mixture. Then the F was added and mixed for another 3 min to ensure
the homogeneity of the mixture. Next, tap water was added to the mixture, and mixing
continued for another 2 min. In the final step, the coarse aggregates were added into the
mixer, and mixing continued for 3 min. The fresh FRC was carted in molds 100 mm in
diameter and 200 mm in height for the compressive strength test and 100 x 100 x 400 mm
for the flexural strength test. The samples were wrapped in a plastic sheet and cured
at room temperature, that is, 27-30 °C. At a curing time of 28 days, the samples were
evaluated using a compressive strength test according to ASTM C39 [38] and a flexural
strength test according to ASTM C78 [39]. To ensure data consistency, three specimens were
created for each mix proportion, resulting in a total of 252 specimens for the compressive
strength and flexural strength tests.

Table 2. The mix proportions of control concrete and FRC.

Coarse

Item Ceme131t Fine Aggr3egate Aggregate Wate; Fiber0 Content Fiber Cor;tent
(kg/m?) (kg/m>) (kg/m?) (kg/m>) (%owt) (kg/m?)
28 MPa control concrete 353.24 739.91 1007.98 210 0 0
28 MPa Concrete + 0.25% F 353.24 739.91 1007.98 210 0.25 0.88
28 MPa Concrete + 0.50% F 353.24 739.91 1007.98 210 0.50 1.77
28 MPa Concrete + 0.75% F 353.24 739.91 1007.98 210 0.75 2.65
28 MPa Concrete + 1.0% F 353.24 739.91 1007.98 210 1.00 3.53
32 MPa control concrete 390.77 708.73 1007.98 210 0 0
32 MPa Concrete + 0.25% F 390.77 708.73 1007.98 210 0.25 0.98
32 MPa Concrete + 0.50% F 390.77 708.73 1007.98 210 0.50 1.95
32 MPa Concrete + 0.75% F 390.77 708.73 1007.98 210 0.75 2.93
32 MPa Concrete + 1.0% F 390.77 708.73 1007.98 210 1.00 3.90

The toxicity characteristic leaching procedure (TCLP) test is the technique recom-
mended by the United States Environmental Protection Agency [40]. The TCLP experi-
ments were conducted on 28-day 32 MPa FRC at fiber contents of 0 and 0.75% and PP:RPP
ratios of 100:0 and 0:100 for various heavy metals. For the leachate testing, the samples
were crushed into 9.5 mm particles. Then an acetic acid solution was prepared to extract the
sample. A solid to liquid ratio of 1:20 was used. The mixture was agitated in the extraction
vessels using end-over-end rotations at 30 rpm for 18 h. After removing suspended particles
from the leachate, it was filtered through a 0.45-m filter. Finally, inductively coupled plasma
mass spectrometry (ICP-MS) was used to determine the metals contained in the leachate.

3. Results and Discussions
3.1. Mechanical Characteristics

Figure 3 indicates the relationships between stress and strain for F at PP:RPP ratios of
100:0, 75:25, 50:50, 25:75, and 0:100. The stress value of F increased as the strain increased
up to the maximum value and beyond, and the stress tended to drop for all PP:RPP ratios.
The maximum stress value of F was found at a PP:RPP ratio of 100:0, whereas the minimum
stress value of F was found at a PP:RPP ratio of 0:100. The stress values of F at PP:RPP ratios
of 100:0, 75:25, 50:50, 25:75, and 0:100 were 354, 325, 290, 265, and 225 MPa at maximum
strain values of 0.055, 0.045, 0.038, 0.03, and 0.028, respectively. Similar trends were also
reported by Yin [28], who concluded that F prepared with a PP:RPP ratio of 100:0 exhibited
a 33% higher tensile strength than F prepared with a PP:RPP ratio of 0:100. Moreover,
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Yin et al. [30] showed that the tensile strength of F prepared with a PP:RPP ratio of 100:0
was up to 25% lower than that of the F mixed with a PP:RPP ratio of 0:100. This is due to
the addition of RPP in the specimens led to a lower molecular weight and shorter molecular
chains as a result of higher crystallinity and different crystal sizes [29,30].
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Figure 3. The relationship between stress and strain of F at different PP:RPP ratios.

