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Abstract: Plastic waste management remains a significant global challenge, with limited
recycling opportunities contributing to its status as one of the highest waste producers. In
Australia, the recovery rate for plastic waste is 12.5%, resulting in a high percentage of plas-
tics being landfilled. Common disposal methods, such as incineration and landfilling, are
environmentally damaging, with incineration emitting harmful gases and landfilling caus-
ing contamination. Recycling, while preferable, faces difficulties due to contamination and
infrastructure challenges. However, alternative solutions, such as integrating waste plastic
into concrete, present an opportunity to both reduce plastic waste and enhance the eco-
nomic value of recycled materials. This study evaluates the potential of waste plastic milk
bottles (PMBs) in residential concrete by assessing their mechanical strength, environmental
impact, and variability in greenhouse gas (GHG) emissions. This study demonstrated that
replacing up to 10% of cement with silica fume-modified plastic milk bottle (SFPMB) waste
granules maintained comparable compressive strength to traditional concrete. The addi-
tion of metakaolin to the SFPMB mix design (SFMKPMB) further improved the material’s
strength by 28%. Life cycle assessment (LCA) results revealed reductions in global warming
potential (GWP), human toxicity potential (HTP), and fossil depletion potential (FDP), with
SFMKPMB showing the greatest environmental savings. A Monte Carlo simulation evalu-
ated variability factors, revealing that additional transportation and energy requirements
increased GHG emissions, though the SFMKPMB mix ultimately resulted in the lowest
overall material GHG emissions. This study demonstrates the complexity of assessing
“green” materials and highlights how material variability and energy use can influence
the sustainability of waste-derived composites. Despite challenges, incorporating waste
plastics into concrete offers a promising strategy for mitigating landfill waste and reducing
environmental impacts, especially as renewable energy adoption increases.

Keywords: composites; concrete; HDPE; lifecycle-assessment; plastic; sustainability; waste

1. Introduction

The management of plastic waste remains a major challenge worldwide. Plastic waste
remains one of the highest waste contributors due to the lack of recycling opportunities [1].
While other waste materials, such as cardboard and cotton fabrics, contribute to waste
issues, these materials are often sourced from sustainable materials, such as trees and
plants [2,3]. The repurposing difficulties of waste plastics include contamination, various
molecular structures, high costs, and lack of infrastructure [4]. This was shown in Aus-
tralia, where plastic waste had the lowest recovery rate at 12.5% [5]. Moreover, between
2022-2023, Australia produced 3 million tons (Mt) of plastic waste. Although this number
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is significantly less than other waste materials such as metals (6 Mt), paper and cardboard
(4.9 Mt), and construction waste (26.8 Mt), which had recovery rates of 90%, 56%, and
84%, respectively. Due to the low recovery rate of plastics, 87.5% of plastic resulted in
landfill [5]. Currently, there are three primary methods for disposing of plastic waste:
incineration, landfilling, and recycling. Incineration releases harmful gases, such as dioxins,
which contaminate the air. Additionally, the residue from incineration often contains heavy
metals, presenting serious environmental risks. Landfilling plastic waste takes up large
areas of land and can cause ground and water contamination [6]. Among the various
methods for managing waste plastics, converting them into useful products holds more
promise. This approach not only reduces the need for virgin plastic but also enhances the
economic value of waste. Additionally, it has been reported that recycling waste plastic by
stabilizing it in concrete or creating useful products through secondary recycling results in
lower environmental impacts compared to processes like pyrolysis and incineration [7,8].

In 2018, GHG emissions from plastic production reached 850 Mt of CO,, with pro-
jections estimating this will rise to 2.8 billion tonnes (Bt) by 2050 [9]. Global plastic waste
generation hit 242 Mt in 2016, and this is expected to grow to 2.2 Bt by 2025 [10]. In the U.S,,
35.7 Mt of plastic was generated in 2018, accounting for 12.2% of all municipal solid waste
(MSW). A significant portion of this waste consisted of containers and packaging, such as
bags, wraps, polyethylene terephthalate (PET) bottles, high-density polyethylene (HDPE)
bottles, appliances, and furniture. That same year, 27 Mt of plastic waste ended up in
landfills, making up 18.5% of the total MSW landfilled in the U.S. While the recycling rate
for HDPE was 29.3%, less than 10% of overall plastic waste was recycled [11]. Plastic waste
has severe environmental consequences, with around 150 million metric tons of plastic
currently in the ocean, and this number grows annually. This pollution threatens marine
life and ecosystems, costing approximately USD 13 billion every year [12]. Additionally,
the breakdown of plastics results in microplastics, which are ingested by humans. Studies
show that individuals consume between 39,000 and 52,000 microplastic particles annually,
raising concerns about potential health risks [13]. As plastic production continues to rise,
finding alternative methods to dispose of plastic waste in an environmentally safe way is
becoming increasingly urgent.

