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Abstract

Life cycle assessment methodology was applied in this study to calculate environmental impacts of
a 3.5-km-long dual carriageway asphalt highway section case study in Abu Dhabi across following life
cycle stages: material extraction and production, material and equipment transport, construction,
maintenance and rehabilitation; assuming a 30 years lifetime. Environmental impact assessment for air
emissions and energy consumption generated by complete roadworks, namely: earthworks; pavement
courses; concrete works for traffic barriers, kerbs, parapets, traffic signs, and light systems. A
comprehensive analysis of environmental impact reduction was performed using recycled construction
waste; reclaimed asphalt pavement; warm-mix asphalt with synthetic zeolite additives; and, slag as
alternate material and production options. Actual field data for the road section using virgin materials
and traditional asphalt production mix for pavement works and Portland cement concrete for the
complete concrete works were used as the baseline case. Routine maintenance and periodic
rehabilitation by milling and repaving wearing course (<4.5cm depth) every 5 years was also analysed
from an environmental impact reduction perspective. Environmental assessment considered all
indicators from ReCiPe midpoint method. Results show that earthworks account for a significant
portion (26% of COseq.) of the environmental impacts for complete roadworks. The life cycle impact
results of hot-mix asphalt and warm-mix asphalt were almost equal due to addition of synthetic zeolites.
Results showed significant environmental impact reduction across all indicators, after coupling all
alternate options as: 34% in COzeq.; 48% in energy consumption; 24.4% in NOyeq.; 21.53% in
PM;seq.; 21.2% in acidification; and, 10.4% in land use. Monte Carlo simulations confirm these results
and the sensitivity of environmental benefits to the allocation methodology was also investigated, which
showed that the results were only marginally sensitive to the allocation approach. This study noted
higher environmental benefits than reported in roadworks literature due to alternate material and asphalt

production options.

Keywords: road sustainability; asphalt pavements; life cycle assessment; recycled materials; warm-

mix asphalt; pollutants.

1. Introduction

Construction, operation, and maintenance of roads carry a significant environmental impact
(Anastasiou et al., 2015). Roadworks account for around 28% of global energy consumption and
approximately 22% of global CO, emissions (Abergel et al., 2017). According to 2014 estimates, road
transport sector in the Emirate of Abu Dhabi in the United Arab Emirates generated more than 12
million tonnes CO»eq. emissions, accounting for approximately 63% of the total transportation sector-
related GHG emissions (Hill et al., 2012; SCAD, 2014). Abu Dhabi Transport Master Plan 2009

acknowledges that the UAE has one of the largest per capita emissions globally, i.e., 23.3 tonnes per
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capita of CO; emissions (DoT Abu Dhabi, 2009; Bank, 2019) and needs a low carbon road transport
network (Hasan et al., 2019a, 2020).

The majority of the 21,673 km paved road in Abu Dhabi is asphalt constructed from virgin
materials. Abu Dhabi City Municipality (2010) manual addresses the use of reclaimed asphalt
pavements, in-situ recycling and stabilisation techniques to reduce the environmental impacts.
However, there is a considerable lack of research empirically plotting the environmental benefits of
using such materials on actual pavement projects from the UAE and the Middle East region overall.
Alzard et al. (2019) have explored the CO, emissions produced by road projects in Abu Dhabi, but the

study was limited in scope.

Life cycle assessment (LCA) is used to analyse the impact of infrastructure development on the
environment (ISO 14040, 2006). Researchers have attempted to address various stages involved in the
cradle-to-grave/cradle life cycle of infrastructure (Batouli et al., 2017; Moretti et al., 2018), yet,
construction equipment transport is not modelled in the existing literature. Blengini and Garbarino
(2010) explored the environmental benefits of screened and crushed recycled construction and
demolition waste (RCW) in Italy. They found that RCW used for road base/sub-base construction
corresponds to around 14 kg/tonne of avoided GHG emissions. However, regional constraints like
transport distance (Turk et al., 2016) may also have some influence on the environmental benefits from
extraction and haulage of recycled materials compared to virgin materials and the LCA results between

studies in different regions may vary.

Reclaimed asphalt pavement (RAP) obtained after milling and screening existing asphalt pavements
is also proposed as a viable alternative to mitigate the high GHG burdens of bitumen and aggregates by
various researchers (Pratico et al., 2015; Guo et al., 2018) and transport agencies (AASHTO, 2012).
Miliutenko et al. (2013) have shown that HMA mixes with RAP content have same technical
characteristics (stiffness, fatigue and deformation resistance) as virgin HMA. Giani et al. (2015)
explored the replacement of virgin asphalt by 10% RAP in hot-mix asphalt (HMA) surface course and
by 20% RAP in HMA binder course of a 1 km asphalt pavement section in Italy. They found that HMA
RAP alternative exhibited 688 tonnes CO-eq. (6.8%) GHG emissions reductions.

Warm-mix asphalt (WMA) is another emission and energy impact reduction strategy used by
producing asphalt mixtures at lower temperatures (100°C—140°C) compared to hot-mix asphalt
temperature range of 138°C—-160°C (Tarefder and Pan, 2014). This reduction in WMA production
temperature is traditionally achieved by addition of asphalt additives, such as water-based foaming
agents (zeolites), chemical additives (polymers) and organic additives (waxes) which may affect the
life cycle environmental impacts (Butt et al., 2014; Butt and Birgisson, 2016). Regarding performance,
Zhao et al. (2012) found that the fatigue resistance, moisture susceptibility and rutting resistance of

WMA containing high percentages of RAP was significantly higher than HMA samples. Almeida-Costa
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and Benta (2016) noted that due to the lower energy requirements for heating aggregates, the total
energy consumption reduced by 0.041 GJ (~18.46%) between the production of HMA and WMA.

AzariJafari et al. (2016) note that since site clearance and earthworks and involve large volumes of
material, future pavement LCA studies should include analysis on environmental benefit of recycled
alternatives for this component. Additionally, the environmental burden of concrete for kerbs, traffic
barriers and parapet walls along the road are usually unacknowledged in pavement LCAs. Concrete is
also used for foundation works of traffic signs and streetlight systems, however, it is not studied in the
context of the complete pavement life cycle results. Yang et al. (2015) and Kim et al. (2016) propose
that for concrete mix with ground granulated blast furnace slag (GGBFS) replacement in the range of
15%—80%, significant reduction in environmental impacts occur corresponding to insignificant strength

loss compared to ordinary Portland cement (OPC) concrete for the 20MPa—170MPa range.
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Figure 1 Regional and alternative distribution of LCA studies on pavement sections and other

roadworks in recent literature

Regional conditions, e.g., transport infrastructure (Hoque et al., 2019a, b) and material
recycling/extraction plants, construction machinery and techniques used, road design and cross-
sectional characteristics and local material supply chain may also influence the direct interpretation of
results (Yi et al., 2007; Anastasiou et al., 2015). Figure 1 covers the three most recent state-of-the-art
reviews (AzariJafari et al., 2016; Balaguera et al., 2018; Hasan et al., 2019b) on the LCAs of pavement
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sections and associated roadworks. The detailed list and number of references from each review study
is provided in the appendix (Table A.1). The majority of research was conducted on RAP and RCW

usage as environmental impact reducing alternatives for pavement sections in Europe and the Americas.

