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ABSTRACT

The concrete pavement network plays an importdatinothe economy of the
country by enabling the transport of people anddgodut it also leads to
resource depletion and environmental impacts. ¢eneyears, the demand for
greener development and design in the market isesgaand the construction
industry starts to have more focus on this enviremtal trend. Thus, it is
important to consider the Life Cycle Assessmentdduce environmental
impacts for sustainable development. OpenLCA sofvisused to carry out a
cradle-to-gate life cycle assessment by using Alioon at the Point of
Substitution (APOS) approaches based on IMPACT 20®2dpoint method
and ReCiPe Endpoint method. The pavements invoksed conventional
Portland cement concrete pavement and recycleceggty Portland cement
concrete pavement. This study focuses on the lmsse and subbase course
of the pavement. The data for input and outpubhefrhaterial is taken from the
Ecoinvent database. Due to the limitation of datnmsportation distance was
assumed based on the relevant study. There areyfpes of environmental
impacts that have been analyzed including Ecosysfrmality, Resources,
Human Health, and Climate Change. The compariserbBan made between
conventional pavement and recycled aggregate pavemleere the results
showed the uses of recycled aggregate in the pattesne able to reduce the
environmental impacts. Despite both IMPACT 20024 &eCiPe Endpoint
methods proved recycled aggregate pavement cotadbalesser impact, the
results between the two life cycle assessment rdsthre incomparable due to

huge differences in their weighting coefficients.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

In recent years, environmental aspects related ot rconstruction are
increasing. Concrete is the main construction natand most widely used in
all types of civil engineering works. Normally, thggregate used in concrete
mixtures for the road pavement comprises approxdmn&0 to 85 % of the total
mass of the concrete mixture (Chesner et al., 2008 huge consumption of
natural aggregate in the construction industryaases the global production of
the natural aggregate to meet the demand whicimbeesased the environmental
concern.

With the increasing renewal of buildings acrosswioeld, the aggregate
waste from building demolition as well as the quaaggregate waste is
continuing to grow. The global construction and détion(C&D) waste
reached 3.0 billion tons annually in 2012 (Akhtad&armah, 2018). Besides,
China generated 1130 million tons of C&D waste @12 and is ranked as the
first C&D waste generator worldwide (Kabirifar ét, 2020). The extraction of
natural aggregate is expensive and has a huge trapabe environment. For
example, modern mining techniques required higlemdgmands for extraction.
At the same time, the generation of wastewatempcdinte other water sources
in the region surrounding the quarry. Also, mosthaf heavy mining machine
is dependent on fossil fuels caused carbon diosudissions. Aggregate waste
is an unavoidable product in quarry activities. Fngnary method to handle
this waste is disposed of in landfills without lgeifully utilized (Mahayuddin
et al., 2008). The aggregate waste disposal methdaoisted by the industries
cause severe problems, for example, disposed dfesvdwy the practice of
landfilling created land pollution, water pollutioand consumes the landfill
space. In order to minimize the environmental issthee solution is to recycle
the aggregate waste and utilize it in other indaisppplications, for example,
serve as a substitute for natural aggregate icdherete pavement. Recycling

of aggregate in the pavement is an environmenglistainable choice that



conserves aggregate and other resources, reducesia@nof greenhouse gas
(GHG), energy use, and consumption of landfill gpac

At present, the increasing use of recycled coarggegate in the
concrete pavements needs to be up-to-date stutdiesenvironmental impacts.
Life cycle assessment (LCA) is useful in analyzinipad of the process of the
environment throughout their life cycle, from cmrdb-grave and the
methodology is according to the ISO 14040 standeachework (Menoufi,
2011). The conventional pavement and recycled agdgeconcrete pavement
contribute to environmental impacts such as theass of the carbon dioxide
during the production. To make a sustainable dewjsi is crucial to study and

compare the entire life cycle of each concrete peard.

1.2 Background of the Study
The construction of roadway has been increasing tte beginning of the past
century, especially in areas of high developmennty. In fact, it generated
two important environmental issues such as increasenatural aggregate
demand and aggregate waste. According to Free@oiap (2019), the global
demand for the aggregate in the construction fisdd=pected to increase by
2.3 % per year. At the same time, the pavementari®n will have an impact
on the environment due to the consumption of nhaggregate and its emission
which pose a sustainability problem in the indusiiyus, recycling aggregate
waste is an effective way of waste management twnmze environmental
impacts. To achieve sustainable and long-term isolsit it is necessary to
account for all environmental impacts as well as ¢lsonomic cost over the
lifetime of the project and need the right toolslsas LCA approaches to do so.
To reduce the environmental issues, researcherpdréarmed a study
on the concrete mix with the recycled aggregatewhas the potential use for
Portland Cement Concrete(PCC) pavement. For exatmgl@pplication of the
recycled aggregate in the pavements is being ceresidor use in the O’'Hare
Modernization Project (Roesler et al., 2013). Théokatory testing was
initiated and showed that the concrete made witlyadled aggregate has a
reduced density, compressive strength as well asnameased shrinkage
(MaleSev et al., 2014). However, the testing doiité whe two-stage mixing

method shows that the bleeding and segregatioedisced by using recycled



aggregate. On the other hand, a field test showsntixture with recycled

aggregate has similar workability as the naturajregate concrete of the
pavement (Federal Highway Administration, 2004)ofker study by Roesler
et al. (2013) shows there is no significant differe in the behavior between
recycled aggregate pavement and conventional paxteme

Another research study related to the recycledeagde in concrete base
and subbase layer was done by Gnanendran and Woo®f03). The study
shows that the unbound cementitious material igaled concrete aggregate
provides bonding of the base material which carraw structural strength in
the base, resulting in improved load-carrying céga€ompared to the natural
aggregate, recycled aggregate provides a very goostruction base as well as
the subbase of the pavement. However, GnanendmniA&odburn (2003)
emphasize the recycled aggregate can possess a gowgbatibility
characteristic only if the contaminants such as tirick, and wooden pieces
meet the limitation requirements for acceptancbas® and subbase materials
for pavements. Moreover, the asphalt is allowed anB % content due to the
adhered mortar on the aggregate particles that tteilde lower compressive
strength (Gnanendran and Woodburn, 2003). Howeasphalt is a major
component of the asphalt concrete pavement andftrermay be allowed in a
higher percentage in case the mechanical charstaterof recycled aggregate
are satisfied in the detailed laboratory testingng@ndran and Woodburn,
2003).

The inclusion of recycled aggregate in concreteepgent may impact
several physical and mechanical properties. Acogrth a previous study done
by the Federal Highway Administration (2004), itsMaund that the recycled
aggregate is always larger than the standardebimural aggregate. Since the
recycled fine aggregate may affect the performasicéhe pavement, thus
appropriate production technology is required tue the negative effects to
achieve an acceptable level (MaleSev et al., 200H4¢. recycled aggregate in
the pavement is irregular, mostly an angular shajle a rough and porous
surface, therefore, the amount of water use tothexconcrete with recycled
aggregate has a significantly higher than conveatipavement. The reason for
that is the quantity of mortar attached to recy@gdregate increases the water
absorption by up to 10 % (MaleSev et al., 2014jtHarmore, the abrasion and



crushing resistance of recycled aggregate paveraentlower due to the
presence of mortar (Jindal et al., 2014). Accordimgrushing tests conducted
by Sagoe-Crentsil et al. (2001), the recycled agapesin the pavement resulting
in values of 23.1 %. On the other hand, the recyelggregate may influence
all physical properties especially the durabilifyttte pavement without a well-
established practice in concrete mix design (Vazge16). To conclude, the
keys to successfully produce recycled aggregatpdeement is to understand
the physical and mechanical properties of the aggesand make any necessary
engineering adjustments to ensure long-term pedao® of the pavement.
Nowadays, LCA plays an important role in quantifythese impacts to
the eco-system. By input all the materials usedearatgy consumption in each
stage of the process, the environmental impactdeagenerated by using the
LCA. Application of LCA gives a clear direction the industry to reduce
pollution during the life cycle of a product, presethe natural resource which
leads to environmental improvements and develapera sustainable industry
in near future. Within the steps of LCA, there a2e approaches of
characterization (midpoint approach and endpoimtr@gech) that take place
along the impact pathway in the LCA. The midpoirdgthod is used to assess
the impacts before the endpoint categories whieetipoint method focus on
the environmental impact at the end of the chaier{dufi, 2011). Normally,
endpoint results would show a high impact on EdesgQuality and Human
Health in the LCA (Brilhuis-Meijer, 2014). IMPACTOB2+ and ReCiPe are the
two LCA methodologies that can be used to evaliegenvironmental burdens
of the concrete pavement at the endpoint level. @rke differences between
these two methodologies is the number of impaagmates. IMPACT 2002+
Endpoint method will evaluate the impacts in fondgoint damage categories
(Climate Change, Ecosystem Quality, Human HealthR@sources) while the
ReCiPe Endpoint method evaluates the impacts ieetlendpoint damage

categories (Ecosystem, Resources, and Human Health)



1.3 Problem Statement

Due to the infrastructure development, the raasumption of the aggregate and
disposal had increased annually. According to thdiss conducted by Danielsen
and Kuznetsova (2015), the construction industrghim worldwide used up 22
billion tons of aggregate per year. A survey coneddyShah et al. (2012) shows
nearly 40 % of the solid wastes such as aggregastevgenerated from the C&D
wastes in developing countries of the Asian comtinBesides, the C&D wastes
account for 75 % of the daily solid wastes of 10,88hs daily in Dubai (Kartam et
al., 2004). Théow recycling percentage of aggregate waste in ooadtruction
projects contribute to increased environmental agdation as well as depletion
of natural aggregate resources. Recycled coarseegajg can use as the
subbase material of the concrete pavement. Howévereffect of recycled
aggregate on water quality is the primary concefrrmost environmental
agencies. To wash out the used aggregate fronotieete, a huge amount of
water is required. According to the Sandrolini &ndnzoni (2001), 200-400 kg
of concrete required 1000 liters of water to remtineeaggregate mechanically
and reuse in the new mix for the pavement. Thisteveeter containing large
amounts of solid particles and its extremely highrpay be discharged from
the recycling plant where contribute to the negattifects on water quality in
the surrounding environment. Additionally, recyclaedgregate has a higher
water consumption compared to the natural aggreGatecrete pavement made
using recycled coarse aggregate needs approxin@agélynore water than the
conventional pavement to attain optimum in the potidn (Federal Highway
Administration, 2004).

According to Ivel et al. (2019), there is no measoent of the recycled
aggregate in the asphalt and concrete pavemeiiddiion, the LCA of the
concrete pavements using IMPACT 2002+ Endpoint owthnd ReCiPe
Endpoint method analysis is a topic not coveredhi previous study. The
system boundary in the study is limited to the raaterial production until
disposal stage, Ecoinvent database is appliedr@ihg that, most of the LCA
in a single study is only includes one kind of paeat, for example, LCA study
on conventional pavement shows there is lack of paoison of the
environmental impact between concrete pavement wwitd without the

recycled aggregate (Stripple, 2001). The large arhotidata required in the



LCA study on the pavement and it is resource comsginAccording to Huang
(2007), the assumption such as transportationraistaf material and energy
input has been made in the LCA study of recyclegtegpte pavement. Since
the output of LCA is strongly dependent on its ippiudata collection is poor,
or if the wrong assumption is made, the study moll lead to solid conclusions.
Consequently, the application of LCA is not fullgagted to the sector of the
road industry in past, at the same time, releveanttice in concrete pavements,
particularly when recycled coarse aggregate isliredy is limited. Thus, it is
necessary to promote and to encourage the roadstigdto shift toward
maximizing the application of recycled aggregatéh@ concrete pavement to

maintain the security and preserve the environment.