Researchers have often focused on the utilisation of waste in building materials due to
the construction sector creating an abundance of waste and high greenhouse gas (GHG)
emissions [14,15]. Due to the high-volume use of concrete and its negative environmental
impacts, this material has often been researched with novel materials [16]. Cement within
concrete creates 5-8% of total carbon emissions (CO,) per year due to the high energy
requirement when converting the raw material into a building product [17]. Cement
is predominantly limestone, and the use of the material is not seen as sustainable due
to the extraction of the raw material [18]. Therefore, research has aimed to reduce the
requirement of cement by substituting it with alternative materials [19,20]. Industrial
wastes, such as silica fume (SF), fly ash (FA), and ground blast furnace slag (GBFS), have
been a heavy research focus due to their pozzolanic properties and ability to increase
the mechanical strength of concrete [21-24]. Other materials, like metakaolin (MK), are
considered a sustainable alternative because they require less energy to produce the final
building product [25]. However, as green energy becomes more prevalent in the future,
industrial wastes will become less available, thereby increasing demand and increasing
costs. Therefore, research utilising common household wastes needs to be integrated with
more materials to create a circular economic approach [26].

Kumar and Kumar [27] utilised recycled plastic waste HDPE as a coarse aggregate
in concrete composite materials. Their research combined sand and rock dust with the
melted waste to create the aggregate mix. Their findings revealed a lightweight aggregate
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alternative that improved crack propagation and compressive strength. It is important
to note that the increase in the aggregate size increases the compressive strength. Lim
et al. [28] demonstrated the use of HDPE, polypropylene (PP), polystyrene (PS), and PET
within asphalt concrete. Their research exhibited improved moisture resistance, modulus
of rupture, and abrasion performance when integrating the various plastic waste mate-
rials. This study highlights further use of the recycled materials to be used in both civil
and residential construction. Moreover, researchers have integrated waste PET, PP, and
HDPE within traditional brick systems [29]. The use of 35-45% of plastic waste within the
novel bricks improved the compressive strength. However, scanning electron microscope
images demonstrated cavities on the surface structure of PET bricks. This could result
in an increase in porosity in the material, resulting in a less durable product. However,
HDPE bricks demonstrated the highest mechanical strengths and lowest water absorption
compared to PP and PET bricks. Novel materials have provided promising results within
residential concrete slabs. Heweidak, Kafle, and Ameri [30] integrated basalt fibres within
self-compacting geopolymer concrete. Their findings revealed a composite concrete slab
that achieved a compressive strength of 32 MPa, exceeding common residential concrete
slab requirements [31]. Youssf et al. [32], utilised crumb rubber waste in concrete for
residential slab purposes. Their findings revealed the waste material concrete achieved
23.8 MPa at 28 days of ageing, which was 5.4 MPa lower than the control. However, the
achieved strength can still be suitable for residential concrete purposes. It is important
to note that achieving a high strength of concrete with waste material integration can be
challenging without adding a significant amount of both cement and coarse aggregate.
Therefore, when aiming to achieve a sustainable alternative to traditional concrete, the
materials” intended purpose must be maintained.

The current study aims to assess and quantitatively benchmark the environmental
sustainability of partially substituting cement with HDPE waste plastic milk bottles (PMBs)
in concrete. It is important to note that the use of alternate waste sources utilizing HDPE
could also be used as a comparative analysis. Life cycle assessment (LCA) is a commonly
used method to evaluate the environmental impacts, energy consumption, and potential
emission reductions of products or processes throughout their lifecycle [33]. LCA results
provide valuable insights that guide decision-making regarding policies and sustainable
investment opportunities [34,35]. As the promotion of novel materials grows, it is crucial to
benchmark their environmental benefits. However, while several LCA studies on concrete
materials have been conducted [36-39], few have focused on integrating waste materials
from the residential and commercial sectors, and none have explored the inclusion of
PMB in concrete. To assess the environmental impact of residential-grade concrete, three
strategies will be employed in this LCA. First, the optimal compressive strength of PMB-
based concrete composites will be determined through modifications using silica fume and
metakaolin matrices. Second, key LCA impact categories will be selected and measured.
Lastly, a sensitivity analysis will be conducted to evaluate and reduce the variable factors
in concrete production. This paper aims to demonstrate the feasibility of integrating waste
plastic milk bottles into concrete and highlight its environmental impact when used as a
construction material.