The compressive strength requirements for concrete footpaths, as specified by Aus-
troads [41], and for rigid pavement, as specified by the Department of Highways, Thai-
land [42], are at least 25 and 32 MPa, respectively. Therefore, design strength values of
28 and 32 MPa were used in this study. The compressive strengths of 28 and 32 MPa FRC
at F contents of 0, 0.25, 0.50, 0.75, and 1% and PP:RPP ratios of 100:0, 75:25, 50:50, 25:75, and
0:100 are indicated in Figure 4. It can be noted that the 28-day design compressive strengths
of 28 and 32 MPa control concrete were 31 and 33.5 MPa, respectively. The compressive
strength of both the 28 and 32 MPa FRC increased with an F content of 0.25%, and when
the F content was increased to 1% or greater, the compressive strength decreased for all
PP:RPP ratios. For example, the compressive strength values of the 28 MPa FRC samples
with a PP:RPP ratio of 100:0 were 31, 31.3, 29, 28.8, and 27.7 MPa for fiber contents of 0, 0.25,
0.50, 0.75, and 1%, respectively. The results are in good agreement with the results reported
by Toghroli et al. [13], who concluded that incorporating 1 and 2% waste plastic fiber in the
samples can increase compressive strength by 25 and 29%, respectively. This is because the
sewing effect of fiber mitigates the stress concentration [13]. On the other hand, an excessive
F content caused a large void in the sample, resulting from a lack of workability [7,43].
This finding agrees with the results reported by Sukontasukkul et al. [23]. In their study,
the compressive strength of polypropylene fiber reinforced geopolymer decreased from
47 to 35 MPa for F contents of 0.5 and 1%, respectively.
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Figure 4. Compressive strength of (a) 28 and (b) 32 MPa FRC at different F contents and PP:RPP ratios.

(b

The effect of PP:RPP ratios on the compressive strength of 28 and 32 MPa FRC is
shown in Figure 4. At a particular F content, the compressive strength of the 28 and 32 MPa

FRC samples decreased for PP:RPP ratios ranging from 100:0 to 0:100. For example, the

respectively. A similar finding regarding a decrease in the compressive strength of FRC
for PP:RPP ratios of 100:0 and 0:100 was also reported by Yin et al. [30]. In their study, the

compressive strength values of the 32 MPa FRC sample with an F content of 0.25% were
34, 33.9, 33, 32.5, and 32.4 MPa for PP:RPP ratios of 100:0, 75:25, 50:50, 25:75, and 0:100,
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compressive strength was found to decrease by about 4.4%. This is because the addition
of RPP in the F results in decreased tensile strength and a decreased Young’'s modulus of
F [29]. The maximum compressive strengths of 28 and 32 MPa FRC were found at a fiber
content of 0.25% and a PP:RPP ratio of 100:0; these maximum compressive strengths values
were 31.3 and 34 MPa, respectively. Considering the compressive strength requirements for
concrete footpaths, all mixtures were suitable, except for those with F contents of 0.75 and
1% and a PP:RPP ratio of 0:100. By contrast, the 32 MPa FRC samples with F contents of
0.25 and 0.5% met the rigid pavement requirements for all PP:RPP ratios.