In the current study, a comprehensive analysis of environmental benefits of RCW as an alternate
for natural aggregates, RAP against virgin asphalt and WMA (with synthetic zeolite additives) against
HMA is performed. Different combinations of recycled material alternatives across the pavement cross-
section are analysed over 30-year life cycle to calculate the environmental advantages of each alternate
option. Additionally, LCA of GGBFS as an alternate option in concrete works is also performed. This
comparative environmental benefit assessment for complete roadside works is not only a relatively new
and concise study in pavement literature, but it is also the first such study performed in the context of

UAE and the Middle East region using different environmental indicators.

2. Methodology

This study uses LCA methodology to calculate and analyse the environmental impacts for
roadworks over the life cycle of a highway project in Abu Dhabi city. The life cycle stages considered
are further explained in Section 2.2 below. LCA is performed according to the ISO 14040 (2006)
guidelines in the following phases: goal and scope definition, quantifying and developing life cycle
inventory (LCI) and life cycle impact assessment (LCIA) and interpretation in terms of results and
discussion. The life cycle assessment software package SimaPro 8.5.2 was used to perform the study
(Vidal et al., 2013; PRé Consultants, 2016). ReCiPe (Goedkoop et al., 2009) is the only analysis method
available in SimaPro for global LCA studies and is used in this study. Case study data is an extension
work on the Sheikh Zayed Bin Sultan Street, originally completed in 2009 by adding one lane (3.65m
width) and a shoulder (3m width) each side on the 3.5-km dual carriageway asphalt highway section.
Missing data, e.g., UAE electricity mix and transport vehicles were developed based on appropriate

resources from existing literature and Ecoinvent v3.3 database.

2.1. Goal and scope

The goal of the current study is to calculate and compare the environmental emissions and energy
consumption between different recycled (RCW and RAP) and producing temperature (WMA vs. HMA)
pavement construction alternate options and industrial by-products (GGBFS) as partial replacement of
Portland cement for associated roadside works. In this way, the environmental impact reduction
performance of different options for complete tender works for constructing an asphalt road can be
compared across the roadworks components and the best performing alternative can be identified for
real-world applications. The functional unit for the LCA methodology used in this study is defined as a
3.5-km dual carriageway highway section with two lanes (3.65m + 3m width) in each direction. The

two carriageways are separated by concrete barriers. Concrete kerbs are constructed on each side of the
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carriageways. The pavement cross-section considered in this study is illustrated in Figure 2. The average
lifetime of asphalt roads varies in the literature, e.g., 100 years (Biswas, 2014), 50 years (Santos et al.,
2015) and 30 years (Giani et al., 2015; Turk et al., 2016). This study assumed service life of 30 years
based on local government agency guidelines (DoT Abu Dhabi, 2009).
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Figure 2 Case study pavement cross-section

2.2. Description of alternatives and system boundaries

The following life cycle stages of roadworks are considered in this streamlined LCA: raw material
extraction, material production/processing, material and equipment transport, construction,
maintenance and rehabilitation (M&R) and periodic recycling of the pavement wearing course. This
study is performed as a streamlined LCA. The operation and usage stage and end-of-life
disposal/landfilling are not considered in this study due to lack of precedence to establish the emissions
associated with these stages in the case study region. A proportion of asphalt from wearing course is
milled up to the depth of 4.5cm every 5-year as currently practiced in the field (ADM, 1997) during
M&R stage.

Page 5 of 34



Virgin backfill Virgin HMA

(crushed gravel & sand) 10% RAP HMA
Prz:r(:}?;ﬁ(;l;;tsion > 60% RCW backfill Asphalt binder course 15% RAP HMA
Virgin WMA
Virgin aggregates o
(crushed gravel & sand) 15% WMA
Granular sub-base B 25% RCW aggregates Virgin HMA
course 10% RAP HMA
Virgin aggregates Asphalt wearing course 15% RAP HMA
(crushed gravel & sand) o
Virgin WMA
Unbound-base course P> 80% RCW aggregates
15% RAP WMA
Virgin HMA
. Portland cement
10% HMA Concrete works concrete
Asphalt-base course 15% RAP HMA
25% RAP HMA
Virgin WMA ~65% GGBFS concrete
25% RAP WMA

Figure 3 Environmental impact reduction alternatives for each component of case study

roadworks

The milled asphalt is then transported to an asphalt plant and mixed with virgin bitumen for repaving
the wearing course. It is assumed to be a continuous process after the end of the initial 30 years lifetime.
Processes post-30 years are not modelled due to unavailability of data on pavement conditions, traffic
pattern and historical pavement reuse records. The environmental burdens of RAP milling (in M&R
stage), transport and processing are included. However, similar to pavement LCA methodology in
literature, the burdens from RAP milling during initial construction process (when it is used as an
alternate material) are not included (Harvey et al., 2016). The material transport of this recycled RAP
from recycling facilities (for screening and storage of RAP) to the asphalt plant is included in the
analysis. Elchalakani et al. (2014) in an Abu Dhabi region-based study recommend 80% OPC
replacement by GGBFS for maintaining optimum durability while reducing the environmental impacts
(~107 kg/m of CO; emissions). The current study uses a conservative replacement of OPC (~65%) by
GGBFS in the concrete used for the case study roadworks. The different environmental impact
reduction alternatives (Figure 3) and life cycle stages in the system boundaries (Figure 4) are described

below.

a) Material extraction, production, and processing include extraction and plant processing of
asphalt, aggregates, cement, and admixtures, etc. required for pavement construction and roadside
works. The Abu Dhabi Municipality Road Specifications Manual (ADM, 1997) specifies that crushed
gravel with sand should be used as backfill in pavement construction. Local fine silica sand or sweet

sand from red dunes in Abu Dhabi is also used as non-load bearing backfill material.
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Crushed natural gravel carries a significant environmental impact due to mining, transport and
production operations. The current study assesses locally-sourced RCW as an alternative material for
crushed natural aggregate in backfill, sub-base and unbound granular aggregate-base (u-base)
construction. Abdelfatah and Tabsh (2011) reviewed the use of locally-sourced RCW in the UAE and
other Gulf Cooperation Council countries. They note that pavements constructed with RCW sub-
base/base courses exhibited higher resistance to deflection than natural gravel courses, in laboratory
performance tests. Similar performance results were noted by (Hasan et al., 2016a, b). Asphalt
production and mixing is a major source of environmental impacts due to fuel consumption, machinery,
and supply-chain infrastructure. RAP and WMA are also assessed in this study against virgin HMA to
reduce the energy-related emissions. Industrial by-product GGBFS is also used as a partial replacement
of Portland cement for constructing concrete barriers and kerbs and foundations of traffic lighting and

markings.

b) Material transportation to the construction site is an important stage in roadworks life cycle
and as such, data from the local suppliers needs to be collected as environmental impacts depend upon
the distance to material production plants and vehicles used for by-road material transportation to the

site. Heavy goods vehicles (HGVs) fuel consumption is the main source of emissions in this stage.