2. Research Methodology

This study aims to investigate the compressive strength properties of waste plastic milk
bottle granules within a concrete composite system. The objective is to identify an optimal
concrete composite mix design that can be assessed for its environmental performance.
Additionally, a thorough sustainability analysis will be conducted to evaluate the impact
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of sensitivity factors on the overall system. Figure 1 illustrates the overall methodology
system for this study.

Identify the waste material that has not
been sustainably benchmarked

A

Compare the literature of plastic milk
bottle waste in other building materials

Determine the target mix design strength

A

Experimentally investigate the

Perform life cycle assessment - compressive strength
A Y
Compare results of the life cycle L Determine the mix designs for life cycle
assessment with the control mix assessments

A

Perform a sensitivity analysis on total
carbon emissions

A

Determine the effect of additional
emissions

Y

Determine the mix design with the overall
environmental benefits

Figure 1. Methodology.

2.1. Materials and Mechanical Testing

Compressive strength testing was performed using the Matest C088-11 N Servo-Plus
Evolution testing machine and the Cyber-Plus Evolution data acquisition system. This
equipment was sourced from Matest innovative global manufacturer, Treviolo, Italy. The
constituent materials were mixed with a mortar mixer, following the guidelines in AS/NZS
1012.2 [40]. Silica fume (SF) was applied to the plastic fibres as a modification method in
compliance with AS/NZS 3582.3 [41]. Matrix modification using metakaolin (MK) was
carried out according to ASTM C-618 [42] Class N specifications for natural pozzolans. Fine
and coarse aggregates were sourced in accordance with AS/NZS 1141.5 [43] and AS/NZS
1141.6.2 [44], respectively. General-purpose cement was used in line with AS/NZS 3972 [45],
and its composition is provided in Table 1. Regular potable water was used in all mix
designs. All samples were prepared in a controlled laboratory environment in accordance
with AS/NZS 1012.8.2 [46]. Figure 2 demonstrates the raw materials recycled for use within
the granulator system, alongside the output from the granulator for concrete integration.

Table 1. Composition of general-purpose cement.

Material Portland Lime-Stone Gvpsum Clinker Kiln Chromium (VI)
Cement Clinker ypsu Dust Hexavalent
Formula NA CaCOs CaS0y4-2H,0 NA Cro*
Proportion 92% 0-7.5% 3-8% 0-2.5% Trace
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Figure 2. Materials and granulator system.

2.2. Life Cycle Assessment

To assess the environmental impacts of concrete made with the chosen waste material,
a Life Cycle Assessment (LCA) approach was employed. This study used OpenLCA
software MPL 2.0 alongside the Ecoinvent 3.4 database [47,48]. The LCA methodology
followed in this study adhered to the guidelines outlined in ISO 14044 [49]. As per ISO
14044, the LCA process consists of four main stages: scope definition, inventory analysis,
impact assessment, and interpretation.

2.2.1. Scope, Functional Unit, and System Boundary

Previous LCA studies have compared the environmental benefits of incorporating
various waste materials into cementitious composites, highlighting their environmental
impacts [50-55]. However, based on recent reviews, this study is the first to explore the
environmental impacts of reusing HDPE milk bottle waste as a cement replacement in
concrete. Consequently, this LCA focuses on identifying, comparing, and analysing the
environmental impacts of producing concrete with milk bottle HDPE waste as a partial
substitute for cement. The results aim to demonstrate the feasibility of diverting milk bottle
waste from landfills and showcase the potential environmental benefits. All concrete mixes
were produced at a laboratory scale to facilitate effective comparisons of the novel materials
while minimizing unknown variables.

In this study, the functional unit for concrete was defined as 1 m®. This functional
unit serves as a reference for the input and output data, providing a crucial measurement
for interpreting the results [56]. This study adopted a cradle-to-gate system boundary, as
illustrated in Figure 3, to comparatively evaluate the environmental impacts. The cradle-
to-gate process encompasses the extraction, transportation, production, and distribution
of the final concrete materials to the construction site. The maintenance, service life, and
disposal of the different concrete mix designs were assumed to be identical and, thus, were
excluded from the system boundary.
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Figure 3. System boundary.

2.2.2. Life Cycle Inventory Analysis

A laboratory process was employed to successfully integrate plastic milk bottle waste
into concrete composites [57]. The milk bottle waste used in this study was sourced from
a locally available material recovery centre. The milk bottles underwent a transforma-
tion process to be used as a constituent material in concrete. The waste was converted
into a granule material through a granulator machine. LCA was performed on four dif-
ferent mix designs to assess the environmental impacts for future use within residential
construction applications.