1.4 Aim and Objectives

Life Cycle Assessment (LCA) is a useful techniqueassess the potential
environmental impacts of a product over its erlifeecycle. This study aims to
evaluate the environmental impacts regarding tleeofisecycled aggregate in
the concrete pavement to develop more sustainabléians. To achieve the

aim of the study, the objectives are listed aoiod:

() To identify the life cycle inventory of conventidn®ortland Cement
Concrete(PCC) pavement and recycled aggregate aRdrtiCement

Concrete(RA-PCC) pavement (base course and subbasse).

(i) To determine the environmental impacts in the dyele of conventional
PCC pavement and RA-PCC pavement based on IMPAOZ+BEndpoint
method and ReCiPe Endpoint method.

(iif) To compare the environmental impacts of cami@nal PCC pavement and
RA-PCC pavement based on IMPACT 2002+ Endpoint oteeind ReCiPe
Endpoint method.



1.5 Scope of the Study
Life Cycle Analysis has been commonly adopted g&ess the environmental
impacts of the road industry. LCA can assess thgaats resulting from all
inputs (raw materials, electricity, and water canption) and outputs (waste,
pollutants, and emissions) of each life cycle ph&sece there is a wide range
of production conditions and various types of materprocessing in the
manufacturing of the pavements, this is importariinit the scope of the work
and to focus the efforts. Therefore, the life cyslage, impact category, and
environmental category have been limited in thigdgtscope of work. The
system boundary of the LCA is focusing on cradlgrite analysis by using
APQOS approaches. Ecoinvent 3.5 database is usbe &€ A database for the
analysis. Data will be taken from the previous gtudhile it is not available in
the database. To make this study feasible, it isesgary to make some
assumptions. For example, the environmental bulrdem the transportation of
waste inside the recycling plant is not considenetthis study. Other than that,
the base layer of Portland cement concrete pavensémy recycled aggregate
is assumed to be compacted properly until the tiesk and strength similar to
the conventional pavement (Snyder, 2018).

The concrete used in this pavement analysis igaRdrcement concrete
(PCC) which the reference of the mix design praporor the base and subbase
are obtained from the study done by Jain et allZ@nd Prasittisopin et al.
(2017). This study will focus on the applicatiortioé recycled coarse aggregate
as a substitution of natural aggregate for the laasesubbase of the concrete
pavement where the recycled aggregate is takentfier@&D wastes from old
buildings (Rosado et al., 2017). Furthermore. Téigsdy is focusing on
IMPACT 2002+ Endpoint method and ReCiPe Endpointhime to perform a
detailed environmental assessment on the conveh®@C pavement and RA-
PCC pavement. IMPACT 2002+ Endpoint method and ReCEndpoint
method are selected due to their high similarityhieir impact category. The
economic and social impacts of those pavementsnateincluded in this

pavement life cycle assessment.



1.6 Contribution of Study

In this generation, sustainability is a great conce road infrastructure
construction and management. According to Harveyalet (2014), the
application of LCA can help to define pavement eys to support decision
making regarding changes to the practices to maemthe impacts of
pavements on the environment, human health, asas#ile costing. Nowadays,
the LCA of pavement becomes a very significantstoecause it can generate
a sustainable solution for future development & ithad industry. This study
allows the concrete mix suppliers to evaluate ahgnge of impacts in
constructing the pavement with consideration ofyckxd aggregate in the
timeline, therefore they can enhance their produacline to produce a more
environmentally friendly pavement.

LCA has major roles in integrated waste manageraadt pollution
studies, encourages the development of sustair@dlement construction
which promotes the efficient use of recycled mateand the reduction of
aggregate waste. The LCA study improves the ecfilpmaf technologies for
the road pavements which taking into account e®igde strategies,
sustainability development, and technological feiéisi (Pratico et al., 2020).
A survey found that LCA was used for supporting R&Dimprove process
design (Jacquemin et al., 2012).

Undergo Life cycle assessment of the RA-PCC pavéntlea overall
impacts on the environment can be determined gmavides the investor with
environmental information, which is something thah improve their trust in
the investment of RA-PCC pavement. Uses of recyatggtegate in pavement
construction is possible to reduce operating casis preserve the natural
resources for future use. Hopefully, this study da: used to promote

sustainable development in the future.



1.7 Outline of the Report

This report consists of 5 chapters in total. Chaptgrovides a brief introduction
and research background of this project study.dgssithe problem statement,
aims and objectives, scope and limitation of thelst contribution of study,
and the outline of the report are included in thapter as well. A literature
review is done in Chapter 2 on the life cycle assesit on the conventional
PCC pavement and RA-PCC pavement. The frameworkheflife cycle
assessment and the method used in the assessmdiscaissed in this chapter.
Chapter 3 discuss the methodology of the projextystthe goal and scope are
defined with the input data used in the analydi® [ffe cycle impact assessment
and interpretation are highlighted in Chapter 3.Qhapter 4, results and
discussions are shown in tables and graphs andwraalysed accordingly.
Comparison between 2 LCIA methods used in this ystack conducted.
Conclusions has been made in Chapter 5 with recomati®ons for future study.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, the aspects of conventional paveraed recycled aggregate
concrete pavement would be further discussed. mieaaamental impacts that
resulted from the concrete pavements were beirayssed as well as their life
cycle assessment. Other than that, different mellbgées adopted in the LCA

will be mentioned in this chapter.

2.2 Portland Cement Concrete(PCC) Pavement

The PCC pavements are usually made from Portlameice aggregate, sand,
and water. In recent years, the concrete paventiéirned for different pavement
applications such as highways, and parking lotabse of its low maintenance
advantages (Darabadi et al., 2018). Normally, e pavement structure
consists of the surface course, base layer, arltasetayer. In some cases, the
subbase layer will be constructed to provide foucttral strength. The top
structural layer of the surface course is direictlgontact with traffic loads and
it provides most of the strength. It protects thedlayer from wheel abrasion,
at the same time waterproof the entire pavementtstre. The underlying base
and subbase layers are orders of magnitude |&s$ostier-quality materials are
allowed in these layers (Rodriguez, 2019). Howevee, layers still make
important contributions to pavement strength ad astirainage improvement.
The subbase layer consists of crushed aggregalisperses the load from the
base course before transmitting to the subgrade. bEse layer consists of
crushed aggregate and cementing material suchrdarRbcement and lime fly
ash, which support and disperse the traffic lo&tsu(hmiphan et al., 2018).
Figure 2.1 shows the basic structure of Portlantherg concrete(PCC)

pavement.
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| Course (Optional)
Subbase Course (Optional)
Subgrade (Existing Soil)
Figure 2.1: Portland cement concrete(PCC) pave(hishra, 2019)

The thickness of the subbase and base are usoakyrged by the depth
of frost penetration, subgrade type, and availgbif water near the subgrade.
According to Nwanosike et al. (2015), the thickneéshe base and subbase
layer commonly ranges from a minimum of 100 mm toaimum of 300 mm.
Table 2.1 shows the standard thickness of the penttayers. The base and
subbase not only include primary aggregate, mateofime, the waste and by-
product such as recycled aggregate will also bd usthe pavement. However,
the materials should meet the requirements of AASHFor example, the
percentages of contaminants stick on the recyajgdegate should be limited
to 3-4 % to maintain its quality (Nwanosike et @D15). The study conducted
by Snyder (2018) showed the thickness of concratement using recycled
coarse aggregate can be similar to the conventmmament in case there is

compacted properly following the AASHTO guideline.

Table 2.1 : Standard thickness of pavement layda(As et al., 2014)

Type of Layer Standard Thickness
Surface Course 150-300 mm
Base 100-300 mm
Subbase 100-300 mm
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2.3 Environmental Impacts of Concrete Pavement

Portland cement is one of the main ingredientstferconcrete pavement which
acts as a binding agent when in contact with weaterbinds the aggregate as it
hardens. The production of cement involved the ggemf mining, burning,
grinding, etc. There are not only involved consumpbf large quantities of
raw materials and energy but also release a signifiamount of solid waste
and gaseous to the atmosphere. This is includngg kolumes of Ce®emitted

to the atmosphere. According to Stajarand EStokova (2012), this industrial
sector will bring about 6 % of the total €@ the atmosphere.

Environmental impacts of using natural coarse aggfee in the
pavement have two aspects. One is the emissionOafadd other harmful
substances to the environment during quarryingpaodessing of aggregate in
the plant. Another one is the energy consumptiorthimm transportation of
aggregate. Evaluation of these impacts in energyamsl CQ emissions are
studied more than other impacts, global warmingctviieéads to climate change
is now the most concern.

In 2008, the UK construction aggregate sector preduabout 207
million tons of natural aggregate and responsibiedf46 % of the total carbon
emissions (Meininger and Stokowski, 2011). A studhnducted by the
Department for Energy and Climate Change in 2016wsk the official
estimate of total C®emission is 2.45 million tons per 532.8 milliomsoof
aggregate produced (Meininger and Stokowski, 204/th this amount of C®
emission released to the atmosphere is sufficienpassess a considerable
impact on the environment.

The machine used for mining aggregate and traresgantof aggregate
from pit to manufacture plant consumes the fuelaoitl release COwhich
indirectly damages the environment. Therefore ugeeof energy in production
and their by-product are one of the sources ofrenmental impacts. As the
energy input increase, the amount of harmful bydpobd release to the
environment increased (Mitchell, 2012).

On the other hand, the generation of a large gtyasitaggregate waste
creating a shortage of land for infrastructure ttgy@ent, for example, disposal
of aggregate waste at the landfill sites in Indihe study showed aggregate

waste expected to reach million tons in 2047 aisMiaste would be about 170
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km? comparison with 20 kfin 1997(Jindal et al., 2014). Depletion of landfil
not only cause land shortage problem, but the sssud also be further

aggravated, causing other economic environmertdaials and rise.

2.4 Aggregate Demand

Aggregate plays an important role in the constamctindustry. Aggregate
typically accounts for 70 to 80 % by volume for coete mixes (Martinez-
Arguelles et al., 2019). In recent years, the aosibn industry grows
dramatically and increases the consumption of ¢igeemate as raw materials in
the concrete. The global demand for natural aggeggahe manufacturing of
concrete is growing by 7.7 % per year and is exgzetd reach 66.2 billion
metric tons in 2022. An aggregate demand analysigiged by MPA (2017)
showed the aggregate demand will be peaking an@Ri@n tons per year in
2023. Overall, this means the construction industily face a cumulative
aggregate demand of around 3.5 billion tons oventxt 15 years. On the other
hand, a huge amount of aggregate is required ferctnstruction of the
pavement. As reported in the FHWA study estimatedt.S road industry will
spend about 700 million tons of aggregate for tagement (Meininger and
Stokowski, 2011). The continuous exploitation ofegate for development
use has a major impact on the environment suctOagfmission and depletion
of natural resources. The aggregate demand fagrdiit industry application
shown in Table 2.2.