¢) On-site equipment transportation to the construction site is also significant for the actual
construction process to commence and mostly HGVs are used to transport excavators, milling machines
and other roadworks equipment. Similar to the material transport by roads, data from local resources

are used to model equipment transport.

d) Construction environmental impacts are due to the operation of on-site equipment like
excavators, asphalt pavers, compactors, and wheel-loaders, etc. Constructing traffic and carriageway
concrete barriers, kerbs, concrete foundations for traffic lights and road markings also constitute a part
of the total environmental burdens during road construction. This study considers environmental
impacts from all of these road construction processes. The environmental impacts from the vehicles on
the work-zone (due to traffic delays in construction and M&R stages) have not been considered in this
streamlined LCA as this study focuses on alternate material use for pavements and these impacts are

considered to be the same for all alternatives due to the same construction actual on-site activities.

e) Road use environmental impacts are primarily due to emissions from fuel consumption of the
vehicles using the road surface characteristics and vehicle-pavement interactions. The surface structure,
roughness and other characteristics affect the rolling resistance from pavements to the vehicles which
affects the fuel consumption of vehicles. Microscopic vehicle simulation models can measure per-
second driving resistance and acceleration-deceleration profile of each vehicle using any case study
road. However, Wang (2013) note that microscopic emissions model such as Comprehensive Modal

Emission Model, rely on time consuming data input and also neglect the pavement information.
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Although, other models, e.g., MOVES developed by the United States Environmental Protection
Agency can be modified to address dynamic vehicle speeds and rolling resistance induced by pavement
surface (Abou-Senna et al., 2013; Wang, 2013), such models rely on data from North America and
European regions and may not be applicable to the Abu Dhabi carriageway studied here. Thus, road use
stage is considered outside the system boundary of this study as a separate follow-up study by the

authors is currently underway to calculate traffic flow emissions addressing these issues.

¢) Routine maintenance and rehabilitation environmental burdens are from routine maintenance
of the road section during its life cycle, frequent rehabilitation activities after a specific time period
(considered to be repaving of top 4.5 cm of wearing course every five years in this study based on
current practice in the case study area) after milling the worn-out wearing course which has reached its
end-of-life. This generates another opportunity to reduce environmental impacts. To reduce impacts
from this stage, this study compares environmental impact reduction between using virgin HMA
materials and 85% of RAP content (obtained after pavement milling in the M&R stage) mixed with
virgin asphalt through warm-mix production process in an asphalt plant. As stated earlier, Zhao et al.
(2012) have shown that the performance of WMA pavement containing high proportion of RAP content
is equal or higher than the virgin HMA samples. Additionally, Biswas (2014) have reviewed studies on
80-100% RAP use in the M&R stage with adequate pavement performance results. Nonetheless, the
current study is aimed to establish precedence for LCA studies in the case study region, where LCA
studies on recycled material usage for pavement construction are minimal. A future study may perform
sensitivity analysis on the structural performance of pavements containing recycled materials after
fatigue cracking, permanent deformation and dynamic moduli laboratory tests have been performed.
Similar to the initial construction stage, GGBFS is used as an alternate option to Portland cement for
routine maintenance of concrete roadworks. This study does not consider landfilling/disposal after end-
of-life stage as there is no precedence to establish the associated emissions in the region based on

consultations with the local experts in the UAE.
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Figure 4 System boundaries of the life cycle stages and processes (including allocation

assumptions)

In case of LCA studies on roadworks, the reuse of pavement materials (such as RAP) and alternate
cementitious materials (such as GGBES and fly ash, etc.), possess a challenge related to the allocation
of environmental benefits and impacts. This issue is related to the partitioning of inputs and outputs
between products and sub-products of any process, specifically as to how much of the burden should
be assigned to product (e.g., steel) and co-product (e.g., GGBFS). Similarly, how much of the benefit
of RAP recycling should be assigned to the original/old pavement producing the RAP content and the
current/new pavement using recycled RAP to replace some of its binder content as a recycled alternate
option. Reporting the allocation assumptions is more significant in the case of open-loop recycling (i.e.,
by-product or waste from one system is used in a completely different system, e.g., recycled RAP used
in asphalt courses originating from a different pavement, and, RCW from buildings and other concrete

structures used in sub-base/base courses) normally conducted for pavements.

The ISO 14044 (2006) guidelines generally recommend avoiding allocation by either expanding
system boundary or dividing the process into subprocesses based on the physical (mass, energy,

volume) or economic relationships between the different (co-) products. The cut-off or 100:0 approach
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is normally applied in existing research on pavements (Giani et al., 2015; Harvey et al., 2016), where
the benefits of using recycled materials or industrial co-products (e.g., GGBFS) are not transferred
upstream and are instead credited downstream (i.e., to the new pavement using the recycled materials).
Following the ISO guidelines (Lee and Inaba, 2004) and existing LCA practices related to roadworks
and pavements (Harvey et al., 2016), this study allocates all burdens associated with the recycling and
reuse of RCW and RAP to the case study pavement (i.e., the pavement utilising recycled materials),
while the burdens associated with the production of RCW and RAP are not included. The environmental
burdens associated with processing and transport of RCW to the construction site are included.
Similarly, the environmental impacts associated with the transport and processing of RAP (from open-
loop recycling, i.e., RAP from other older pavements and used as recycled material for the case study
pavement) to the asphalt plant are included. GGBFS is treated as a co-product from the steel production
industry and the relevant environmental burdens associated with the production and processing of

GGBEFS are included as per Harvey et al. (2016). The allocation assumptions are shown in Figure 4.
3. Life cycle inventory (LCI) — Abu Dhabi case study

3.1. Material extraction, production, and processing:

The actual field data regarding the backfill on the case study site (as per local municipality
guidelines) is used as baseline case (virgin backfill). Based on the existing literature (Rathje et al., 2002;
Blankenagel, 2005; Hasan, 2015; Vieira and Pereira, 2015), RCW is used as partial replacement of
virgin aggregates in backfill (60% RCW backfill). This study also used RCW as the recycled (25%
RCW) sub-base and (80% RCW) u-base. Sand, crushed gravel and bitumen are used in asphalt plants
with hydrated lime as filler to increase asphalt stiffness and rutting resistance (Vidal et al., 2013). As
per the Abu Dhabi municipality guidelines (ADM, 1997) and actual field data; HMA with 4% bitumen
as binder, 30.2% sand as fine aggregates, 1.5% hydrated lime as filler and 64.3% crushed gravel as
coarse aggregates mixed in a batch mixer plant is used for asphalt base course and binder course. The
wearing course asphalt uses 4.5% bitumen, 30.1% sand, 1.5% hydrated lime filler and 63.9% crushed

gravel as coarse aggregate.

RAP is a traditional alternative material to reduce the bitumen and aggregate content in asphalt.
Current Abu Dhabi guidelines mention 15% RAP usage in binder course (Department of Transport Abu
Dhabi, 2018). However, researchers investigated different percentages of RAP replacement in
pavement construction. Ventura et al. (2008) used up to 30% replacement in binder course. Giani et al.
(2015) applied up to 30% RAP in base course, 20% RAP in binder course and 10% RAP in wearing
course. Due to the high strength of asphalt base (Rys et al., 2017) and findings by Zhao et al. (2013) on
strength performance of high RAP concrete in asphalt pavements, this study explores the environmental

benefit of up to 25% RAP usage in asphalt base course. However, due to limited RAP experimental
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studies in Abu Dhabi and the Middle East region, an upper limit of 15% RAP in wearing and binder

courses is used.