The mix compositions are presented in Table 2. The samples included the control, PMB
(raw plastic milk bottle), SFPMB (silica fume-modified plastic milk bottle), and SFMKPMB
(silica fume-modified plastic milk bottle with metakaolin as a matrix modifier). It is
important to note that surface modification was applied using silica fume (SF) on the plastic
milk bottle granules, with a maximum loading of 2% of the total waste plastic content. This
amount has been shown to be effective in enhancing waste material durability in highly
alkaline environments [58]. Furthermore, the application of SF improves the mechanical
strength of cementitious composites, reduces permeability, and helps prevent thermal
cracking [59]. All waste plastic milk bottle specimens contained a 10% cement substitution.
In addition to the waste plastic-modified concrete samples, matrix modification was applied
using metakaolin at a 5% cement replacement rate on specimen SFMKPMB. Metakaolin is
produced by heating kaolin clay between 600 and 850 °C, a process that converts the mineral
kaolinite into metakaolin [60]. The use of metakaolin as a supplementary cementitious
material (SCM) offers a sustainable alternative to cement, as it requires significantly less
energy [61].
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Table 2. Composition of mix designs.
Mix Plastic i1 . Fine Coarse
Designs Cement Milk Bottle Silica Fume Metakaolin Aggregate  Aggregate Water
Control 355 733 1100 210
PMB 319.5 35.5 733 1100 210
SFPMB 319.5 35.5 0.71 733 1100 210
SFMKPMB 301.7 35.5 0.71 17.8 733 1100 210
The energy requirements and sources for all constituent materials, such as fine aggre-
gate, coarse aggregate, metakaolin, and general-purpose cement, are shown in Table 3. The
concrete mix designs were based on a target compressive strength of 25 MPa. Additional
energy and transportation requirements were needed for processing and integrating the
milk bottle plastic waste. However, all other materials were assumed to be transported to a
single batching plant for concrete production.
Table 3. Energy inputs for material production (megajoules per kilogram).
. Brown Black . Solar Water Wind Natural
Materials Coal Coal Crude Oil  Geothermal Energy Power Power Gas Ref.
Cement 11.9 26.3 1506.27 5.18 0.24 2.07 0.30 441 [47,62]
Metakaolin 11.9 26.3 42.3 - - - - 441 [47,63]
Fine aggregate 11.9 26.3 42.3 0.00003 - - - 44.1 [47,64]
Coarse aggregate 11.9 26.3 423 0.00011 - - - 441 [47,65]

2.2.3. Life Cycle Impact Assessment

A Life Cycle Impact Assessment (LCIA) consists of three key elements: selecting
impact categories, classifying those categories, and calculating the results for each category.
This section quantifies the environmental impacts. The research adopts a problem-oriented
approach, also known as the “midpoint method”. This method correlates to environmental
categories that this study will identify, compare, and analyse. In line with current global
environmental concerns, the following eight impact categories were chosen: Terrestrial
Acidification Potential (TAP100 in kgSO,-eq), Global Warming Potential 100-years (GWP100
in kgCO,-eq), Terrestrial Ecotoxicity Potential 100-years (TETP100 in kg 1,4-DCB-eq),
Marine Eutrophication Potential 100-years (MEP in kg-N-eq), Human Toxicity Potential
100-years (HTP100 in kg 1,4-DCB-eq), Ozone Depletion Potential 100-years (ODP100 in
kg CFC-11-eq), Freshwater ecotoxicity 100-years (FETP100 in kg 1,4-DCB-eq), and Fossil
Depletion 100-years (FDP in kg oil-eq). Normalization factors for each impact category
are summarized in Table 4. The ReCiPe Hierarchist (h) Midpoint method was employed,
which combines the Eco-Indicator 99 and CML baselines. OpenLCA software, using the
Ecoinvent 3.4 database, was utilized to model material and energy flows within the system
boundary considered.

Table 4. Impact categories and normalisation factors.

Impact Category Data Source Normalisation Factors
Unit Value Reference

Terrestrial acidification potential USEtox 2017 KgS0O,s-eq 4.10 x 10! [47,48]
Global warming potential IPCC 2013 baseline Kg CO,-eq 7.99 x 103 [47,48]
Terrestrial ecotoxicity potential USEtox 2.0 Kg 1,4-DCB-eq 1.04 x 103 [47,48]
Marine eutrophication potential ~ CML & EMEP/MSC-W Kg N-eq 1.95 x 10! [47,48]
Human toxicity potential USEtox 2.0 Kg 1,4-DCB-eq 2.77 x 100 [47,48]
Ozone layer depletion potential IPCC/WMO 2013 Kg CFC-11-eq 5.90 x 1072 [47,48]
Freshwater ecotoxicity potential USEtox 2.0 Kg 1,4-DCB-eq 4.97 x 10* [47,48]
Fossil depletion CML Kg oil-eq 6.50 x 10* [47,48]
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2.2.4. Limitations and Assumptions