Table 2.2: Great Britain: Demand of primary aggtegdy major end-use
(MPA, 2017)

Principal uses Thousand tons
Sand& | Crushed | Total %
gravel rock
Concrete aggregates 35381 14 279 49660| 32.1

Other screened, graded aggregates 6 555| 19572 26 127|16.9
and surface dressings
Roadstone, coated 181 17 597 17 778| 11.5
Roadstone, uncoated - 22179 22179| 144
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Building/asphalting sand 6 960 - 6 960| 4.5
Railway ballast 1 2990 2990| 1.9
Armourstone/gabion - 976 976| 0.6
Constructional fill 7052 20831 27883|18.0
Total sales 56 129 98 423| 154 552| 100

Source: Annual Minerals Raised Inquiry, Office Kational Statistics (ONS)

2.5 Aggregate Waste

Nowadays, the disposal of Construction & Demoliff@&D) waste has become
a major concern, especially in developing countrié® construction industry
generates about 35 % of industrial waste in theldv(fadiya et al., 2014).
Another study conducted by Jindal et al. (2014wsdd that around 40 % of
this C&D waste is concrete waste. Disposal of tisied concrete increases the
aggregate waste which may lead to an environmamict. According to
Sharkawi et al. (2016), Egypt is one of the maiantdes which has generated
a huge amount of C&D waste harmfully affecting émyironment. Normally,
the aggregate waste is generated in the constnjcgaovation, or demolition
of buildings and infrastructure. About 4.0 millisons of waste aggregate is
generated per year in Egypt, however, the aggregateling is unexercised
and the current method of managing such wastaasidgin disposal in landfills
(Sharkawi et al., 2016). Even though some of tiseaschers are studying the
feasibility of recycling C&D waste, however, thene no such local integrated
results are available for application, thereforaswag large deposits of C&D
(Sharkawi et al., 2016).

In 2005, UK had generated a total of 89.6 milliong of C&D waste,
which 28 million tons were sent to landfills (Fadigt al., 2014). Million tons
of the aggregates were disposal while the aggretgatend is increasing in the
world. Australia is facing a similar problem as Wibout 7 million tons of C&D
waste was disposed of in landfills from 2006 to 2@Padiya et al., 2014).
Today, the world is generating about 1.3 billiond®f solid waste every year
and is expected to reach 2.2 billion tons in 20p&ffese, 2018). This may due
to inefficient waste management practices in thestraction site. Moreover,
construction possesses a significant environmempéct through the quarry

activities. Aggregate wastes may be generated tih@mquarrying activities such
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as washing and cutting of crushed rocks duringptioduction stages (Adajar,
2017). Table 2.3 shows the environmental impathefaggregates.
Table 2.3: Environmental Impact of Aggregates (Tomcrete Society, 2019)

Stage in aggregate processing Major environmental impacts

Scarring of landscape

Dust and noise

Some sources are in areas of outstangding

. _ natural beauty
Quarrying and processing raw

Proximity to major centers of populatio

=

material

Loss of agricultural land (or removal from

use for many years)

Energy consumption; carbon dioxigde

emissions etc.

Delivery of aggregate to concrete ) )
Fuel, noise and traffic

production plant

Source: Concrete and the Environment, publish€ONCRETE in September
2001

2.6 Recycled Aggregate Production

Recycled coarse aggregate as the alternative mlatéor the replacement of
primary aggregate in the concrete pavement is ggsalin this study. Recycled
aggregate is usually produced from the C&D washeswaste will be collected

from site and transport to the recycling plant. @lggregate recycling system is
shown in Figure 2.2. The system consists of 4 rphises which are waste
collection, reduction of size, separation of impas, and screening (Klee,
2004). The production of recycled aggregate is shiowFigure 2.2.
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Figure 2.2: Production of recycled aggregate (KB&€4)

The production of recycled aggregate involves dngshhe concrete
material to a gradation comparable to the roadwagebaggregate. Fresh
recycled aggregate may contain an amount of dabdsreinforcing steel, and
the aggregate must be processed to remove thisd8bmetimes air separators
may use to remove lighter materials such as woadpdastics (Klee, 2004).
The magnetic separator in the next phase will sepaout the impurities
including the iron scrap. The removed iron scralb v extracted and kept for
recycling use for other manufacturing processesgemeration of power in the
factory. In the next stage, the aggregate is pgssier the sieve decks to screen
out the deleterious particles and lower qualityarmiat from the system (Klee,
2004).

In addition, the mortar on the surface of aggregatiebe removed by
beneficiation methods. Thermal beneficiation getiregathermal stress on the
aggregate at about 500 °C which through thermabesipn to remove the
adhered mortafJindal et al., 2014)in mechanical beneficiation, the aggregate
is allowed to pass between two cylinders that ectdthigh speed to remove the
adhered mortar from the aggrega@demical treatment such as exposure of the
aggregate particles to sodium sulfate solutiorepmgate mortar from the aggregate
through the freeze-and-thaw action (Jindal et2114). After removed adhered
mortar, thecoarse aggregate and fine aggregate will be seyoilog a vibrating

screen and the recycled aggregate is ready to use.
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2.6.1 Use of Recycled Aggregate in Pavement

A direct engineering solution to reduce the useaifiral aggregate is to adopt
the recycled coarse aggregate as the alternatiteriala in the construction
industry. Aggregate other than natural aggregatmlied recycled aggregate.
This aggregate can be obtained from the recyclinG&D waste. The used
aggregate will be processed into appropriate sidaeuse in different industrial
applications. One of the examples is reused ipgwement base and subbase.
Even though the recycled aggregate is lower inigddut it is suitable to use
for the base and subbase of the pavement (MeiniaugerStokowski, 2011).
There is also some guideline prepared in ASTM DA&tbcommittee, stated
the standard guide for recycled aggregate as disubsnaterial in the concrete
pavement (Edil, 2011). Table 2.4 shows the use¢beohiggregate and relative

level of quality needed for different industry aipptions.

Table 2.4: Uses of Aggregate and Relative Lev&)oélity Needed
(Meininger and Stokowski, 2011)
Lower Quality Backfill and Bedding

Subbase, Select Material, and Subgrade

Improvement

Base Course (Unbound and Stabilized)

» Stabilized (Asphalt, Cement, and Lime
Fly Ash)
* Dense Graded

Aggregate Surfaced Roads (Gravel Roads)

Chip Seal, Cover Material

Portland Cement Concrete

» Lean Concrete Base (Dense or Open
Graded)

4 » Structural Concrete
* Concrete Paveme

Hot-Mix Asphalt and Warm-Mix Asphalt

» Dense Graded
* Open Grade
Higher Quality Drainage and Riprap

Filter Aggregates
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In the past, the recycled aggregate is an unconmmaigrial use in the

construction industry. However, it becomes more idamt when the worlds

move toward sustainable development. The studherhvironmental impact

of the pavement is increasing over the years. Titization of recycled coarse

aggregate in road construction can minimize theatehfor natural resources

and waste disposal, at the same time give bothossiznand environmental

benefits (Klee, 2004). Thus, some countries hatlestdo implement aggregate

recycling technology in the pavement industry ttenghese advantages. The

countries involved in aggregate recovery projepesshown in Table 2.5.

Table 2.5: Aggregate recovery in different courstii€lee, 2004)

Country Aggregate Recovery
us 38 states use recycled concrete aggregate for|road
subbase.

Brazil Sao Paulo and Belo Horizonte have aggregate
recycling facilities which recycled aggregate iedis
mainly for road subbase.

Legislation exists promoting C&D  waste
managemer
Netherlands All concrete is recycled except for some residual

process waste.
Landfill of concrete waste is banne¢

The study also showed recycled aggregate is bettt for road base

and subbase course applications compared to tmagyriaggregate. The reason

is that recycled coarse aggregate always has lwetepaction properties, less

cement is required for and cheaper materials (k1664). The use of recycled

materials for pavement is a sustainable move inrdld industry. However,

different pavement applications have their desigmdard, specification and

quality to be followed in order to utilize the aggate and offer a long lifetime

of pavement. The standards, specifications, antitgeantrols for the use of

aggregates are shown in Table 2.6.
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Table 2.6: Standards, specifications and qualitytrots for the use of aggregates (WRAP, 2013)

Product and Use

Standard

Specification

Quality Conbls

Unbound recycled
aggregate:
pavement

BS EN 13242: Aggregates f
unbound and hydraulicall
bound materials for use in ciy
engineering work and road
construction

pHighways Agency Specification fa
yHighway Works: Series 800 HAUC
iISpecification for the reinstatement
dopenings in highways BS EN 1328
Unbound mixtures: Specifications

rBS EN 13242: Level 4 Attestation Evaluati
L:.of Conformity to BS EN 16236* SHW: Qualit
ofontrol procedures in accordance with
HQuality Protocol to produce aggregates fr
inert waste SROH: Compliance with SHW

Recycled
aggregate for
asphalt

BS EN 13043: Aggregates ft
bituminous  mixtures an
surface treatments for roag
airfields and other trafficke
areas

pHighways Agency Specification fc
dHighway Works: Series 900 HAUC
sSpecification for the reinstatement
dopenings in highways

L' Works: Series 900 HAUC: Specification for t
afeinstatement of openings in highways

Recycled
aggregate for
hydraulically
bound mixtures

BS EN 13242: Aggregates ft
unbound and hydraulicall
bound materials for use in civ
engineering work and road
construction

pHighways Agency Specification fc
yHighway Works: Series 800 HAUC
iISpecification for the reinstatement
dopenings in highways

BS EN 14227-1 to 5 Hydraulicall

rBS EN 13242: Level 4 Attestation Evaluati
L:.of Conformity to BS EN 16236* SHW: Qualit
ofontrol procedures in accordance with
Quality Protocol for the production ¢
yaggregates from inert waste SRQ

Bound Mixtures: Specifications

Compliance with SHW

rHighways Agency Specification for Highway

he

on

the
nf
H:
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The Centre for Pavement and Transportation TeclggqlGPATT) has
successfully carried out the concrete test contginécycled aggregate (Jindal
et al., 2014). The results for compressive andufiaixstrength showed the
recycled aggregate is negatively affecting thengfite Another study was
conducted by FHWA's Turner-Fairbank Highway Rede&enter (TFHRC) to
review properties of concrete manufactured withycksd concrete aggregate
for the concrete pavement (Jindal et al., 2014 fHsult also showed concrete
pavement with recycled aggregate has a lower caawe strength, however,
the compressive strength is found to be abovedteired level. Moreover, the
study shows the recycled aggregate has higher vedtsorption and lower

specific gravity compared to primary aggregate.

2.7 A Life Cycle Approach to Sustainable Construction

Construction activities are major contributorshe environmental degradation
issue especially climate change. Nowadays, more rande construction

industries are moving towards sustainable developntee companies are
aiming for environmental labeling to help them iy the environmental

sustainability and consumption patterns in thejgmt. Green construction
practices such as using the green building maseinathe new project can help
the company to earn a tax break (Jones, 2018j)eédites alternative solutions
that allow the decision-maker to select a longanterith consideration of all

environmental issues. The technique such as LCPleldped to analyze

environmental impacts in the construction, use, wadte disposal from the

worksite.