Table 1 LCI of the production of asphalt mixes

Input/Output Hot-mix asphalt (HMA) Warm-mix asphalt (WMA)
Natural Gas (MJ/tonne) 300 240
Electricity (kWh/tonne) 6 6
Diesel (MJ/tonne) 8.49 8.49
Water (m*/tonne) 0.01003 0.01003
Emissions to air

CO (kg/tonne) 0.16 0.133
COz (kg/tonne) 16.8 15.1
NOx (kg/tonne) 0.0125 0.0102
PAH (kg/tonne) 3x10° 1.96 x 10
NMVOC (kg/tonne) 0.00441 0.003402
SOz (kg/tonne) 0.0023 0.00187
PMa2s (kg/tonne) 0.00415 0.00338

The same upper limits are considered for WMA as Zhao et al. (2013) recommended a maximum
30% RAP content in pavement sections constructed from WMA. The Marini batch-mixer asphalt plants
currently operational in the UAE and used as a reference case in this study largely manufacture HMA
(RAD International Road Construction L.L.C, 2013). However, the lower energy requirements during
WMA manufacturing have been modelled as a theoretical alternative option. To allow for lower asphalt
production temperatures, synthetic zeolites are used as additive to the WMA mixture at the rate of 0.3%
by mass, emissions inventory data for WMA additive is adapted from Vidal et al. (2013). This LCI data
for HMA and WMA is shown in Table 1. Following the approach by other studies in pavement literature
(Vidal et al., 2013; Cao et al., 2019), the LCI data from the study by Fawer et al. (1998) for the
production of synthetic zeolite as WMA additive is used. This life cycle inventory for the production
of zeolite as WMA additive is provided in the Appendix (Table A.2). The life cycle inventory for
GGBFS production and processing is taken from the Ecoinvent v3.3 database. Inventory for backfill,
the pavement courses, and other roadworks materials are taken from the actual material quantity sheet

and local UAE material suppliers (Table 2).
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Table 2 Materials inventory for the comparative differences between material alternatives, for each component in roadworks

Water Sand Local silica sand Geotextile fabric (Polypropylene) 20MPa concrete Gravel RCW
Virgin backfill: AB1 454.6 x10%itres  19.8 x10°m>  13.10 x10°m? 93,650 m> 650 m? 9,100 m?
60% RCW backfill: 4B2 454.6 x10°litres  19.8 x10°m*  13.10 x10°m? 93,650 m? 650 m* 3,640 m* 5,460 m®

Pavement courses varied between alternates (material unit: tonnes) Crushed gravel Sand Virgin bitumen Hydrated lime RCW Synthetic zeolite RAP
Granular sub-base course 448 - - - - -
Unbound-base course 12,600 - - - - -

aB;gs:élgr;iec:ST;(;)/}rgln HMA & 4% bitumen asphalt-base course 6,177 2,901 384.3 144.1 - -
4% bitumen asphalt binder course 5,719 2,686 355.8 133.4 - -
4.5% bitumen asphalt wearing course 9,242 4,353 650.9 216.9 - -

80% RCW u-base course: 4P2 Unbound-base course 10,080 - - - 2,520 -

25% sub-base. 80% RCW .  Granular sub-base course 336 - - - 112 -

base course: AP3 Unbound-base course 10,080 - - - 2,520 -
4% bitumen asphalt-base course 5,563 2,613 345.9 122.9 - 960.7

10% RAP a-base, binder & . .

wefr ing: apr 4% bitumen asphalt binder course 5,149 2,419 3212 113.8 . 889.5
4.5% bitumen asphalt wearing course 8,331 3,920 585.8 183.7 - 1,446
4% bitumen asphalt-base course 5,255 2,469 326.6 116.3 - 1.441

0 i .

ivsefri};g}jﬁ’?ase’ binder & 4% bitumen asphalt binder course 4,865 2,286 302.4 107.6 - 1,334
4.5% bitumen asphalt wearing course 7,368 3,703 552.5 173.6 - 2,170
4% bitumen asphalt-base course 4,640 2,181 288.2 101.8 - 2,402

o B 0

ifnﬁ’e}:?cpvfeggiz 13 ;‘;RAP 4% bitumen asphalt binder course 4,865 2,286 302.4 107.6 ; 1,334

4.5% bitumen asphalt wearing course 7,368 3,703 552.5 173.6 - 2,170
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Granular sub-base course 448 - - - - -
Unbound-base course 12,600 - - - - -
;;;%:;;Z};Aﬁ If;virgin 4% bitumen asphalt-base course 6,177 2,901 384.3 1154 - 28.7 -
4% bitumen asphalt binder course 5,719 2,686 355.8 106.8 - 26.6 -
4.5% bitumen asphalt wearing course 9,242 4,353 650.9 173.6 - 433 -
Granular sub-base course 336 - - - 112 -
25% RCW sub-base, 80% Unbound-base course 10,080 - - - 2,520 -
Egvat‘l;zsz’lzsif’\ymARAP 4% bitumen asphalt-base course 4,640 2,181 288.2 73 : 288 2,402
binder & wearing: AP§ 4% bitumen asphalt binder course 4,865 2,286 302.4 80.9 ; 26.7 1,334
4.5% bitumen asphalt wearing course 7,868 3,703 552.5 130.2 - 434 2,170
Concrete works (material unit: tonnes) Clinker Gypsum Limestone GGBFS Sand Gravel
Baseline case concrete works: ACI 416.053 21.897 23.050 - 2,090.330  2,280.153
Alternate/65% GGBFS case concrete works: AC2 216.809 11.387 - 232.806 2,090.330  2,280.153
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3.2. Material transportation

Transportation of produced materials from plants to the construction site is conducted using HGVs
delivering on roads. The environmental burdens depend upon the fuel consumption efficiency, exhaust
emissions, and age of the transporting vehicles. Based on the data from the DoT Abu Dhabi (2009) and
Raeside (2015), Euro II diesel articulated trucks are most common in the case study region. Two HGVs
were modelled for material transportation: a small (<10 tonnes) truck with a payload capacity of 3.3
tonnes and a medium (1020 tonnes) truck with a payload capacity of 9.5 tonnes (DSV Global Transport
and Logistics, 2019). The type and payload capacity of HGVs is based on the actual field data. Fuel
consumption and exhaust emissions of these HGV's were taken from SimaPro databases with the default

100% load factor for the outward journey.

3.3. On-site equipment transportation to the construction site

Road construction sites require different types of equipment: pavers, asphalt rollers, compactors,
and excavators, among others. HGVs used for transporting construction equipment to the site were
modelled based on the actual case study data and local resources (ADM, 1997; Department of Transport
Abu Dhabi, 2018; Maraqa et al., 2018). Three types of articulated trucks were modelled: small (<10
tonnes), medium (1020 tonnes) and large (>20 tonnes) based on the actual field data. The load factor

was based on the actual weight of individual construction equipment being transported.

3.4. Construction

The type of construction machinery used on-site, fuel consumption, fuel-type and the operating
hours determine the total environmental impact from this stage. Existing pavement LCA literature
(Whyte, 2012; Vidal et al., 2013; Giani et al., 2015; Turk et al., 2016) recommends using local resources
to accurately calculate the emissions from this stage. This study used the actual tender document and
bill of quantities for the case study highway section project along with local data (Environment Agency
- Abu Dhabi, 2012; Department of Transport Abu Dhabi, 2018; Maraqa et al., 2018) to determine the
equipment type. Additionally, data from the equipment supplier (Caterpillar Inc., 2011) was used to

calculate fuel consumption and operating hours for the construction machinery (Table 3).