The scope and system boundaries of LCA studies are shaped by limitations and
assumptions that align with the research scope and objectives. This study includes the
following assumptions and limitations:

e It was assumed that the lifespan of the custom mix designs is the same as that of the
control mix.

e  This study did not account for end-of-life behaviours, assuming that all mix designs
would have similar end-of-life considerations.

e  The supply of processed waste plastic milk bottles was assumed to be locally available
in sufficient quantities.

e Incases where emission inventories were unavailable, emission factors from published
literature were used.

e  The conversion of waste plastic milk bottles into granule material was assumed to
occur at the waste recovery centre.

e An equal transportation distance of 21 km was assumed for delivering fine, coarse,
and cement materials to the concrete batching plant.

e  The mortar mixer was assumed to consume 4 kWh to produce 1 cubic meter of concrete.

e  Conventional potable water treatment was assumed, with the corresponding emission
inventories adopted from existing databases.

2.3. Sensitivity Analysis

A Monte Carlo (MC) simulation is a sampling method employed for uncertainty
analysis of parameter variables, allowing for the assessment of their impact on the overall
output [66]. This technique is applied within mathematical models to capture data variabil-
ity in a system by utilizing probability distributions [67]. In the present study, the material
transport and energy requirements for producing novel concrete composite materials are
treated as uncertain. The primary objective is to evaluate the environmental impact of
various mix designs; thus, the sensitivity analysis using the MC simulation is focused on the
greenhouse gas (GHG) emissions generated. Table 5 provides the GHG emission factors for
transportation and energy sources. For this study, the MC simulation utilizes a triangular
probability distribution, which is a continuous probability distribution used to represent
uncertain variables within a defined range. The distribution is termed “triangular” when
plotted, and it is characterized by three parameters:

e The minimum value;
e The maximum value;
e  The most likely value.

Table 5. Input variables used for the Monte Carlo simulation.

Variable Parameter Minimum Maximum Probability Distribution Reference
Transportation truck emissions 0.161 0.307 Triangular 68-70
Coal (black and brown) emissions 0.63 1.63 Triangular 68-70
Gas emissions 0.27 0.9 Triangular 68-70
Renewable energy emissions 0.03 0.09 Triangular 68-70
Construction site distance (km) 10 150 Triangular 71-73
Production time of concrete (minutes) 60 300 Triangular 74-76
Capacity of cement mixer (kWh) 0.8 1.1 Triangular 77-79
Capacity of rotator blender (kWh) 1.2 1.6 Triangular 80-82
Capacity of granulator (kWh) 22 4 Triangular [83,84]
Capacity of oven (kWh) 0.5 1.8 Triangular [85-87]

The triangular probability distribution was selected for this study because the mini-
mum and maximum values for energy consumption are known, and the simulation output
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provides the most likely value. This approach allows for the assessment of the potential
range of outcomes and their associated probabilities, offering valuable insights into the
behaviour of complex systems influenced by uncertain variables.

3. Results and Discussion
3.1. Mechanical Results

The composite material and the mechanical testing system are shown in Figure 4.
The compressive strength results of the various mix designs are presented graphically
in Figure 5, with the standard deviation indicated by error bars. Three composites were
selected for analysis, as they achieved adequate compressive strength. The integration of
the waste plastic granules did not compromise the workability of the composite. However,
the results in Figure 5 show raw waste plastic milk bottles reduced the target compressive
strength by 40%. Moreover, this was shown with the control achieving 25 MPa whilst PMB
achieved 15 MPa. This can be attributed to the addition of non-cementitious materials
creating additional voids in the concrete matrix, which has been shown to lower the
mechanical strength under applied stress [88]. Despite this, the presence of SF on the
granule wall consumes calcium hydroxide (Ca(OH);), which helps mitigate potential
degradation [89]. This reaction has been shown to enhance the compressive strength of the
composite, allowing the two samples, SFPMB and SFMKPMB, to reach strengths of 29 MPa
and 32 MPa at 28 days, respectively. Moreover, SFMKPMB achieved a 28% increase in
compressive strength in comparison to the control. This can be attributed to the integration
of both SF and MK as a matrix modification technique [90]. Moreover, the integration
of MK has been shown to reduce the porosity of composite materials thereby, enhancing
the mechanical integration of bespoke materials. The achieved strength of the composites
shown in Figure 5 was deemed suitable for residential concrete applications, making them
appropriate for further comparison in a life cycle assessment (LCA).