Figures 5 and 6 indicate the relationship between load and deflection for 28 and 32 MPa
FRC. It can be seen that the load—deflection curves for 28 and 32 MPa FRC were higher than
those for the control concrete for all fiber contents and PP:RPP ratios. This is because the
addition of F content results in the bridging effect. Furthermore, the concentration of stress
was reduced as a result of the sewing effect of fibers, which enables the FRC sample to
sustain a higher load until total failure [12,13]. Overall, loads increased with deflection up
to the peak loads for all F contents, PP:RPP ratios, and design strengths. Beyond the peak
loads, 28 and 32 MPa FRC maintained the load, except for those samples with an F content
of 0.25%. This is because an F content of 0.25% was insufficient to cause the fiber bridging
effect and the sewing effect [12,13]. Therefore, the ductile behavior of 28 and 32 MPa FRC
was found at F contents higher than 0.25%. On the other hand, 28 and 32 MPa FRC with a
fiber content lower than 0.25% demonstrated brittle behavior.

16 16
Fiber content = 0.25 %wt Control concrete Fiber content = 0.50 %wt —————  Control concrete
14 1 OPP:100RPP 14 1 OPP:100RPP
———-  25PP:75RPP ——-—-  25PP:75RPP
12 1 50PP:50RPP 12 4 50PP:50RPP
10 75PP:25RPP 0 2\ 75PP:25RPP
10 4 e P . ~ 10 4 N U [ 100PP:0RPP
Z N 100PP:0RPP z SN
< g A AN = gl IN' N \
-§ / B ~N F‘E AN
1y ‘ N
— 6 A ‘/ /. - 6 ‘//./ \'\ ~\}_\\\
4 /! 4 ! B
1 /// ) /-
2 1 7 2 A //
7 /
0 . : . 0 . : :
0 1 2 3 4 0 1 2 3 4
Deflection (mm) Deflection (mm)
16 16 -
Fiber content = 0.75 %wt C Fiber content = 1.00 %wt
—— Control concrete —— Control concrete
14 4 OPP:100RPP 14 1 OPP:100RPP
——.— 25PP:75RPP —w—=—  25PP:75RPP
12 1 v 50PP:50RPP 12 1 50PP:50RPP
J 75PP:25RPP 7\ 75PP:25RPP
= 107 100PP:0RPP = 107 VE/70N W e 100PP:0RPP
% % | / \.
e 8 3 8 i N N
g E //' NN
P I /A S — 6 1 e
1 S
4 A 4 A T
J/
2 2 4 /
0 - T T T 0 T T T
0 1 2 3 4 0 1 2 3 4
Deflection (mm) Deflection (mm)

Figure 5. Relationship between load and deflection of 28 MPa FRC at different F contents and
PP:RPP ratios.



Sustainability 2022, 14, 6839

9of 15

16 16
Fiber content = 0.25 %wt Control concrete Fiber content = 0.50 %wt Control concrete
14 1 OPP:100RPP 14 1 OPP:100RPP
——— 25PP:75RPP ——w—-  25PP:75RPP
12 4 50PP:50RPP SOPP:SORPP
o~ 75PP:25RPP \ 75PP:25RPP
= 10 4 7, X ~ === —  100PP:0RPP = N R 100PP:0RPP
~ : ’ i
S 8- A = N
< i I3 \
Q /) o .
— 6 i — \.
I/ ——
Ly oo To— LT Ti——en
i /
1
/
21 [
4
0 4 | | | . .
0 1 2 3 2 3 4
Deflection (mm) Deflection (mm)
16 16 T—
Fiber content = 0.75 %wt Fiber content = 1.00 %wt
14 Control concrete 14 Control concrete
i OPP:100RPP 1 OPP:100RPP
. ——— 25PP:75RPP . ———  25PP:75RPP
N 50PP:50RPP 1 N 50PP:50RPP
104 ! Y N, 75PP:25RPP . SR 75PP:25RPP
& W N 100PP:0RPP = 107 \ N 100PP:0RPP
S ‘ = AR
8 - v \ 8 - EANS \
§ VAN \ 13 2\ \
= 6 2/ AN e P R S L —
I | / T~ L=
4 - i a7
/) J
247 29Hr
/' /
0 - T T T 0 T T T
0 1 2 3 0 1 2 3 4

Deflection (mm)

Deflection (mm)

Figure 6. Relationship between load and deflection of 32 MPa FRC at different F contents and
PP:RPP ratios.