2.8 Life Cycle Assessment (LCA)

Life cycle assessment (LCA) is a comparative tamlquantify the total
environmental impacts of the product across itstilife. A cradle-to-grave
analysis is adopted to evaluate the life cycle pf@duct from raw material,
through production, use, and final disposal by ssisg the input and output of
the production process. The analysis can signifigaeduce the complexity of
an LCA by creating a clearer and faster internalysis processes. Others, LCA
is important in the product chain which increasingses as a strategy of

business development. Application of LCA in civihgineering acts as a
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technique for assessing solid waste managementng@nce, the increasing
use of recycled aggregate in PCC pavement showd fuather study on its
environmental impacts (Martinez-Arguelles et a012). Already accredited by
some of the industries, LCA is being accepted amadtized in the pavement
industry to evaluate and compare the environmantphcts throughout the
pavement life.

Regarding International Standards 14040 (ISO, 200@&)e
methodological framework for LCA consists of fowykphases: goal and scope
definition phase, inventory analysis, impact agsess, interpretation. Figure
2.3 shows the methodological framework for LCA. Tindividual phases of an
LCA will use the results of the other phases amichtive approach between each

phase contributes to the consistency of the arsafgsult.

O )

(Goal and Scope
Definition

|

Inventory Analysis <—': Interpretation
ﬂf‘s

Impact Assessment

=)

un

—

. J/

Figure 2.3: The methodological framework for LCAe(itinen et al., 2011)
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2.8.1 Goal & Scope Definition

The first step of LCA is the definition of the goahd scope. It is a very
important phase of LCA methodology because thideermining the exact
approach to be followed in the process. However,ghal and scope can be
modified during data collection (Curran, 2017). iDefg the goal includes
application, audience, and how the investigatiotoi®e carried out. In the
scope of LCA, the system boundary, functional ,umimctions of the product
system, allocation procedures, impact categoriesthadology of impact
assessment, assumptions, limitations, data reqeireas well as the type and
format of the report required for the study will bated (Malkki, 2011). A
functional unit is considered as a reference pdmtallow reasonable
assumptions to be made and set a limitation foradsessment. A rise in the
amount of the functional unit will naturally incimathe linked inputs, outputs,
and impacts (Crawford, 2011a). For the system band usually begins with
the extraction of natural resources, continues tsthsportation, manufacturing,

use and operation, and disposal at the end o$égullife.

2.8.2 Life Cycle Inventory (LCI)

The next step is the life cycle inventory whichludes data collection and
calculation procedures. The input and output da& eollected before
proceeding to the life cycle assessment. Colledtirggdata is the most time
consuming, thus Ecoinvent database will use toaedine complexity in data
collection (De Haes and Van Rooijen, 2005). All significant environmental
impacts will be quantified in the development ofiaventory. It consists of raw
resources, energy, water, and emissions througtitfatent stages of the life
cycle of a product. The LCI analysis result is stjly dependent on the input

types and quantities, transportation methods alsaselisposal of the product.
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2.8.3 Life Cycle Impact Assessment (LCIA)

The life cycle impact assessment is the step inuatiag the potential
environmental impact based on the inventory anslhgsiult. The environmental
impact of a product’s inventory is examined in LCIis process interprets
the inventory data and transforms into impact iatlics with certain
environmental impact categories (Malkki, 2011). pbiht and Endpoint
indicators are two approaches of characterizatiah ¢an take place along the
impact pathway in the life cycle of a product. tidaion, LCIA also provides

information for the life cycle interpretation phase

2.8.4 Life Cycle Interpretation

The final phase of the LCA is life cycle interprida which the results from
LCIA and LCI phase is examined and assessed. br @tbrd, a comparison of
data collected from inventory analysis and impaseasment stages will use to
make decisions and conclusions. The product wisde impact on the

environment is selected (Crawford, 2011b).
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System Boundaries

System boundaries in LCA must be specified to asseproduct life cycle

become easier. System boundaries limit all the ge®es throughout the

products life cycle that are included in the LCAdst. Figure 2.4 shows the

system boundary of a product. There are three mjiions to define which

processes lie within the system boundaries:

a)

b)

Cradle-to-Grave

Cradle-to-grave is a full LCA where the productli¢ycle from the
manufacture phase to the disposal phase. This matlelonsider the
impacts from extraction of raw materials, transation, manufacturing,

and ends when the materials are returned to thie. ear

Cradle-to-Gate

Cradle-to-gate only focuses on the impacts of ayxblife cycle from
the manufacture phase to the factory gate. The aingenerated after
transport to the consumer will not be considerethist model. Thus, it
can significantly reduce the complexity of the asseent when the use

and disposal phase of the product is excludeddtadil., 2014).

Cradle-to-Cradle

Cradle-to-cradle is the assessment where the dibp@ste at the end
of the life cycle replaced with the recycling prssefor the

manufacturing use of another product. Cradle-talers also known as
a closed-loop recycling, the impact from the us#hefprimary product
is minimized (Ali et al., 2014).
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Cradle to gate
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Recycled or reused for secondary life

Figure 2.4: System Boundaries of Pavement LCA (lale 2019)

2.8.6  System Model

A system model is a collection of modeling choiceade for the database.
According to the ISO standard for LCA, there isfixed solution to the impact
allocation problems (ISO, 2006). A large degredreédom is given, and it
allows a different way of the data interpretatidhe modeling is based on the
same data of real-world processes. Ecoinvent ds¢atsmavailable in three
system models: Cut-Off System Model, ConsequerBigtem Model, and
APOS System Model (Wernet et al., 2016). Differerddeling choices will
bring to different studies benefit. One of the systmodels will be chosen to
conduct LCA and it is depending on the data avditalas well as the goal and
scope of the study.

The Cut-Off method is commonly used to allocateits@@nd outputs for
the LCA of a product. According to this method, tu-off point allocated at
the end of the activity producing the recyclabldgerials, and the materials are
removed burden-free from the recycling processemgi@en, 2019). The
environmental impact of the by-product is excludiesn the product system.
For APOS system model, the allocation of recycledemals required further
treatment at the end of the product system, ancfibre the environmental
impacts of by-products are included in modelinge @ifference between these
two methods is the allocation of recycling and wastatment products. Thus,
APOS method required the datasets for by-produ€tsvaste treatments.

Moreover, a consequential system model is a subistitbased approach,
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substitution is used to resolve multi-functionality datasets instead of
allocation (Wernet et al., 2016). The co-productiothe life cycle of a product
takes into account in the modeling. The co-pro@dsc substitute which means
the impacts of other sources are avoided. A l@ssumptions such as product

quality will be made in this method (Ponsioen, 2019

2.8.7 Midpoint Method and Endpoint Method

It is challenging in transforming of the raw dat#oiuseful information in LCA.
Thus, it is important to select a method that ceesgnts the results with the
right level of detail before the data interpretati@Brilhuis-Meijer, 2014).
Midpoint method and Endpoint method in LCIA are dige calculate and
visualize LCA data to present an understandabla fiatdifferent audiences.
The differences between these two methods are shoWwable 2.7. Table 2.8
and Table 2.9 show the Midpoint and Endpoint ogdritCIA methodologies

respectively.

Table 2.7: Differences between Midpoint method Bndpoint method
(Brilhuis-Meijer, 2014, Menoufi, 2011)
Midpoint Method Endpoint Method

Focuses on the impact earlier algrigocuses on environmental impact| at
the impact chain, and before ththe end of this cause-effect chain

endpoint is reached

Large number of midpoint indicatofd.ess number of endpoint indicators

Difficult to interpret the data due t{oEasier to interpret the data and more

large number of impacts understandable

Show the result in more detailed wa$how the result without indicating the

source

Midpoint  results have lowerEndpoint results have higher

statistical uncertainty statistical uncertainty

Problem oriented Damage oriented
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Table 2.8: Midpoint oriented LCIA methodologiesdigd (Menoufi, 2011)

Methodology

Impact categories
(Midpoint categories)

Areas of protection

RECIPE

Ozone depletion, mineral resource depletion, folsl depletion, water depletio
oxidant formation, photochemical, climate changeshwater eutrophication, marir
ecotoxicity, urban land occupation, acidificatiomgrine eutrophication, agricultural lar
occupation, particulate matter formation, natueadd transformation, and terrestr

ecotoxicity

nEco system, resources, and
nduman health
nd

al

IMPACT 2002+

Global warming, ozone depletion, nenewable energy, human toxicity, aqua
ecotoxicity, respiratory effects, aquatic eutropliin, land occupation, ionizin
radiation, photochemical oxidant formation, temesteutrophication and acidificatio

terrestrial ecotoxicity, and mineral extraction

itEEco system, resources, climat
gchange, quality, human health

n

1)

EDIP 2003

Ozone depletion, global warming, human toxicityiddication, aquatic eutrophicatior

terrestrial eutrophication, photochemical ozoneation, noise, and ecotoxicity\

1,Ecosystem, resources, and

human health

TRACI

Ozone depletion, fossil fuel depletion, global wargy eco-toxicity, acidification
eutrophication, human health criteria pollutantsplan health cancer, human health n

cancer, and smog formation

Ecosystem, resources, and

ohuman health
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Table 2.9: Endpoint oriented LCIA methodologiedsgd (Menoufi, 2011)

Methodology (é)na:jnggﬁﬁ g:;[:ggrriigs) Areas of protection
Damage to Eco system diversity Eco system, resources,
RECIPE Damage to resources availability and human health
Damage to human health
IMPACT 2002+| Damage to human health Eco system, resources,
Damage to resources availability quality, climate change,
Damage to climate change and human health
Damage to Eco system diversity
JEPIX Photochemical oxidant formation, air emissjarzone depletion, respiratory effects, primaego system, resources,
energy resources, water consumption, surface weaieissions, radioactive emissiongnd human health
emissions to groundwater and soil, endocrine disrgp cancer caused by radio nuclides
emitted to the sea, gravel consumption, land filkednicipal (reactive) wastes, hazardous
wastes (stored underground), biodiversity lossed radioactive wastes
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2.8.8 OpenLCA Software

OpenLCA is an open-source, user-friendly, and geftware for life cycle
assessment (Noi et al., 2017). It can perform g feensparent, and reliable
calculations on the LCA of a product and preseatlt§A result in a detailed
way (GreenDelLTa, 2020).

In the past few years, openLCA created a webs#bed openLCA
Nexus. It provides free databases for use in opénin@Gdelling. Ecoinvent 3.5
database is used to conduct this study. The datatzas be directly imported
into openLCA. Ecoinvent is the world’s largest sparent life cycle inventory
database consists of 10,000 over datasets that didferent industrial sectors
such as transport, agriculture, energy supply veaste treatment (GreenDelLTa,
2020). The Ecoinvent database provides accessit@natesses as well as to
cradle-to-gate inventory. Table 2.10 shows seVe@a\ studies conducted by
some researchers on the concrete pavement and Zdlleshows different

applications of recycled aggregate in geotechrandlroad pavement.