; N | B .
(A) Composite sample (B) Acquisition and mechanical system

Figure 4. Composite material in mechanical testing system.
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Figure 5. Compressive strength of mix designs.

3.2. Life Cycle Assessment Results

The primary objective of the LCA was to compare the environmental impact across
different categories when incorporating waste plastic milk bottles as a partial substitute
for cement in concrete. This study used Melbourne, Australia, as a case study to illustrate
the findings. Waste plastic milk bottles were sourced from a local resource recovery centre,
12.1 km away from the batching plant, while all other concrete materials were sourced from
a quarry located 7 km away. Table 6 presents the results for various mix designs against
the impact categories, and Figure 6 graphically illustrates each mix design and their total
GHG emissions.

Table 6. LCA results.

Impact Category Reference Unit Mix Designs
Control PMB SFPMB SFMKPMB
Terrestrial acidification (TAP100) kg SO,-Eq 7.58 x 1071 7.08 x 107! 7.08 x 1071 6.99 x 1071
Global "(Véﬁfnlffgof)’(’temal kg CO,-Eq 3.45 x 102 3.15 x 102 3.15 x 102 3.04 x 102
Terrestrial ecotoxicity (TETP100) kg 1,4-DCB-Eq 1.21 x 1072 1.16 x 1072 1.16 x 1072 1.16 x 1072
Marine eutrophication (MEP) kg N-Eq 251 x 107! 233 x 107! 233 x 107! 227 x 1071
Human toxicity (HTP100) kg 1,4-DCB-Eq 7.76 x 10! 7.38 x 10! 7.38 x 10! 7.39 x 10!
Ozone depletion (ODP100) kg CFC-11-Eq 1.13 x 107 1.05 x 107 1.05 x 1075 1.04 x 1075
Freshwater ecotoxicity (FETP100) kg 1,4-DCB-Eq 1.77 x 100 1.67 x 109 1.67 x 100 1.63 x 10°
Fossil depletion (FDP) kg oil-Eq 4.03 x 10 3.75 x 10! 3.75 x 10! 3.76 x 10!

All plastic milk bottle-modified mix designs demonstrated a reduced Global Warming
Potential (GWP100), indicating that incorporating the waste materials in concrete can
lower the GWP by reducing the cement requirement. SFMKPMB achieved a total GHG
emission savings of 41.18 kg CO,-eq. This was the highest savings due to the reduction
of 15% cement per cubic metre. PMB and SFPMB achieved equal GHG emission savings
of 30.37 kg COy-eq. The novel composites represent 11.94% and 8.8% GHG emission
savings for SFMKPMB and both PMB/ SFPMB composites, respectively. The control mix
contributed to the negative environmental impact across all categories. However, terrestrial
ecotoxicity potential (TETP100) and ozone depletion (ODP100) remained the same across
both novel and control composites. Table 7 demonstrates fossil depletion potential (FDP)
demonstrated both PMB and SFPMB having an increase in savings when compared to
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SEMKPMB. This is due to the inclusion of MK as a partial cement substitute. Despite
this, SFMKPMB achieved a 6.7% FDP savings in comparison to the control. Moreover, the
composites PMB and SFPMB resulted in a 7% FDP savings. The human toxicity potential
(HTP100) of the control resulted in 77.64 kg 1,4-DCB-Eq. This was the highest HTP100 of
all composite materials. SFPMB and PMB demonstrated a 4.9% HTP100 savings, whilst
SFMKPMB exhibited a savings of 4.8%. Although the use of MK can achieve a reduction in
GHG emissions due to the further reduction requirement of cement, MK can be attributed
to increased levels of HTP100 and FDP when compared to the inclusion of only plastic milk
bottle waste.

3.50 x 102
3.40 x 102
3.30 x 102
g
& 3.20 x 102
S
on 3.10 x 102
4
3.00 x 102
2.90 x 102
2.80 x 10?
Control SFPMB SFMKPMB
Mix Designs

Figure 6. GHG emissions of concrete specimens (1 m?).

Table 7. Savings from control.