Table 3 LCI of construction machinery

. Operating Fuel Consumption
Road component Machinery type and model time (h) (/h)
Site excavation Caterpillar 972H wheel-loader 39 21
Backfill — aggregates Caterpillar 844 compactor 19.5 62
Caterpillar 939C track-loader 39 15
Backfill — silica sand Caterpillar 939C track-loader 78 15
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Geotextile fabric Caterpillar D6K track-type tractor 39 21.5

Utility marking Caterpillar 966H wheel-loader 19.5 16.9
Granular sub-base course Caterpillar 844 compactor 19.5 62
Unbound-base course Caterpillar 966H wheel-loader 19.5 16.9
Caterpillar 416E loader 117 11.4
Asphalt-base course Caterpillar CB-434D compactor 780 11.4
Asphalt binder course Caterpillar CB-434D compactor 780 11.4
Asphalt wearing course Caterpillar AP-800D paver 780 28.4
Asphalt prime coat Caterpillar CB-564D compactor 780 10.45
Asphalt tack coat Caterpillar 345D excavator 390 45.6
Bituminous surface treatment Caterpillar TH560B articulated trucks 234 15
Milling machine Caterpillar PM622 cold planner 396 76
Concrete works Caterpillar dump-trucks 6x4 12 cub.yd 250 20.2
Caterpillar CP-663E 500 19
Caterpillar water-truck 4000Gal. 250 14.2

3.5. Applying LCA in construction, maintenance and rehabilitation stages emissions

Routine maintenance involves pavement skin patching, repairing concrete barriers and kerbs, etc.
(Stripple, 2001). Rehabilitation is a major maintenance activity to dismantle and replace the pavement
course(s) that have reached the end-of-life due to wear and tear. The frequency and extent of repair
works are based on the pavement section, strength, daily traffic load, weather cycles and availability of
funds to the local municipality. Celauro et al. (2017) considered repaving of asphalt wearing course
after every 4 years. Scheving (2011) note that for an asphalt road supporting heavy traffic load (>12,000
vehicles/day/lane), the wearing course should at least be replaced every 6 years. Due to the high strength
of asphalt base course compared to the unbound-base course (Rys et al., 2017; Pavement Interactive,
2019) and the difference between service life of different pavement sections (Huang, 2007), the
rehabilitation frequencies are also different. Considering these factors, the current study assumes only
wearing course milling and repaving after every 5 years due to: traffic load on the case study highway
section (>12,000 vehicles/day), thick asphalt base section, budgeting constraints and current practice in
the field. Since the M&R stage again involves material extraction and processing, material and
equipment transport and construction equipment operation, the LCI of these stages (Tables 1-3) is used

including the dismantling/milling equipment used after the end-of-life of the wearing course section.
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4. Life cycle impact assessment (results) and interpretation (discussion)

Life cycle impact assessment (LCIA) calculates and provides the environmental impact results of
the case study functional unit based upon the earlier established LCI and the selected assessment
method. ReCiPe midpoint method can calculate environmental impacts across the indicators in Table 4
(Goedkoop et al., 2009; Hasan et al., 2019b). ReCiPe assesses environmental impacts by three different
perspectives of individualist (1), hierarchist (H) and egalitarian (E). Hierarchist perspective is used in
this study based on the scientific consensus with regards to technology development, adaption capacity
and time-frame (Vidal et al., 2013; PRé Consultants, 2018). The results relating to the environmental

impact reduction effects of different alternate options are presented below.
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Table 4 Environmental impact reduction results, % reduction compared to the baseline case

Pre-construction

Asphalt pavement section

Concrete works

earthworks (%reduction compared to virgin HMA & virgin aggregates (% reduction compared to
case) Portland cement case)
AB2 AC2- AC?2 - traffic

Environmental impact indicators (% reduction compared ~ AP2  AP3  AP4  AP5  AP6  AP7  APS$ barriers & & light

to virgin backfill case) kerbs systems
Global warming potential (GWP) 16.33% 1.3% 1.41% 3.96% 593% 7.05% 6.23% 14.75% 26.37% 3.19%
Stratospheric ozone depletion (OD) 16.2% 0.61% 0.66% 6.25% 9.34% 11.09% 0.20% 11.99% 5.53% 0.11%
Ionizing radiation (IR) 24.77% 0.61% 0.67% 5.02% 7.53% 894% 0% 9.61% 5.76% 0.27%
Photochemical ozone formation (POzF) 18.29% 2.50% 2.71% 3.57% 5.53% 6.46% 1.86% 11.11% 12.28% 0.98%
Particulate matter formation (PMF) 14.26% 0.83% 0.91% 3.69% 5.57% 6.58% 2.35% 9.88% 7.49% 0.22%
Photochemical oxidants formation (POxF) 18.26% 2.44% 2.64% 3.7% 57% 6.67% 1.83% 11.22% 12.2% 0.96%
Acidification 14.54% 0.94% 1.02% 3.76% 5.69% 6.71% 0.87% 8.65% 9.47% 0.27%
Freshwater eutrophication 15.6% 0.18% 02% 1.04% 1.55% 1.85% 0% 2.05% 0.49% 0.96%
Marine eutrophication 14.59% 024% 0.26% 1.6% 24% 2.85% 0% 3.11% 0.63% 0.90%
Terrestrial eco-toxicity 17.37% 03% 0.32% 0.52% 0.78% 0.93% 0.05% 1.31% 0.66% 0.95%
Freshwater eco-toxicity 16.45% 0.07% 0.08% 0.43% 0.65% 0.77% 0% 0.85% 0.29% 0.81%
Marine eco-toxicity 16.53% 0.08% 0.09% 047% 0.71% 0.84% 0% 0.93% 0.34% 0.83%
Human toxicity (HT) 15.9% 0.07% 0.08% 0.39% 0.57% 0.69% 0.01% 0.78% 0.64% 0.90%
Land use 9.31% 0.22% 0.24% 6.74% 10.11% 11.99% 0% 12.23% 0.37% 0.62%
Mineral resource depletion 17.28% 0.49% 0.58% 0.57% 0.85% 1.02% 0% 1.0% 6.46% 0.13%
Fossil fuel depletion (FFD) 17.39% 0.66% 0.72% 6.96% 10.43% 12.36% 1.92% 15.02% 13.68% 0.68%
Water consumption 0.32% 0.35% 0.69% 1.83% 2.75% 3.27% 0.05% 1.46% 0.34% 0.94%
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4.1. Pre-construction alternate material option — RCW for pavement backfill

The LCA results for the pre-construction earthworks show that significant environmental impacts
are generated from this stage (Table 4). Initially, the baseline GWP impact was 2,901.41 tonnes CO»eq.
for the earthworks stage. After 60% replacement of crushed gravel aggregates by RCW as the backfill
material in AB2 case, the GWP impact reduced by 16.33% (2,427.64 tonnes COeq.). FFD exhibited a
similar trend with the impact value decreasing to 32.98 TJ from 27.25 TJ, around 17.39% lower. The
overall observation was that the environmental impact reduction ranged from 0.32% to 24.77%. The
lowest impact reduction (0.32%) was noted for water consumption while IR impacts were reduced by

24.77%.