Table 2.10: Previous LCA Study on the Concrete Peare (Li et al., 2019)
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th,

References RA Types Application Functional unit System boundary Impactcategory
Marinkovi_c et al. RCP Substitute for unbound | 1 kg of aggregate | Materials production Energy use, AP, GWP,
(2013) aggregates in base layer | Materials EP, FSETP, and TETP
Vidal et al. (2013) RAP 15 % substitution for 1 km of pavement The entire life cycle GWP, fodsipletion and

virgin materials in HMA CED

and WMA
Aurangzeb et al. RAP 30, 40, 50 % substitution| 1 km of pavement The entire life cycle | Energy use and GWP
(2014) for virgin materials in except for use and

HMA EOL phase
Anthonissen and RAP Hot in-plant recycling 1 ton of asphalt Materials production Ecosystem, human heal
Braet (2014) (50 % RAP) mixture and resources
Yang and RAS and | Substitute for raw 1.6 km of asphalt Materials production | Energy use and GWP
Ozerauthor (2015) RAP materials in HMA overlay and use phase of

asphalt overlay




Table 2.10: (Continued)
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subbase layers

Farina et al. CR and | Rubberized asphalt 1 lane-km of milling | Materials production | Ecological, resource

(2016) RAP mixture through wet or dry and construction consumption, and Human health
process

Rosado et al.| C&D waste| Substitute for unbound | 1 ton of aggregate Materials production Energy lasel use, and

(2017) aggregates in base and respiratory inorganics
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Table 2.11: Applications of recycled aggregategaatechnical and road
pavement (Dhir et al., 2019)

References Country RA Types Applications
MTO (2013) Ontario RCA, | Base, subbase, subgrade,
MRA and backfill material
VicRoads Victoria RCA, Subbase and light-duty
(2013) MRA base
Caltrans (2015 California RCA Base and subbase
DelDOT Delaware RCA Base, patch materials
(2016)
CDOT (2017) Colorado RCA Base, embankment
DPTI (2018) South Australi RCA Pavement materials
RMS (2018) New South RCA Bound and unbound base
Wales and subbase
TMR (2018) Queensland RCA, | Subbase
MRA
2.9 Applications of LCA on Pavement

Expanding and maintaining the pavement network resmurce-consuming
process. According to Santero (2010), there areita®®0 million tons of raw
materials that are invested in the pavement coctstru industries annually,
which covers over 8 million lane-miles of the pahioad. However, this does
not include the pavement for industrial facilitipgrking lots, and so on. The
requirements on the pavement will continue to gasvthere is a growing
demand for the infrastructures. Thus, it createlsadlenge to meet this demand
using sustainable and environmentally-friendly eergring practices.
The life cycle of pavement includes the productadrraw materials,

construction, maintenance, use, and end-of-lifepassignificant impact on the
environment. In the last decade, pavements havededuated using the LCA

to quantify the environmental impact from its ceatth-grave life cycle.
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Hakkinen and Makela (1996) conducted an LCA studyhe asphalt pavement
with virgin materials and recycled materials forncmete pavement. The
functional unit studied is 1 km of pavement. Fushgsumption and its burden
during the construction phase are excluded fronsthdy. As a process LCA,
the pavements are evaluated by some importantriariseich as energy
consumption, C@emission, land pollution, etc. The environmentadlaation
includes each phase of the life cycle except the afnlife phase. WisDOT
specifications do not limit the replacement of @mnaggregate with recycled
pavement materials in the base layer, as longeaettycled concrete aggregate
meets the strength and gradation parameters forbiaste or subbase, as much
material can be used as available (Bloom et al6R0

Mroueh et al. (2000) conducted LCA to compare theirenmental
impacts of conventional pavement with the pavemesihg industrial by-
products such as crushed concrete waste and flyoasthbstitutes for virgin
materials. The result shows that utilized recydedvaste materials were more
environmentally friendly than the control case whised only virgin materials.
Another LCA study conducted by Mroueh et al. (20868jimated that the use
of slag to replace natural aggregate decreaseehtfionmental burdens of the
pavement. In 2008, Chiu et al. conducted an LCAysand showed the concrete
pavement using recycled asphalt has benefits tenkigonment (Farina et al.,
2017). The study conducted by Uhlmeyer and Rug2@118) shows the concrete
pavements built with recycled aggregate have etpnvaperformance to
pavements made with conventional aggregate. Theogmuental impacts are
guantified using Eco-indicator 99 approach. Thegtlso shows the glassphalt
in the pavement has a higher impact compared totrutional concrete

pavement.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter provides a comprehensive methodolbéggase studies on the use
of recycled aggregate in PCC pavement. The recymadse aggregate will be
used as a substitute material for natural coargeeggte in base and subbase of
the pavement. In the life cycle assessment framiewlogre are four main stages
to perform LCA which are the definition of the gaahd scope, life cycle
inventory, life cycle impact assessment, and lifele interpretation. A
numerous assumption has been made in this studiodbe limitation of data

in different stages of the pavement’s life cycle.

3.2 Goal and Scope definition

The study presents a comparative analysis of thecamental between the
conventional PCC pavement and PCC pavement usioygclesl coarse
aggregate derived from an LCA framework using tfalie-to-gate approach.
The system boundary only considers the processesdxktraction of materials
until the construction stage. According to Marinitet al. (2013), the energy
consumption in the manufacturing of the concreteepgnt might different by
different manufacturers, therefore, it is necessargnake some assumptions.
For example, energy consumption to produce con@atement by different
manufacturers are the same.

In this study, the intended respondents is the noddstry which aims
to help them to understand the environmental ingassociated with each
alternative material such as natural aggregateraogcled aggregate in the
pavement, where to provide a solution to optimizecesses to reduce these
impacts. With respect to the manufacturing of caomiemal pavement, the
following processes were considered: extracti@ngportation of raw material
to the plant, and crushing, sieving, and so on.tRerconcrete pavement using
recycled aggregate, activities such as extractioth taansportation of raw
material, transportation of aggregate waste fromalshed structures to the

recycling process plant were included.
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The methodologies selected for life cycle impaseasment is IMPACT
2002+ Endpoint method and ReCiPe Endpoint methadidering a functional
unit of 1 km long of pavement, similar functionatiuis adopted in LCA
conducted by Bloom et al. (2016). According to 8hal. (2019), most of the
RA-PCC pavements were constructed using the samaenEnt structure
parameter such as the same thickness as the cpatrement. In this study,
both PCC pavement and RA-PCC pavement are assuniecv¢ a 7 m width,
where the thickness of base and subbase is 0.345dn9.200 m respectively
(Treloar et al., 1999, Treloar et al., 2004). Tiraehsions of subbase and base
and their materials used are summarized in Tatlé=8ur categories of damage:
Human Health, Ecosystem Quality, Climate Changed Resources will be
analyse through this study. All inputs and outpares related to the functional

unit and resulting in different levels of environmb& impact (Crawford, 2011a).

Table 3.1: Dimensions and materials used in sublxagdase layer (Treloar
et al., 1999, Treloar et al., 2004)

Pavement Dimensions Materials
Layers | Length (m) | Width (m) | Depth (m)
Base 1000 7.0 0.345 - Portland Cement
Course - Recycled Coarse
Aggregate
- Sand
- Fly ash
Subbase 1000 7.0 0.200 - Recycled Coarse
Course Aggregate

The system models adopted in this study is APOSemaodl the
environmental impacts from the by-product during life cycle of the concrete
pavement will be included. However, the landfill aggregate waste and the
transportation of aggregate waste from collectotandfill sites were excluded
from the system. The system boundary of the coiweait PCC pavement and
RA-PCC pavement is shown in Figure 3.1, where meee from the extraction

of raw materials until the construction stage waotuded. The use phase, and
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demolition phase have been omitted in this studthaedocus is based on the

cradle-to-gate assessment.



System Boundary (RA-PCC Pavement)

Manufacturing of
Virgin Coarse m Portland
Aggregate Cement

Transportation
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Crushing
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Debris Removal
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}

Crushing and sieving

Concrete Pavement Plant

Output:
PCC Pavement containing recycled aggregate

Figure 3.1: System Boundary of RA-PCC Pavement
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3.3 Life Cycle Inventory

This step involved the collection of input and autplata for the pavement
construction process. The data sources for this s@Aly are taken from the
Ecoinvent 3.5 database with the APOS modelling esystThe input data
consisted of the consumption of raw materials, gnexater, and transportation.
The output included damage to Human Health, EcesySQuality, Climate
Change, and Resources.

The mix design for the pavements is referring tostudy conducted by
Jain et al. (2012) and Prasittisopin et al. (20THe replacement of natural
aggregate by the recycled aggregate is 100 % irsttidyy. The mixed design
ratio for both pavements used in this study is showTable 3.2 and Table 3.3.
In this study, the design service life of this centtonal pavement was found to
be 32 years and 27 years for RA-PCC pavement (Sti,€2019). The energy
consumption in producing the subbase is 783806 ke 3932500 kwWh for
the base of both conventional concrete PCC pavearehRA-PCC pavement
(Marinkovi¢ et al., 2013, Treloar et al., 2004). Since theg/ecksxl aggregate is
not available in the Ecoinvent database, the ifgmthe manufacturing of 1-ton
aggregate will be taken from the study by Rosadal.ef2017) and shown in
Table 3.4.

Aggregate transportation is another significantedénce that must be
considered during the life cycle assessment of red@cpavement. The
aggregate transportation differences between rlaiggregate and recycled
aggregate are the transport distance. Generaklyn#itural aggregate can be
directly transported from quarry to concrete paveinpéant. Unlike the delivery
way of natural aggregate, transportation of recyelggregate usually contains
transportation of concrete waste from demolisheldlimgs to recycling process
plant and delivering RCA to concrete pavement factti is assumed of 100
km for natural aggregate and 25 km for recycledeggte in this study referring
to Ding et al. (2016). Besides, the transportatiboement, sand and fly ash to
the plant is assumed to be 100 km (Nisbet and VieenG 1997). The size of
lorry used is16-32 metric tons which is referringtte previous study conducted
by Giani et al. (2015).

The compressive strength of the conventional PC@mant and RA-

PCC pavement at 14 days, 28 days, and 56 daysiem@arized in Table 3.5.
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The compressive strength for the RA-PCC pavemebB6atays is 38.8 MPa,
which is lesser than the conventional PCC pavenvéht40.3 MPa. However,
compressive strength for RA-PCC is still highernttZl MPa, which is the
minimum requirement of compressive strength for R@Zement according to
AASHTO guidelines (Crovetti, 2005). For PCC paveineith the replacement
of natural aggregate by recycled aggregate shaysad potential to be used in
road construction but RA replacement less than 58 %ecommended to be
used in the road construction purposes (Jain g2@L2). Table 3.6 shows the
origin of each dataset involved in this pavemenALsRudy. The input for raw
material production shown in Table 3.7. Besidegufé 3.2, Figure 3.3, Figure
3.4 show the input data for conventional PCC paveneA-PCC pavement,

and production of recycled aggregate respectively.