Impact Category Reference Unit PMB SFPMB SFMKPMB
Climate change (GWP100) kg CO,-Eq 3.04 x 10! 3.04 x 10! 412 x 10!
Terrestrial acidification (TAP100) kg SO,-Eq 5.04 x 1072 5.04 x 1072 5.94 x 1072
Terrestrial ecotoxicity (TETP100) kg 1,4-DCB-Eq 481 x 107% 4.81 x 10~% 543 x 10~*
Marine eutrophication (MEP) kg N-Eq 1.80 x 102 1.80 x 102 2.38 x 1072
Human toxicity (HTP100) kg 1,4-DCB-Eq 3.80 x 109 3.80 x 10° 3.72 x 10°
Ozone depletion (ODP100) kg CFC-11-Eq 8.29 x 1077 8.29 x 1077 9.14 x 1077
Freshwater ecotoxicity (FETP100) kg 1,4-DCB-Eq 9.96 x 1072 9.96 x 1072 1.33x 107!
Fossil depletion (FDP) kg oil-Eq 2.83 x 100 2.83 x 109 2.71 x 109

3.3. Monte Carlo Simulation Results
3.3.1. Transport Emissions

Pre-production transportation is often considered a sensitive factor in LCAs due to
the significant variability in transport distances and emissions associated with different
transport methods [91]. Given the uncertainty of this factor in future case studies, a Monte
Carlo (MC) simulation was conducted to assess the impact of input parameters on LCA
outcomes. Figure 7 shows the location of the raw materials relative to the concrete batching
plant in Melbourne, Australia. The probability simulation, shown in Figure 8, illustrates
the emissions from a concrete truck transporting raw materials to a concrete batching plant,
with distances ranging from 10 to 60 km. The associated transportation emissions are
presented in Figure 9, with the minimum and maximum values accounted for through
a triangular distribution to estimate the most likely outcome. The MC simulation ran
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10,000 iterations with a 0.05 confidence level. The box plots in the results show the lower
and upper quartiles of each sample, with the minimum and maximum values indicated
outside the boxes. These values were then compared across each mix design to determine
the impact of transportation on the GHG emissions of the novel composite materials. It is
important to note that the material emissions remained constant to isolate the variability
from transportation. For the MC simulation, a volume of 1 m® was kept as the desired
transport amount, as increasing the volume would simply result in proportional increases in
emissions. Figure 9 graphically represents both material emissions and transport emissions

for one cubic metre of concrete.

N,
\
_Raw Materlals- Quarry. 7 \
7 Km to Concrete Baiching Pla
ement -

Resource Recovery Recycling Centre
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|

Figure 7. Map of transport requirements.
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Figure 8. One cubic metre of concrete for transport only.
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Figure 9. Transport of 1 cubic metre of composite material.

As depicted in Figure 9, the control mix had the highest GHG emissions compared to
all waste plastic milk bottle composites, mainly due to its higher cement content, which
contributes more to overall material emissions. The average travel and material emis-
sions for the control, PMB, SFPMB, and SFMKPMB were 358.24, 328.85, 329.74, and
319.45 kgCO,-eq/m?, respectively. Figure 8 reveals a greater increase in GHG emissions
for SEMKPMB, due to the additional transportation needs for raw materials, such as MK,
which adds extra travel emissions. The interquartile range for each sample indicates that
the variability from the 10,000 MC simulation iterations is smaller, primarily because of the
limited variability in transportation emissions (ranging from 10 to 60 km) and the constant
material emissions. Although SFMKPMB showed only a 10.8% reduction in emissions
once the material reached the construction site, this reduction can be significant for large
concrete projects. Waste plastic milk bottle integration in the composite materials requires
additional transportation from the materials recovery centre, leading to higher emissions
from transport. The control, PMB, SFPMB, and SFMKPMB had total transportation dis-
tances of 21 km, 33.1 km, 45.2 km, and 52 km, respectively. The extra distance represents
the additional materials required for the concrete batching process. However, the reduced
cement demand in composite materials helps offset the increased GHG emissions from
transportation. It is also important to note that the emissions from manufacturing the novel
composites and the batching of the concrete materials can vary depending on the resources
and location of the project.

3.3.2. Energy Emissions

The energy consumption involved in producing concrete materials is a critical factor,
as it varies significantly depending on the machinery used in manufacturing [92]. Due to
the uncertainty of this factor in future case studies, a Monte Carlo (MC) simulation was
performed to examine how input parameters affect the outcomes of the LCA. Figure 10
presents a visual representation of the fluctuating GHG emissions linked to the equipment
used in the production of novel composite materials. The MC simulation ran 10,000 itera-
tions with a confidence level of 0.05. The emissions from each type of machinery, across a
time range from 60 to 300 min, accounted for the variability in composite production dura-
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tions. The machinery selected was based on a laboratory-scale approach for concrete and
waste material production, consistent with the scope of this study. Since 1 m® was chosen
as the functional unit, integrating larger commercial machinery would have significantly
altered the LCA results. The from 60 to 300 min time range was selected as it represents a
scalable time frame for production.