Figure 7 shows the flexural strengths of 28 and 32 MPa FRC. It demonstrates that
the flexural strength values of 28 and 32 MPa FRC were higher than those of the control
concrete for all F contents and PP:RPP ratios. For example, the flexural strengths of the
32 MPa FRC samples with a PP:RPP ratio of 0:100 were 4.5, 4.69, 4.75, and 4.7 MPa for
F contents of 0.25, 0.50, 0.75, and 1%, respectively, whereas the flexural strength of the
control concrete was 4.4 MPa. This is because the fiber enhances the tensile strength of the
sample [17,30].

The maximum flexural strength of both the 28 and 32 MPa FRC samples was found
at an optimum fiber content of 0.75% for all PP:RPP ratios. For F contents lower than
optimum, the flexural strength of the 28 and 32 MPa FRC samples increased as F content
increased because of fiber bridging across the cracks [21-23]. Beyond the optimum fiber
content, the flexural strength of the samples decreased due to less workability resulting
in high porosity [24,27]. In addition, the smooth surface and hydrophobic nature of the
material caused pore connectivity in the interfacial transition zone (ITZ) [25-27].

At a particular F content, the flexural strength of the 28 and 32 MPa FRC samples
decreased with PP:RPP ratios ranging from 100:0 to 0:100 due to the reduced tensile strength
of the fiber. This was associated with a decrease in compressive strength. The flexural
strength requirements for rigid pavement specified by Austroads [41] and the Department
of Highways, Thailand [42] were at least 4.5 and 4.2 MPa, respectively. All 32 MPa FRC
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mixtures met Thailand’s criterion [42], whereas the 32 MPa FRC samples with F contents of
0.25 and 0.5% at all PP:RPP ratios met the requirement specified by Austroads [41].
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Figure 7. Flexural strength of (a) 28 and (b) 32 MPa FRC at different F contents and PP:RPP ratios.

The toughness values of 28 and 32 MPa FRC are shown in Figure 8. Following JSCE
SF-4 [44], the area under the load—deflection curve up to L/150 was used to calculate the
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toughness of the sample. The 28 and 32 MPa FRC samples with an F content of 0.75%
and a PP:RPP ratio of 100:0 offered the maximum toughness due to the fiber bridging
effect and the sewing effect [12,13]. The toughness of the samples decreased when the F
content reached 1.0%, because a large void in the sample caused a reduction in the bonding
between F and concrete [26].
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Figure 8. Toughness of (a) 28 and (b) 32 MPa FRC at different F contents and PP:RPP ratios.
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3.2. Environmental Impacts

In order to use recycled plastic waste fiber in concrete footpaths and rigid pavement,
the environmental impacts in terms of the risks, hazards, and carbon footprint of using
recycled polypropylene need to be evaluated. The heavy metal contaminant limits for
drinking water defined by the U.S. Environmental Protection Agency [45] and the industrial
waste hazard regulations specified by the Environmental Protection Agency of Victoria,
Australia [46,47] were used in this study. Table 3 shows the leachate results for 32 MPa
FRC at fiber content levels of 0 and 0.50% and PP:RPP ratios of 100:0 and 0:100. The
highest heavy metal concentrations for 32 MPa FRC were found at an F content of 0.50%
and a PP:RPP ratio of 0:100; these were 0.007, 0.002, 0.013, and 0.573 mg/L for arsenic,
cadmium, chromium, and zinc, respectively. In contrast, the control concrete had the
lowest heavy metal concentrations, at <0.001 and 0.009 mg/L for arsenic and chromium,
respectively. However, the heavy metal contaminants in the 32 MPa FRC sample were
within the allowable limits for all mixtures.

Table 3. Leachate results for FRC.