These results were expected due to the following reasons. Firstly, quarry machinery uses fossil fuel
which was reduced with the addition of RCW. Secondly, the transport distance of the RCW processing
plant was lower (~70km) than the virgin aggregate production plant (~300km). On the other hand, water
consumption impact mainly arises from the water required for aggregate plant operations which are
similar for both backfill material alternatives. The significant difference in IR between the two backfill
alternatives was because of the excess steel required for quarry operations and production. Significant
quantities of NOy are generated due to electricity consumption in crushing and screening RCW.
However due to transport distance variations; significant reduction was found in POxF (18.26%), POzF
(18.29%) and eutrophication (14.59%) indicators. Land use impact reduction was 9.31% as the
infrastructural requirements are lower for recycling construction waste, which minimises the

agricultural land damage.

4.2. Alternate material for pavement section — RCW sub-base and unbound-base

The environmental impact assessment results of the pavement work using baseline case materials
exhibited that around 127.55 tonnes CO:eq. (3.86%) GWP and 1.584 TJ (1.7%) FFD are caused by the
use of crushed gravel as sub-base and u-base aggregate material. In order to estimate the impact of
reducing crushed gravel use, two different RCW cases were studied: u-base with 80% RCW in the AP2
case; and 25% RCW sub-base with 80% RCW u-base in the AP3 case. Similar to Section 4.1 results,
partially (80%) replacing crushed gravel by RCW for u-base resulted in a GWP reduction of 54.805
tonnes CO,eq. and 0.687 TJ decline in FFD.

The environmental impacts were slightly reduced with the additional replacement of gravel in sub-
base course by 25% RCW. The GWP reduction in the 4P3 case was 4.93 tonnes CO-eq. higher than
the 80% RCW u-base course case. Likewise, the POzF impact difference was 35.27 kg NOyeq.
(0.213%) and the FFD difference was 0.062 TJ (0.06%). It can be implied from these results that once
an optimum material replacement for crushed gravel has been achieved in the sub-base and u-base

courses, any further replacement may not yield a significant reduction in the environmental impacts.
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4.3. Pavement alternate material option — reclaimed asphalt pavement (RAP)

Three asphalt pavement recycling cases were investigated using different RAP percentages with
virgin crushed aggregates for sub-base and u-base courses. Initially, 10% RAP content was used for a-
base, binder, and wearing courses in the 4P4 case. Results showed that land use impacts were decreased
by 6.74% and OD reduced by 6.25% compared to the baseline case. GWP declined by 167.424 tonnes
COzeq. (3.96%) and the energy consumption in terms of FFD reduced by 7.23 TJ (6.96%). These
reductions in the environmental impacts can be attributed to the difference in the needs for quarry
operations and asphalt binder processing, and the less transport distance required for RAP compared to
the virgin aggregates. Regarding the use of 15% RAP content in asphalt courses for the AP35 case, higher
environmental impact reduction results were obtained (Table 4). For this case, GWP decreased by
250.601 tonnes COzeq. (5.93%), OD by 9.34%, land use by 10.11% and energy consumption by
10.43%; this was again primarily due to differences in asphalt binder production between the different

alternatives.

Building on these results, the RAP content in the asphalt mix for the a-base course was increased
by another 10% RAP in the AP6 case. The reduction in FFD and air emissions in this case (25% RAP
a-base, 15% RAP binder & wearing courses) compared to the baseline (4P1) case are shown in Table
4. FFD exhibited the highest reduction with 12.84 TJ (12.36%) lower value than the baseline AP/ case.
It was then followed by land use (11.99%), OD (11.09%) and GWP (7.05%). Consequently, due to the
overall impact reduction from RAP usage for the AP6 case, the RAP content for this case was flagged

as best performing across all midpoint impact categories.

4.4. Pavement alternate asphalt production temperature — warm-mix asphalt (WMA)

After only comparing WMA (containing zeolite additives) and HMA pavement sections, i.e., cases
AP7 and API in Table 4 respectively, it was observed that the air emissions and energy consumption
were only slightly reduced. The volume of natural gas fuel in the asphalt plant reduced due to the lower
heating requirements. However, the production of synthetic zeolite additives may have increased the
impacts from the material production and processing stage. Overall, the life cycle impacts from WMA
were only marginally less than HMA. The life cycle energy consumption reduced by 1.996 TJ (1.92%)
while GWP reduced by 6.23% in the 4P7 case compared to the baseline AP/ case, as shown in Table
4. Impact reduction for POzF and POxF exhibited similar trends with a respective difference of 0.316
tonnes NOxeq. (1.86%) and 0.322 tonnes NOxeq. (1.83%) between API and AP7, for these two
indicators. These differences in the environmental damages were due to the differences between fuel
requirements. Other impact categories, e.g., IR, eutrophication, eco-toxicity, and land use were not
affected. Thus, even though the use of WMA reduced environmental impacts to some degree, its real
potential is coupling WMA with high RAP content and other material alternatives to achieve reduction

across all indicators. These results are similar to the findings by Vidal et al. (2013), where the GWP
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reduction between HMA and zeolite-based WMA was only 13%. Butt and Birgisson (2016) also
showed that due to the production of additives for WMA mixtures, the difference in life cycle GWP
between hot-mix and warm-mix samples was only 12% and the difference in energy consumption was

only 2.58%.

4.5. Collective environmental benefits of alternate options on pavement construction

The above results showed that using recycled materials as the alternate option and replacing HMA
by WMA as the production technique individually yielded significant environmental impact reduction.
The collective environmental impact reduction for the best performing RCW and RAP percentages is
now assessed coupled with WMA in the AP8 case. As shown in Table 4, energy consumption exhibited
the highest reduction as FFD decreased by 15.61 TJ (15.02%). The OD was reduced by 11.99%, the
POXF reduced by 1.968 tonnes NOxeq. (11.22%) and PMF by 0.801 tonnes PM, seq. (9.89%).

GWP impact was also significantly reduced compared to the baseline pavement (AP/ case),
exhibiting 623.54 tonnes COseq. (14.75%) reduction. These environmental impact reductions were
contributed by both alternative material usage across the pavement sections and the lower production
temperatures of WMA. However, the 12.23% (20,750.65 m2a crop eq.) reduction in land use impact
was only attributable to RCW and RAP usage. Water consumption, freshwater, and marine eco-toxicity
impacts were only marginally reduced with a respective reduction of 1.46%, 0.85%, and 0.93%.
Crushing, screening and producing RCW at recycling plants consumed water volume similar to gravel
production. Similarly, construction waste from bricks, etc. is sometimes covered in paint which contains

lead and other heavy metals that generate leachate and cause groundwater contamination.

4.6. Traffic barriers, signs, kerbs and light systems — alternate options for concrete works

In order to perform a comprehensive environmental impact reduction assessment on the use of
alternate options for roadworks in the case study region, partial replacement (~65%) of OPC by GGBFS
was performed in the AC2 case (Table 4). GGBFS generated higher benefits for barriers and kerb works
compared to foundation works for traffic signs and light due to the higher volume of concrete used for

constructing the former roadworks component.

The GWP results above show that the primary contributor to greenhouse gases is the OPC content
in the concrete mix as the impact value reduced by 241.75 tonnes CO»eq. (26.37%) for traffic barrier
and kerbs, and by 12.03 tonnes CO»eq. (3.2%) for traffic signs and light foundation works. FFD results
for traffic kerbs and barriers reduced by 13.68% with GGBFS introduction as they were influenced by
mining operations for OPC admixtures: gypsum, clinkers, and limestone. Due to the heavy energy
consumption involved in kiln heating during clinker production, GGBFS addition caused a decline in
fuel demand. Furthermore, gypsum and limestone mining generates excessive quantities of sulphur

dioxide, particulate matter, and nitrogen oxide (NOy) pollutants. The environmental impact reduction
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results for POzF as 12.28% (0.339 tonnes NOxeq.), POXF as 12.2% (0.342 tonnes NOxeq.) and
acidification as 9.47% (0.191 tonnes SOeq.) were obtained after 65% GGBFS content. These results

are also indicative of the effect of OPC admixtures on the overall emissions.