Table 3.2: Mix Design of Conventional PCC Pavemg@atin et al., 2012,
Prasittisopin et al., 2017)

Conventional PCC Pavement

Input data Amount (tons) Total

Base Subbaseg| (tons)
Portland Cement (tor 628.2¢ 628.2¢
Fly ash(tons’ 143.6( 143.6(
Natural aggregate (tor 2455.6: 3447.7°| 5903.3¢
Sand (tons 2125.3. 2125.3.
Water (tons 306.8¢ 306.8¢
Recycled coarse aggregate (t¢ 0 0 0.0C

Table 3.3: Mix Design of RA-PCC Pavement (Jainle2®12, Prasittisopin et

al., 2017)
RA-PCC Pavement

Input data Amount (tons) Total

Base Subbase| (tons)
Portland Cement (tor 639.0¢ 639.0¢
Fly ash (tons 143.60 143.60
Natural aggregate (tor 0 0 0.0C
Sand (tons 2039.1¢ 2039.1¢
Water (tons 315.3¢ 315.3¢
Recycled coarsaggregate (ton 2268.9. 3447.7°| 5716.6¢
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Table 3.4: Input for Manufacturing of 1ton Aggreg@Rosado et al., 2017)

Consumption NA Production RA Production
Natural Aggregate (t) 1.0 -
C&D Waste (t) - 1.25
Electricity (kWh) 3.72 2.22
Diesel (MJ) 8.28 19.55
Lubricating Oil (kg) 0.006 0.008
Water (L) 8.07 0.80

NA: Natural aggregate; RA: Recycled aggregate

Table 3.5: Compressive Strength of Concrete Pave(daim et al., 2012)

Percentage of Recycled Aggregate Compressive StréndMPa)

l4days 28days 56day
0 % 32.04 37. 40.%

100 % 32.04 37.¢ 38.¢

U7

Table 3.6: Origin of dataset

Dataset Origin
Portland Cement Switzerland
Coarse Aggregate Switzerland
Tap water Switzerland
Fly ash Switzerland
Sand Switzerland
Energy Usage Switzerland
Lubricating oil Rest of World
Transportation Rest of World
Diesel Global
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Table 3.7: Input for Raw Material Production (Ecgnt, 2020)

Material

LCI Data Source

Data Quality Assessment

Cement, Portland

cement production,
Portland | cement,
Portland | APOS, U

The dataset describes the production of cement (OQEM Switzerland and covers the

representative production mix of CEM | 42.5 und CE®2.5 R as defined in EN 197-1.
The activity starts with the clinker in the silolie used for cement production and with
additional ingredients of the cement at the gathefcement plant.

The activity includes also the electricity used thoe grinding of the clinker, grinding aids

the

heat for the drying of additions etc. and ends hthcement produced in the cement mill.

The dataset does not include packaging and admaticst.

Energy usage at
concrete mixing

plant

unreinforced
concrete production
with cement CEM
[I/A | concrete,
normal | APOS, U

This dataset contains the production of unreinfdroencrete with cement without contain

any reinforcement steel or other metals. It camided in all exposition classes, except

applications with exposure to frost with or withode-icing agents, to abrasion or

chemicals; for concrete with reinforcement, the l@pgon shall be very dry, e.g. in

buildings with very low humidity.

for

to
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Fly ash

Ecoinvent process:
treatment of fly ash
and scrubber sludge
hazardous waste
incineration | fly ash
and scrubber sludge
| APOS, U

Inventoried waste contains 100 % separator sludgete composition (wet, in ppm): upg

heating value 0.9 MJ/kg

waste-specific air and water emissions from in@tien, auxiliary material consumption for

flue gas cleaning.

Gravel, crushed

gravel production,
crushed | gravel,
crushed | APOS, U

This dataset represents the production of 1 kgrashed gravel. From the total amot
(100 %) of mined gravel round, crushed and sanoljtalb % is crushed gravel. From gra
at ground, unexcavated.

This activity ends with the crushed gravel produaed the recultivation process done. T
dataset includes the whole manufacturing procesgstnal processes (transport, etc.)

infrastructure.

er

unt

vel

his
and




Table 3.7 (Continued)

43

Sand gravel and sand quarry » This dataset corresponds to the production of dflgand (35 %) and gravel (65 9
operation | gravel, round From the total sectoral production volume (100 %pmed gravel round, crushed and
APOS, U sand, about 85 % is gravel round and sand Thigiyotinds with the gravel and sand
dogged and the recultivation process done.
Tap water tap water production, * This dataset represents production of 1 kg of tafermuunder pressure at facility gate,

conventional treatment |
tap water | APOS, U

ready for distribution in network. It representsemge operation of conventional

treatment for production tap water. Conventionaatment includes coagulation and

decantation, filtration and disinfection. Otheratreent such as oxidation (ultravio

et

radiation, ozone) and other adjustment (pH, alikgliretc.) can be present in some

plant.
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Transportation | transport, freight, lorry 16r  «  This dataset represents the service of 1tkm fraighsport in a lorry of the size cla
32 metric ton, EURO3 | 16-32 metric tons gross vehicle weight (GVW) andcElUl emissions class. The
transport, freight, lorry 16+ transport datasets refer to the entire transpéetdycle i.e. to the constructio
32 metric ton, EUROZ3 | operation, maintenance and end of life of vehide ead infrastructures.

APOS, U « From combustion of fuel in the engine. The datssets as input the infrastructure
the lorry and road network, the materials and &faeeded for maintenance of the
and the fuel consumed in the vehicle for the journe

Diesel diesel, burned in diesel- * Generic module to estimate emissions due to theofis#iesel during crude o

electric generating set, 1(
MW | diesel, burned in
diesel-electric generating
set, 10 MW | APOS, U

exploration. From cradle, i.e. including all upsire activities. Diesel consumptio
emissions and infrastructure for the use of digselectric generating sets. Transp

to site not included.

SS

n,

of

2Se
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Lubricating oil

lubricating oil production |
lubricating oil | APOS, U

This dataset represents the production of 1 kgiqufid lubricating oil, including
additives.

The most important function of lubricants is thduetion of friction and wear. Apa
from important applications in internal combustiengines, vehicle and industri
gearboxes, compressors, turbines, or hydrauliesystthere are a vast number
other applications which mostly require specifigadlilored lubricants.

This dataset is based on literature and industiagh. The additives included in t
lubricating oil are based on Raimondi et al. (20I)e energy consumption

approximated based on data from a large chemictdria(Gendorf, 2016).

al

of

is
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* Inputs
Flow Category Amount  Unit
F= cement, Portland 239:Manufacture of non-... 628.26000 M t
F=fly ash and scrubber sludge 382:Waste treatment an... 143.60000 @ t
Fz gravel, crushed 081:Quarrying of stone, s... 5903.38000 m t
F=sand 081:Quarrying of stone, s... 212532000 @ ¢t
Fstap water 360:Water collection, tre... 30688000 ™ t
Fe=transport, freight, lorry 16-32 m.. 492:0ther land transport... 1.17341E5 ™ t*km

Figure 3.2: Input Data of Conventional PCC Pavement

p Inputs/Outputs: RA-PCC Pavement

* Inputs
Flow Category Amount  Unit
Fs cement, Portland 239%:Manufacture of n... 639.03000 ™ t
ke electricity, high voltage D:Electricity, gas, stea... A471631E6 @ KWh
k= fly ash and scrubber sludge  382:Waste treatment ... 143.60000 ™ t
Fs Production of Recycled Agg... 571669000 = t
Fesand 081:Quarrying of ston... 2039.16000 ™ 1t
F=tap water I60:Water collection, ... 315.35000 @ t
Fetransport, freight, lorry 16-3... 492:0ther land transp... 4.25814E5 M t*km

Figure 3.3: Input Data of RA-PCC Pavement

p Inputs/Outputs: Production of Recycled Aggregate

= Inputs
Flow Category Amount Unit
Fediesel, burned in diesel-elec... 3510:Electric power g... 1.11761E5 =@ MJ
k= electricity, high voltage D:Electricity, gas, stea... 1.26910E4 @ kKWh
ke lubricating oil 192:Manufacture of r... 0.05041 @ t
Fetap water 3o0:Water collection, ... 450000 =@ t
Fetransport, freight, lorry 16-3... 492:0ther land transp... 1.90560E4 M t*km

Figure 3.4: Input of Recycled Aggregate ProductioopenLCA
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3.4 Life Cycle Impact Assessment

In the life cycle impact assessment (LCIA), theemtory is analyzed for
environmental impacts. A comprehensive evaluatiohbe created where the
input data is translated into the environmentaladotp. LCIA evaluates the
product life cycle based on the functional uniteTTimportant steps involved in
the LCIA are the selection of impact categoriesssifying, characterizing,
normalizing, grouping, and environmental impactegration (Tojo and
Hirasawa, 2014). In this study, the environmentgacts of the pavements are
evaluated using IMPACT 2002+ Endpoint method andCiRe Endpoint
method. Both methodologies will assess the imphated on their damage
categories.

Firstly, impact categories are selected to detegmwvhich technique
will be used to evaluate the environmental impactsh as global warming,
resource consumption, ozone layer depletion, arhs®he impact assessment
method used in this study was Endpoint method. ndpgint method, four
damage categories are commonly used to evaluaentheonmental impacts:
Human Health, Climate Change, Ecosystem Qualitgt, Resources. The next
step is to classify the impacts, where the invgntiata is sorted into their
related impact categories and results in sevetstances being grouped into
one impact category (Tojo and Hirasawa, 2014).example, the cement and
aggregate are grouped into resource consumptioaraCterizing impacts
involves assessing the environmental impacts of ad@mcategories. The
characterization factors that have been createddon environmental problem
in the impact category are designated (Huijbregtsle 2017). Next, it is
necessary to normalize the assessment resultsietithy characterizing each
impact category in order to make relative compassfrojo and Hirasawa,
2014). The impacts resulting from different categ®rwill be grouped
according to certain fixed conditions and continvith the integration of the
environmental impacts. The total environmental iotp& obtained by
guantifying the impact of these categories. Thegdore for conducting the life

cycle impact assessment is summarised in Figure 3.5
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[Setting impactcategories] [ Classification ] [Characterization] [Normalizatlon] [ Grouping ] [ Integration l

Impact categories

Cadmium ~—==——__

lead —— :_;:, Humar_1 toxicit.y. > Contribution to human toxicity
VOCs % Ecological toxicity * Contribution to ecological toxicity, ™.
RO —— Fur.matiun of photochemical (_J.’(Iddrlb —= Contribution to ozone formation— \-\---. h Human healthzl
© = - Ozone \ayer@eplenon » Contribution to ozone layer depletion \
SOE 7 3 G\Dhla\luaara'ung Contribution to global warming— : j Ecosystem — 3 Single index
N[Ji [ — Aﬁldlflﬁ'fltlﬂﬂ > Contribution to acidification )
———— Eutrophication » Contribution to eutrophication- - Resources
Phosphnrus > RESDUFCE COHSU!’TIFItiDV'I = Contribution to resource consumption
Petroleum > Land use . Contribution to land use

Land
Figure 3.5: Procedure for conducting life cycle aopassessment (Tojo and

Hirasawa, 2014)

3.5 Life Cycle Interpretation

The environmental impacts of the conventional P@gement and RA-PCC
pavement were compared according to their damatggaaes. IMPACT
2002+ Endpoint method will evaluate the impactdaar endpoint damage
categories (Ecosystem Quality, Climate Change, iRess, and Human Health)
while the ReCiPe Endpoint method evaluates the atspm three endpoint
damage categories (Ecosystem Quality, Resourceiianthn Health).