Control Con.c rete Con.c rete Drinking Industrial
Contaminant Concrete with with Water Waste
(me/L) 100PP:0RPP OPP:100RPP Standard Standard
& Ratio (mg/L)  Ratio (mg/L)

Arsenic <0.001 0.004 0.007 0.05 0.35
Cadmium BDL 0.001 0.002 2.0 35
Chromium 0.009 0.011 0.013 0.1 2.5

Copper BDL BDL BDL 1.3 100

Lead BDL BDL BDL 0.015 0.5

Mercury BDL BDL BDL 0.002 0.05

Zinc BDL 0.099 0.573 - 150

Generally, the disposal of plastic waste entails incineration and landfill disposal,
processes which emit CO, into the atmosphere. Therefore, the use of recycled plastic waste
in concrete footpaths and rigid pavement can eliminate these CO; emissions. In order
to calculate the CO, emissions savings (kg CO,-e/m?) for 28 and 32 MPa FRC at an F
content of 0.5% and PP:RPP ratios of 100:0, 75:25, 50:50, 25:75, and 0:100, the functional unit,
defined as the unit constant (kg CO,-e/ m?), was evaluated in this study [48,49]. Incineration
disposal produced CO, emissions of 0.569 kg CO,-e/kg, while landfill disposal resulted
in CO; emissions of 0.271 kg CO;-e/kg [50-52]. Table 4 indicates the CO, emissions
savings for 28 MPa and 32 MPa FRC at an F content of 0.5% and different PP:RPP ratios.
Regarding incineration disposal, the maximum CO, emissions savings for 28 MPa and
32 MPa FRC at an F content of 0.5% and a PP:RPP ratio of 0:100 were 1.0 and 1.11 kg
CO,-e/m?3, respectively. As a result, using recycled PP fiber in concrete production instead
of incinerating it or disposing of it in a landfill is an alternative approach that reduces its
environmental impact [50-52].

Table 4. The CO, emission savings of 28 MPa and 32 MPa FRC at the fiber content of 0.5% and
different PP:RPP ratios.

PP:RPP Ratio
Item
100:0 75:25 50:50 25:75 0:100
28 MPa Concrete + 0.50% F; Incineration 0 0.25 0.5 0.75 1.00
28 MPa Concrete + 0.50% F; Landfill disposal 0 0.12 0.24 0.36 0.48
32 MPa Concrete + 0.50% F; Incineration 0 0.28 0.56 0.83 1.11
32 MPa Concrete + 0.50% F; Landfill disposal 0 0.13 0.27 0.40 0.53




Sustainability 2022, 14, 6839 13 of 15

4. Conclusions

This research studied the possibility of using recycled plastic waste fiber to improve
the properties of FRC for eco-friendly concrete footpaths and rigid pavement. The following
conclusions can be drawn:

e Improvements in the compressive strength, flexural strength, and toughness of the
samples with F were observed in comparison to the control concrete samples for
design strengths of 28 and 32 MPa.

e  The maximum compressive strengths of 28 and 32 MPa FRC, 31.3 and 34 MPa, respec-
tively, were found at a fiber content of 0.25% and a PP:RPP ratio of 100:0, whereas, the
maximum flexural strength and toughness of the 28 and 32 MPa FRC samples were
found at an optimum F content of 0.75% for all PP:RPP ratios.

e  All mixtures met the compressive strength requirements for concrete footpaths, except
for those with F contents of 0.75 and 1% and a PP:RPP ratio of 0:100. Meanwhile, the
32 MPa FRC sample with F contents of 0.25 and 0.5% for all PP:RPP ratios met the
minimum requirements for rigid pavement.

e  The heavy metal contaminants in the 32 MPa FRC sample were within the allowable
limits for all mixtures. The maximum CO, emissions savings of 28 MPa and 32 MPa
FRC were found at a fiber content of 0.5% and a PP:RPP ratio of 0:100. Future re-
search should focus on the effect of F content and PP:RPP ratio on the strength and
permeability of fiber-reinforced pervious concrete.
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