4.7. Environmental impacts and reduction potential distribution across life cycle stages

Environmental impacts for the best performing cases from each alternate option were further
investigated in detail to identify the impact reduction for each stage of the pavement and associated
roadworks life cycle. The “alternate pavement materials” for pavement is based on combining the
AP8 case (Section 4.5) and 85% RAP in WMA wearing course only during the M&R stage. The RAP

content used for M&R is from milling the case study pavement and is transported to the asphalt plant.
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Figure 5 Climate change impacts and reduction distribution across life cycle stages

Figure 5 shows that earthworks contribution to total GWP impact of baseline case roadworks
(11.123 ktonnes CO»eq.) was 26% and FFD contribution was 15% to the total FFD of 219.896 TJ.
Extraction and processing of crushed gravel and sand backfill caused 40% of the GWP emissions for
the earthworks. This contribution was increased (~45%) when 60% RCW was used. However, it was
offset by the reduction in material transport contribution to the GWP. For earthworks using virgin
backfill materials, transporting materials caused 54% of the GWP emissions which was reduced to 48%
with the 60% RCW option. Similar trends were observed for energy consumption results shown in
Figure 6 below. A reduction in the material transport FFD share (from 61% to 55%) offset the increase
in material extraction and processing share, which had increased to 37% from 33%. In general, material
transport remained the largest contributor to the environmental impacts caused during earthworks due

to the excessive transport distance from quarries in Fujairah to Abu Dhabi. Environmental impact
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contributions of construction equipment transport to the project site remained 3-4% due to the

machinery used for this component of the roadworks.
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Figure 6 Fossil fuel depletion impacts and reduction distribution across life cycle stages

Pavement section works generated 62% of GWP and 80% of the FFD impact caused by the
complete baseline case. For the impact distribution within the pavement section works, raw material
extraction and processing stage was the largest contributor. The environmental impacts were
considerably reduced between baseline case pavement section and alternate materials case. This was
mainly due to less raw materials demand for aggregates and bitumen and shorter transport distance. The
share of raw material sub-stage within the M&R stage was also considerably reduced between the
baseline case (27%) and alternate pavement materials case (13%). These results were caused by using
recycled RAP and WMA for initial construction, followed by recycling the milled RAP (from case
study pavement section’s wearing course) in the mixing plant and then used for repaving. Overall, the
GWP for pavement section works reduced by 34% (2.33 ktonnes CO-eq.) while FFD reduced by 48%

(84.71 TJ), with the most significant reductions in the material extraction and M&R stages.

The concrete barriers, kerbs and parapets works were responsible for 8% of the GWP and 3% of
FFD impacts. The majority (84%) of their GWP and FFD (71%) contributions were caused by material
extraction and processing stage. The use of GGBFS considerably reduced these impacts as shown in
Figure 5 and Figure 6. The GWP share from this stage reduced to 79% while the FFD contribution
decreased to 67%. On the other hand, concrete foundations for the traffic signs and light systems were
the only component of the roadworks where the construction stage generated the highest environmental
impacts during the studied life cycle. This is due to the diesel fuel consumed for operating the heavy

on-site construction machinery.
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4.8. Uncertainty assessment

PRé Consultants (2016) specify that due to the extent of the large inventory data, a certain degree
of uncertainty is introduced in the LCA results because of the uncertainties in LCI data. Accurately
acknowledging for these uncertainties is specifically important when two alternates are being compared,
as any projected environmental impact reduction benefits of alternate cases can be offset by uncertain
input data. Monte Carlo simulations are performed to calculate the uncertainty distribution for each
indicator in the alternate materials case for pavement works (Section 4.7) and results are as shown in
Table 5 with a 95% confidence interval, i.e., 95% of the LCIA results fall in the “2.5" percentile” and
“97.5™ percentile” probability distribution range (Guo and Murphy, 2012). The coefficient of variability
scores for majority of the indicators exhibited low variance. However, the scores for ionizing radiation,
water consumption and indicators related to eco-toxicity showed high degree of variance. This high
degree of uncertainty may have been caused by the different input sources (for water consumption
indicator) and the uncertainties in the database for heavy metal emissions (for eco-toxicity and IR
indicators), as also found by Guo and Murphy (2012). Nonetheless, the LCIA results for GWP, OD,
POzF, PMF, POxF, acidification, eutrophication, HT, land use, FFD and mineral resource depletion
showed high a degree of certainty, as exhibited by the CV scores in Table 5.

Table 5 Monte Carlo uncertainty assessment results for alternate materials* case (pavement works)

Impact category Unit Mean  Coefficient 2.5t 97.5%
of Variability percentile percentile
(&)
Global warming potential (GWP) kg COz eq. 4.91E+06 5.12% 4.44E+06 5.43E+06
Stratospheric ozone depletion (OD) kg CFCl11 eq. 2.38E+00 20.9% 1.79E+00 3.71E+00
Ionizing radiation (IR) kBq Co-60 eq. 1.72E+05 64.96% 3.88E+04 7.11E+05
Photochemical ozone formation (POzF) kg NOx eq. 2.53E+04 7.53% 2.17E+04 2.95E+04
Particulate matter formation (PMF) kg PM2s eq. 9.31E+03 7.39% 8.14E+03 1.10E+04
Photochemical oxidants formation (POxF) kg NOx eq. 2.58E+04 7.45% 2.22E+04 3.02E+04
Acidification kg SOz eq. 2.47TE+04 8.69% 2.12E+04 2.98E+04
Freshwater eutrophication kg P eq. 2.56E+03 34.5% 1.39E+03 5.96E+03
Marine eutrophication kg N eq. 1.56E+02 23.5% 1.05E+02 2.49E+02
Terrestrial eco-toxicity kg 1,4-DCB 5.25E+07 36.1% 2.89E+07 1.02E+08
Freshwater eco-toxicity kg 1,4-DCB 4.19E+05 62.3% 1.19E+05 1.32E+06
Marine eco-toxicity kg 1,4-DCB 6.06E+05 60.08% 1.84E+05 1.90E+06
Human toxicity (HT) kg 1,4-DCB 1.49E+07 38.1% 3.57E+06 5.03E+07
Land use mZ2a crop eq. 1.70E+05 11.1% 1.38E+05 2.10E+05
Mineral resource depletion kg Cu eq. 4.95E+04 8.4% 4.23E+04 5.86E+04
Fossil fuel depletion (FFD) TJ 1.05E+02 11.7% 8.41E+01 1.32E+02
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Water consumption m’ 2.79E+05 70.8% 2.27E+06 2.32E+06

+Combining AP8 (25% RCW sub-base, 80% RCW unbound-base, 25% WMA RAP asphalt-base and 15% WMA RAP binder
& wearing courses) for initial construction & 85% in-plant recycled WMA RAP in M&R stage