Life cycle assessments commonly assess damagenanhealth using
the concept of disability-adjusted life years (DA4)¥which is dominated by
respiratory effects caused by inorganic substa@ggted into the air (Humbert
et al., 2005). In ReCiPe Endpoint method, the “haimealth” damage category
is the sum of the midpoint categories of humandibxi ozone layer depletion,
ionizing radiation photochemical, ozone form, parar form, and climate
change. For IMPACTS 2002+ Endpoint method, the dgm&om the
pavements to the “human health” is quantified by sbm of the impacts from
human toxicity, respiratory effects, ionizing raea, ozone layer depletion,
and photochemical oxidation (Menoufi, 2011). Ecosys are heterogeneous
and very complex to monitor. One approach to desagiecosystem quality is
in terms of energy, matter, and information flolauyrin and Dhaliwal, 2017).
Ecosystem quality in LCA was expressed as the piathrdisappeared fraction
of species (PDF) integrated over area and time.régpgective damage unit is
PDFxn¥xyr for both IMPACTS 2002+ Endpoint method and Re&Endpoint

method. In other words, the amount of damage tetosystems is quantified
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based on the fraction of species that disappearedn? of the earth’s surface
during one year (Laurin and Dhaliwal, 2017).

The resource depletion and rising of the mategahand may increase
the market prices, which could also negativelycftee ability to maintain and
expand the man-made environment (Goedkoop et 8D9)2 In ReCiPe
Endpoint method, the increased cost is used tohwvdilge damage to the
Resources. In IMPACTS 2002+ Endpoint method, MJ€ge Joules”) is used
to measures the amount of energy required to extiaaesource. In addition,
the damage category “Climate change” is the sartegosy as the midpoint
category “global warming” where the impact is exysed in “kg CQ-eq”
(Humbert et al., 2005). The influence of the LCl&timod on the ranking of the
pavement options was investigated for each impateégory within each
methodology. The total impact score was calculbtetbtal up the scores of the
indicators of each category. The concrete paveméhtlesser emission or to

say the lesser environmental impact was recommended



50

CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter discusses the results of life cyclpaioh assessment of 1 koh
conventional concrete pavement with the RA-PCC pearg using IMPACT
2002+ and ReCiPe Endpoint methods. The impact cagsyinvestigated
including Ecosystem Quality, Human Health, Clim&teange, and Resources.
The impact score is calculated by total up the evatithe indicators of each
category and showed in the bar chart. The greatmesvalues indicated the
pavements generated higher impacts to the envinohcwmpared to lower
values. Besides, the difference between convertjpaeement and RA-PCC
pavement and the comparison of the impact resyltssing IMPACT 2002+

and ReCiPe Endpoint methods were discussed ichiister as well.

4.2 LCIA using IMPACT 2002+ Endpoint Method

The impact assessment results for the conventipaatment and RA-PCC
pavement by IMPACT 2002+ Endpoint method were preskand compared
in the bar charts of Figure 4.1. The positive vatuthe bar chart indicates that
the net effect is damage on the environment, vithdenegative value indicates
that the credits are larger than the burdens awel @ipositive impact to the
environment by avoiding certain emissions to theirenment. The overall

performance of RA-PCC pavement appears better,t ds|a3 remarkable

environmental benefits in the damage categoriegaafsystem Quality and

Resources. For the Ecosystem Quality and Resouceg¢sgories, both

pavements showed negative values, the higher negatlues by the RA-PCC
pavement indicated it contributes greater positmpacts compared to the

conventional pavement.
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Figure 4.1: Relative Results for the Selected Impasessment Categories by
IMPACT 2002+ Endpoint Method

Figure 4.2, Figure 4.3, Figure 4.4, and Figure 4Howed the
contribution of 1 km of conventional pavement ar&RCC pavement for the
impact category of Ecosystem Quality, Human Hed&t#hsources, and Climate
Change by IMPACT 2002+ Endpoint method. Fly aghéshighest contributor
of positive impact in all categories except Clim@teange category. This is due
to the use of fly ash in the pavements can createdit to the environment by
avoiding the impacts from the disposal of the i at the landfill. In Climate
Change category, cement production generated a &rgunt of C@which
contributes more than 50 % of the total impact. fkgative impact from the
natural aggregate is about 5.5 %, while the pasitmpact from recycled
aggregate is about 4.4 % in the Climate ChanggoateBoth pavements have
the almost equal contribution of the environmeimtgdacts from the production
of sand and tap water. The impact from the tap mwases less than 0.1 % which
was ignored in this study.

Besides, the contribution of the transportatiothefRA-PCC pavement
was lower compared to the conventional pavemeatl ithe categories. These
have resulted from the differences in the trangpiomn distance of the aggregate
used. The natural aggregates are obtained frorrutaéarea which is located
far from the factory, while the recycled aggredateory is located closer to the

pavement factory, and therefore the impacts gee@fadm the combustion of
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the fossil fuel in the transportation for the RA®@avement is always lower
when compared to the conventional pavement.

With the replacement of the natural aggregate bydbycled aggregate
in the pavement, most of the impacts from the aggjee production were
avoided. This can be clearly observed from theltesii Ecosystem Quality
category; the natural aggregate contributes ahéuo/of the impacts while the
recycled aggregate contributes -4.9 % of the ingédat addition, significant
environmental benefits were obtained from the aaicndfilling of aggregate
wastes and the recycling of the aggregate whichoedl the need for mining
and production of natural aggregate. Also, thedowrgy consumption and GO
emission in the production of recycled aggregateegeed a positive impact of
-4.39 MJ in the Resources category.

For the Human Health, the result also showed athegvalue that
builds up -10.7 % of emissions to produce recyalggregate. The consumption
during the aggregate recycling process contributed the additional
environmental impacts. Under APOS method, the megahpacts were offset
by the avoided impact from the natural aggregabeyetion (Ponsioen, 2019).
When summed up the scores, the impacts from theretnpavement with
recycled aggregate as replacement is lower thandheentional pavement in
all the categories discussed under IMPACT 2002+p&imd method. Table 4.1
and Table 4.2 showed the contribution of individyaiocesses in the
manufacturing of the conventional pavement and RXGP pavement

respectively.
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Figure 4.2: Ecosystem Quality Impact as MeasuretMBBACT 2002+
Endpoint Method
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Figure 4.3: Human Health Impact as Measured by IKBP/R002+ Endpoint
Method
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Figure 4.4: Resources Impact as Measured by IMP2@IR2+ Endpoint
Method

Climate Change
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Figure 4.5: Climate Change Impact as Measured WBARIT 2002+ Endpoint
Method



Table 4.1: Contribution of Individual Processedanufacturing of
Conventional Pavement by IMPACT 2002+ Endpoint Ndeth
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Impact Categories

process | Egoasten [ e osouced  cprte

(PDFxmixyr) | (DALYs) MI) | (kg COz-eq)
Fly ash -11.59 -39.63 -23.7 -42.02
Transport 1.01 5.54 2.1 1.93
Sand 0.23 2.29 0.74 0.87
Gravel 1.39 15.53 3.14 5.88
Cement 4.37 35.80 154 56.32

Table 4.2: Contribution of Individual Processedanufacturing of RA-PCC

Pavement by IMPACT 2002+ Endpoint Method

Impact Categories
Ecosystem Human Climate
Process

Quality Health Re(sl\(zsj)rces Change

(PDFxm?xyr) (DALYS) (kg CO2-eq)

Fly ash -11.59 -39.63 -23.7 -42.02
Transport 0.49 2.67 1.01 0.93
Sand 0.22 2.20 0.75 0.83
Gravel -0.90 -10.88 -1.11 -4.78
Cement 4.44 36.41 15.7 57.29

4.3 LCIA using ReCiPe Endpoint Method

The impacts results generated by the ReCiPe Endpwthod were presented
and compared in the bar charts of Figure 4.6. Tavatomparison across the
pavements in the contribution patterns, the imgaotes were converted into
common metrics for each impact category. The maimesult was set to 100 %
and the results of the other variants are displayedlation to this result. The
results comparing both types of pavements showstdRA-PCC pavement has
lower impact values compared to the conventionaepeent in all categories.
In the Human Health and Resources categories, RB-fdvement resulted in
a negative score, meaning that any environmentaemns have been avoided,

in contrast to the conventional pavement that teduh a positive value. In this
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study, the environmental impacts are strongly eeldb the types of aggregate
used in the pavement.

100
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720 .

-40
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-80
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ecosystem quality human health resources

M Conventional Pavement B RA-PCC Pavement

Figure 4.6: Relative Results for the Selected Impasessment Categories by
ReCiPe Endpoint Method

Figure 4.7, Figure 4.8, Figure 4.9, and Figure 4stdbwed the
contribution of 1 km conventional pavement and R&&Ppavement for impact
category of Ecosystem Quality, Human Health, ansoBeces. Under ReCiPe
Endpoint method, a major percentage of recycledeagge in the RA-PCC
pavement reflected an improvement of all the patarseanalyzed in each
category. The results showed fly ash is the maaditifor both pavements in
Human Health and Resources categories. This itedeta the avoided landfill
and transportation that has a significant amouenuésions avoided during the
process.

In Ecosystem Quality category, the main contribusothe aggregate
which occupied 37.2 % of total impacts. With the v$ recycled aggregate in
the pavement, the negative impacts generated fedunal aggregate production
were avoided, at the same time aggregate recyaliigreuse in the RA-PCC
pavement reflected a positive impact of -26555.B%#’xyr. Despite there
is more cement required in the manufacturing of R&C pavement, however,
the negative impacts from the cement were enoughlance out by the credits

from the recycled aggregate.
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Moving from the use of natural aggregate to reayeggregate in the
pavement, there was a reduction of the total sebadout 65 % in the Human
Health category, which can permit to reduce theltstore of about 19.3 %.
The production of recycled aggregate contributeditamhal impacts of 1199.5
DALYs in the Human Health category. The main cdnitor of this additional
environmental impact in aggregate recycling is ligh consumption of the
diesel involved. The consumption of diesel contiéiou623.2 DAYLs which
were allocated for the crushing, debris removal,siaving during the recycling
process. However, the RA-PCC showed -9077.26 DA3ftex considering the
avoided impacts from the natural aggregate prodoctind benefits to the
environment.

The positive impacts in the Resources are maingytduhe recycling of
the aggregate, while the avoided impacts are eblat¢he use of fly ash in the
pavement. On the other hand, replacing the nataggregate in concrete
pavement allowed reduction of impacts in the Resssircategory, not only
avoided 11.4 % impacts from natural aggregate alsat contributed 9.1 % of
the positive impacts under APOS method. This wastdihe recycling process
requires fewer steps than the natural aggregattuption which was avoided
the environmental burdens. The increased cost esdffrom -$545.17 to -
$ 5177.35 when switching to the RA-PCC pavement.