250
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M Rotator Blender [1] Concrete mixer [ Oven M Granulator

Figure 10. GHG emissions of equipment required.

3.3.3. Total Energy and Transport and Materials

Figure 11 illustrates the total GHG emissions associated with all materials, transporta-
tion, and energy requirements in the production of composite materials. As illustrated,
waste plastic milk bottle composites still generate the highest GHG emissions within the
cradle-to-gate parameters. The control, PMB, SFPMB, and SEMKPMB exhibited average
emissions of 568, 1202, 1202, and 1191 kgCO»-eq/ m3, respectively. The material and
manufacturing emissions produced similar results due to the constant GHG emissions
of the raw materials. However, the maximum and minimum values differ because of
the additional transportation requirements, which broaden the scope of the box plot and
whisker data set. SEMKPMB shows a lower emission value compared to SFPMB and
PMB, primarily due to the reduction in cement when replaced by MK. Despite the added
transportation requirements, even small amounts of cement replacement can result in GHG
emission savings.

1.60 x 10°
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1.20 x 10°
1.00 x 10°
8
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Figure 11. Total energy, transport, and material emissions.
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4. Conclusions

This study explored alternative methods for integrating waste HDPE plastic milk bot-
tles within residential concrete construction. This paper presents a methodology consisting
of three key stages to evaluate the feasibility and environmental impact of using this waste
material in concrete. First, the mechanical strength of waste plastic milk bottle granules
as a partial cement substitute was analysed. Second, a life cycle assessment (LCA) was
performed to identify the environmental effects across key categories. Lastly, a sensitivity
analysis was performed to assess the variability of GHG emissions from transportation and
energy consumption.

The mechanical performance of the concrete exhibited comparable compressive
strength to residential concrete systems when 10% of the cement was substituted with
SF-modified plastic waste granules (SFPMBs). A composite matrix modified with MK
(SFMKPMB) increased the strength characteristics, using 5% MK and 10% SF-modified plas-
tic waste granules. Moreover, the integration of MK exhibited a 10% compressive strength
increase when compared to the composite SFPMB. The LCA results for PMB and SFPMB
were comparable due to the low amount of SF added to the waste materials. However,
despite the low value of SF used in this study, it increased the compressive strength by 93%.
Moreover, raw plastic milk bottle granules reduced the target compressive strength by 60%,
whereas the integration of SF increased the strength by 16% when targeting the control
strength. One cubic metre of PMB, SFPMB, and SFMKPMB showed key reductions in GWP,
HTP, and FDP impact categories. As mentioned, PMB and SFPMB showed similar savings
for GWP, HTP, and FDP by 8.8%, 4.9%, and 7%, respectively. The LCA of SFMKPMB
revealed additional savings of 11.9%, 4.8%, and 6.71% for GWP, HTP, and FDP, respectively.
However, the HTP of SFMKPMB increased due to the addition of MK.

The Monte Carlo simulation examined the variability factors when integrating novel
concrete materials. Initially, the added transport requirements for additional materials
increased GHG emissions. SFSMKPMB showed the highest average of 3.94 kgCO,-eq/m?
for transportation to the batching plant with 52.2 km. However, this increase was offset by
the initial material emissions for traditional concrete batching. The control demonstrated
the highest GHG emissions produced for both materials and transportation, exhibiting
358 kg COz-eq/m?. Ultimately, SFSMKPMB resulted in the lowest GHG emissions from
cradle-to-gate, while the control produced the highest GHG emissions in both material and
transportation factors. A sensitivity analysis on energy sources and machinery operations
was also conducted. The results showed that additional energy was required for the
processing of the waste plastic milk bottle granules. The extra manufacturing processes
needed eliminated the initial GHG emission savings from materials and transportation.
Thus, resulting in higher GHG emissions created when integrating the waste material. It is
important to note that the Monte Carlo simulation focused on the triangular distribution
of minimum, maximum, and most likely. With limited data, this is the most practical
approach. The interpretation of the results should focus on the data entered into this study.

This study highlights the complexity of evaluating and classifying materials as “green”
in cementitious composite systems. The findings illustrate how variability factors can
influence the sustainability of what might initially appear to be a sustainable material
alternative, potentially leading to unforeseen negative impacts. It is important to note that
the system boundary included the cradle-to-gate limitation. Future studies could focus
on a cradle-to-grave system boundary, which could highlight alternative environmental
concerns or benefits. Additionally, future studies could focus on economic factors and
feasibility. It is crucial to recognize that diverting waste from landfills always has positive
environmental benefits. As renewable energy becomes more widely used, there will be more
opportunities for bespoke materials to play a significant role in the construction industry.
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