Table 4.3 and Table 4.4 showed the contributionaividual processes
in the manufacturing of the conventional pavemerd RA-PCC pavement,
using ReCiPe Endpoint method. The negative valfi¢iseogravel production
in the RA-PCC pavement reflected the positive inpday the recycled

aggregate as the replacement for the natural aggreythe pavement.
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Figure 4.7: Ecosystem Quality Impact as MeasureR&giPe Endpoint
Method
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Figure 4.8: Human Health Impact as Measured by ReE&ndpoint Method
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Conventional Pavement

-49.9%

RA-PCC Pavement

-49.6%
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Figure 4.9: Resources Impact as Measured by ReEnBpoint Method

Table 4.3: Contribution of Individual Processesfanufacturing of

Conventional Pavement by ReCiPe Endpoint Method

Impact Categories
Process Ecosystem Quality Human Health Resources
(PDFxm?xyr) (DAYLS) (%)

Fly ash -17205.80 -52093.10 -10927.2(

Transport 862.19 1672.79 926.14

Sand 9050.92 1363.21 362.71
Gravel 26889.00 10039.10 2368.04
Cement 18272.20 33884.80 6725.14

Table 4.4: Contribution of Individual Processedanufacturing of RA-PCC
Pavement by ReCiPe Endpoint Method

Impact Categories
Process Ecosystem Quality Human Health Resources
(PDFxm?xyr) (DAYLS) (%)

Fly ash -17205.80 -52093.10 -10927.2(

Transport 416.48 808.03 447.37

Sand 8683.99 1307.95 348.00
Gravel -26555.35 -9077.26 -1885.95
Cement 18585.50 34465.70 6840.43
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4.4 Comparison of Conventional Concrete Pavement with R-PCC
Pavement
From the LCIA results, the overall performance led RA-PCC pavement is
more environmentally friendly compared to convemio pavement. The
environmental impacts caused by the pavements amelyrsubjected to the
amount of cement, aggregate, and fly ash, as wdhewater, electricity, and
transportation that contributed to an insignificantpact. However, the
aggregate is the main contributor to the differenaiethe impact score in most
of the damage category and this is due to huge anoduhe natural aggregate
has been replaced in the RA-PCC pavement. Furthrerntiee use of natural
aggregate in concrete pavement contributes a loegative impacts such as
high CQ emissions, high energy consumption, as well azlece the
depletion of natural resources. In fact, naturajragate production in the
conventional pavement is the process that causethjar impact on the
environment.

The utilization of aggregate waste would minimize hatural aggregate
used in pavement construction leading to consemwatAccording to the
research done by Purdue University (2011), recyatmgtegate can reduce the
construction cost of the pavement by as much a%2Despite the RA-PCC
pavement would reduce the construction cost, aemtional concrete pavement
is still more widely used and adopted generalljhi pavement industry. This
is because of the low distribution of facilities iecycle the aggregate and a
significant hauling distance is possible. Accordiag/erian et al. (2013), there
are only 20 of the 92 counties in Indiana havecdifiathat accepts C&D wastes
and reuses for base and subbase of pavement. dtegrehe pavement
industries should improve their facilities and teclogies to increase the
application of recycled aggregate in the concres@ement, which is a
sustainable solution and benefits to the envirorimen

The RA-PCC pavement has a lesser environmentaldampat it has
affected the performance of the pavement. The mlrassistance of RA-PCC
pavement is 7.4 % lower than conventional pavermeeatto the residual mortar
on the surface of recycled aggregate (Jindal e2@lL4). Moreover, the mortar
also increased the water absorption of the recyatgpegate which make the

water consumption of RA-PCC pavement higher tharventional pavement
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by 4.22 %. Both pavements have almost equal comsipeestrength, which is
between 40.3 MPa and 38.3 MPa. In terms of desgwice life, the

conventional pavement was designed to be 32 year2a years for RA-PCC
pavement. Additionally, maintenances of RA-PCC paaet is more frequent
than conventional pavement due to the lower dutglmf RA-PCC pavement
(Shi et al., 2019). Thus, a higher maintenancesafdhe RA-PCC pavement is

needed for long-term performance of the pavement.

4.5 LCA Methods Comparison
In this study, IMPACT 2002+ and Recipe Endpointmoels have been chosen
because they are able to calculate and comparenipect scores of Human
Health, Ecosystem Quality, and Resources categdries measurement units
of both methods allow a direct comparison in thedystem Quality and Human
Health categories. In Human Health category, IMPALDU2+ gives a negative
impact but ReCiPe gives a positive impact for makiements. This is because
weighting coefficient of the fly ash evaluated bg@RPe is higher as compared
to IMPACT 2002+, the high positive impacts genaitdty ReCiPe and made
the overall performance of the pavements benefithts environment. For
Ecosystem Quality, ReCiPe gives a higher impatti¢environment due to the
high weighting coefficient of the sand. The negaiiwmpacts of sand generated
by ReCiPe is higher compared to IMPACT 2002+ andreased its
environmental impacts. Furthermore, IMPACT 2002¢ ReCiPe have almost
similar distribution pattern to the Resources ocaitgg

As far as the comparison of LCA methods were caorexdr the
comparison between the values of the indicatoWIBIACT 2002+ and ReCiPe
Endpoint methods should be avoided in this studhys TS because the impact
score by ReCiPe is much higher than IMPACT 2002¢ mmght affect the
accuracy of the LCIA results of the pavements. Nalyn a product will be
evaluated and considered as the most harmful egeydless of the method
adopted. However, it is possible for a differeradarct to be considered as the
most harmful by different methods. This can be ax@d by the different
weighting coefficients for each impact score byfatdnt LCA methods
(Stavropoulos et al., 2016). Therefore, it is resmnded to use more different

assessment methods to increase the consisten@ceamdcy of the result.
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4.6 Sustainability and Sustainable Development

The recycled aggregate used in the concrete pavementuced the
environmental impacts without affecting overallfpemance of the pavement.
The compressive strength of RA-PCC pavement ontijuged by 5 % as
compared to the conventional pavement (Jain eR@ll?2). Besides, the RA-
PCC consumed a lower amount of raw materials whanh decelerated the
depletion of the natural resource. The RA-PCC pardgntan also reduce
amount of C&D wastes which is able to turn thesstes into construction
material for the pavement, at the same time, théfiléing of these wastes was
avoided. Lesser emission and natural resourcesungt®n in the RA-PCC
pavement is a sustainable solution in the paveinduostries. Furthermore, the
RA-PCC pavement can save up to 20 % of the corigirucost compared to
the conventional pavement (Purdue University, 20H9wever, frequent
maintenance of the surface of RA-PCC pavement maag hequired to ensure
long-term performance of the pavement. The excanatiay be also needed to
add the base and subbase material to ensure ttiegoeapacity of the pavement
within the limit range (Pourkhorshidi et al., 2020he maintenance cost of RA-
PCC pavement is higher, but it is still more ecomodue to low initial cost. In
addition, the service life of conventional pavemamnd RA-PCC pavement are
comparable. Thus, it is encouraged to use recyatgptegate in the concrete

pavement.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

This study evaluated the environmental impact afti®ad cement concrete
pavement containing recycled aggregate as the cmplent material for the
natural aggregate in the base and subbase unde$ Aithod. The objectives
of this study had been fulfilled which are idenitify life cycle inventory of the
pavements, determining and compare the environmémiaacts from the
manufacturing of conventional PCC pavement and RAPavement based on
IMPACT 2002+ Endpoint method and ReCiPe Endpointhiog

The damage categories which has been analyseddéttltiuman
Health Climate Change, Ecosystem Quality and RessuiThe results from
both IMPACT 2002+ and ReCiPe Endpoint methods skiowlat the
manufacturing of the conventional PCC pavementrdmrtes a higher impact
to the environment as compared to the RA-PCC panenme all damage
categories. The results were also tabulated inhgrafich indicate the relative
impact contribution of every material to the redpeccategories. It is noticed
that the use of recycled aggregate in the pavehahsignificantly reduced the
overall environmental impact of the pavement. Tisidue to the avoided
impacts created the credits to the environmenutitidhe reduction of carbon
emission during the natural aggregate productiahather pollutants that were
found in the transportation of the aggregate waatelslandfilling.

A large impact value was resulted by ReCiPe Endpuogthod, while
the result by IMPACT 2002+ Endpoint method showesirall impact value.
The impact scores between both LCA methods havwege Hifference due to
the different weighting factors of each methodrefiere a direct comparison of
the results should be avoided in this study. Howeaerder to make the results
of both LCA methods to be comparable, the weighfirogors can be calculated
for pairs of the methods (Stavropoulos et al., 2016

Through this study, recycled aggregate was sedmetthe potential
material to substitute the natural aggregate inceEe pavement. The

advantages to use the recycled aggregate incladéprg solution to the waste
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disposal problems of C&D wastes, reducing the comdion of natural
resources, a more environmentally friendly wayhe pavement industry to
ensure the supply of construction minerals in fatutevelopment. The
construction cost of RA-PCC pavement saved up to%2Compared to
conventional pavement (Purdue University, 2011prEthough there is a 5 %
of reduction in compressive strength and additiom@ihtenance cost of the RA-
PCC pavement, the low initial cost and its excelfrformance has made it an
economic production (Jain et al., 2012).

The RA-PCC pavement reduces the environmental itaf@omn mining
and quarrying, turns the impacts into benefitheféconomy, which the quality
and performance of the pavement is keeping at eeptable level, However,
the application of recycled aggregate in the paven® not a simple task
because of the several factors that become bamigiish limit the change in
the common practice of the industry. Thus, alliparinvolved in the pavement
industry, including government should take-actiaichs as providing funds,
developing appropriate specifications, and encaurte use of recycled

aggregate in pavement industry.

5.2 Limitation of Study

In this study, the life cycle assessment was lithite cradle-to-gate analysis,
where processes from the extraction of raw mateuatil the construction stage
of the pavement were included, while the use ptas®demolition phase have
been excluded. There are only two impact assessmetiitods used and it is
unable to obtain the accurate results. Besidessyiem expansion was not
included in defining the system boundary. Furtheemdhe transportation
distance is assumed according to the previous ne&seehich is 100 km for
cement, sand, fly ash, and natural aggregate wW#il&m for the recycled
aggregate. It may be different from the actualdpamtation distance and lead
to different emissions and fuel consumption. Duthtolack of local input and
environmental information needed for the life cyaksessment, most of the
environmental impact analyses were done based en sthurces from

Switzerland.
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53 Recommendations

Based on the limitation of the study discussedgtiee some recommendations

that can be done for future research:

(i)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

The production of recycled aggregate from C&D wssteould

be added to the database to improve the consisteintye
analysis.

More data collection should be carried out in local
manufacturing of concrete pavement as the exiskatg source

of the pavement industry in Malaysia is insuffidien

The transportation detail is an important factorthis study.
Hence, the study should be targeted at the speo#id and at
specific destinations.

Each factory has different consumption in manufiaetuof the
concrete pavement. Thus, data and information o& th
consumption of electricity and other energy shdndatollected
from the targeted factory.

System expansion should be included to increasadberacy

of the result.

Expansion of study can be done for cradle-to-cradfech
includes a closed-loop recycling of the material.

More impact assessment methods can be adopted ke ma

comparisons and enhance the accuracy of the asalysi
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