-60 -40 -20 0 20 40 60 80 100

Global warming

Stratospheric ozone depletion

lonizing radiation

Ozone formation, Human health

Fine particulate matter formation

Ozone formation, Terrestrial ecosystems

Terrestrial acidification

Freshwater eutrophication

Marine eutrophication

Terrestrial ecotoxicity
OA<B J
Freshwater ecotoxicity ]
BA>=B Marine ecotoxicity [ ]

Human carcinogenic toxicity

Human non-carcinogenic toxicityf ]

Land use

Mineral resourceScarcity

Fossil resource scarcity

VValer Gonsumplion” | ]

Baseline case pavement works (A= AP1 in initial construction & virgin HMA wearing course in M&R),
Alternate materials pavement works (B= AP8 in initial construction & 85% in-plant recycled WMA RAP in M&R stage)

Figure 7 Monte Carlo uncertainty assessment results for pavement works, “baseline case” against

“alternate materials case”

Monte Carlo simulations are performed to calculate the probability of environmental impacts from
the “alternate materials pavement works (B)” case to be lower than the “baseline pavement works (4)”
case, with 95% confidence interval. For each case, the simulation consisted of 1,000 iterations. Figure
7 reports the comparison between Monte Carlo simulation results for the baseline and alternate materials
pavement works. These results are also tabulated in Appendix (Table A.3) for further clarification. The
probability that the impact values for alternate pavement materials case are lower than the baseline
case is in the 90%—100% range for the majority of indicators. However, the water consumption impact
for the baseline case pavement works was higher than the “alternate materials case” in 52% of the
simulated cases. This is due to the volume of water required for producing RCW at construction waste
recycling facilities; which is obtained from a variety of freshwater, marine and wastewater resources
that can amplify the uncertainties in input data. Figure 8 reports the Monte Carlo simulation results for
the GWP impacts generated by concrete works. The coefficient of variation (CV) values are admissible.
CV values for concrete works conducted as part of kerbs, parapets and barriers ranged between 6.01%
— 6.7%. For the concrete roadworks due to traffic signs and light system foundations, the CV values

ranged from 3.8% — 3.9%
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Figure 8 Global warming potential uncertainty assessment for concrete works, baseline vs.

alternate case

4.9. Sensitivity analysis of LCA allocation method

The current study applied a 100:0 allocation approach to the use of recycled materials (RAP and
RCW) in the “alternate” cases. This means that the current study assigned all environmental burdens
associated with the material extraction and production etc. are assigned to the original pavement using
the virgin materials and it is not credited with any potential recycling (e.g., in form of RAP) after it has
reached its end-of-life. On the other hand, pavements using recycled materials (e.g., RAP and RCW)
carry the burden of processing after initial use and are also fully credited with the benefit of using
recycled materials. Wayman et al. (2013) propose that the potential recyclability of asphalt to produce
RAP content for future use is high and the recoverability rate needs to be optimised for providing benefit
to the subsequent asphalt production mix. However, the resulting benefits of recycled material use may
be influenced by the allocation methodology and a sensitivity analysis for allocation of recycled

materials needs to be performed in addition to the uncertainty assessment for the LCA data.
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Figure 9 Sensitivity analysis of pavement works with 100:0 and 50:50 allocation
(Baseline case: virgin HMIA & aggregates; Alternate materials case: recycled RCW & RAP courses as defined
in Section 4.7)

In the current study, a majority of GWP (~62%) and energy use (~80%) burdens were generated by
the asphalt courses, which were reduced after recycled RAP was used. As open-loop RAP recycling
(i.e., RAP from an external older pavement) was used in the initial construction stage, the results can
be sensitive to the allocation approach. A sensitivity analysis was thus performed for the pavement
works, focusing on the allocation of RAP burdens. The 50:50 allocation methodology is an alternate to
the 100:0 approach, where the environmental burdens of raw material extraction and processing of the
recycled materials are shared equally between both pavement systems (i.e., the original pavement
producing the RAP and the current pavement using the recycled RAP as an alternate material option).
Figure 9 presents the results of sensitivity analysis for the pavement works based on the two allocation
methodologies of 100:0 (as used in current study) and 50:50 (where half of the raw materials’ burdens
for the asphalt mix generating the recycled RAP used in the alternate material case are assigned to the

case study pavement works).

The results show that the allocation methodology for the recycled RAP somewhat affects the
environmental benefits gained by using recycled materials for constructing the case study pavement
section. The difference in the environmental reduction (due to the use of recycled materials) between
the “100:0” allocation (as used in current study) and the “50:50” allocation is in the range of 0.13—
7.44%, compared to the baseline case. The FFD indicator was the most influenced by the allocation
approach with a difference of 7.73 TJ (~7.44%), followed by land use (7.3%), OD (6.1%), and GWP
(5.7%). Conversely, freshwater eutrophication (0.13%), human toxicity (0.2%), and ecotoxicity-related

indicators were the least affected. Overall, using recycled materials for pavement construction may be
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environmentally favourable, however, the absolute benefit may be dependent upon the allocation
methodology selected for reporting the LCA results. In general, the environmental benefit from using
recycled materials (such as RAP) are significantly higher than the difference in the environmental

burdens calculated from both allocation methodologies.

5. Case study GWP and FDD impacts and comparison with roadworks
LCA literature

The roadworks LCA literature covered in the earlier sections highlights that several studies have
assessed the environmental impact reduction in pavement works by using RCW and RAP as alternate
material options, and WMA instead of HMA as an alternate production technique. Figure 10 compares
the findings of some of these studies against the results of the current study in terms of GWP impact. It
shows that the GWP values of this study are at least 29% higher. This difference is attributable to the
consumption of higher bitumen consumption for case study highway section than the studies (Biswas,
2014; Giani et al., 2015; Celauro et al., 2017) in Figure 10. The alternate materials case for Biswas
(2014) uses 100% RCW (base course) to replace crushed natural gravel in initial construction stage and
recycled limestone (sub-base course), 100% RCW (base course) and 15% RAP (wearing course) in the
M&R stage. For Giani et al. (2015), the alternate materials case utilised 30% WMA RAP (base course),
20% HMA RAP (binder course) and 10% HMA RAP (wearing course) during initial construction; and,
100% in-plant recycled wearing course in M&R stage. The alternate materials case for Celauro et al.
(2017) consisted of lime-stabilised embankment, 100% RCW sub-base course, 40% RAP base course,
40% RAP binder course and 15% RAP wearing course.

120

_g 100 | O Giani et al. (2015)
o) ® Current Study
S _ 80 - B Biswas (2014)
D >
£ = B Celauro et al. (2017)
£ < 60 -
g =)
o 40 A
Q
o
Q) 20 -

0 .

Baseline case Alternate Baseline case - Alternate
materials case complete works materials case -
complete works

Figure 10 Comparative assessment of global warming results, road LCA against the current study
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The “alternate materials case” for the current study uses RCW, RAP and WMA for backfill,
pavement works; combining AB2 and AP8 (with 85% in-plant recycled WMA RAP in M&R stage as
stated in Section 4.7). Similarly, “alternate materials case — complete works” for the current study also
included GGBFS as partial replacement of Portland cement (~65%) after combining this “alternate
materials case” and AC2. This way, the impacts for complete roadworks are included: earthworks,

pavement courses, concrete works for traffic barriers, kerbs, parapets, traffic signs, and light systems.

However, the current study also reported a significantly higher reduction in GWP emissions after
using WMA combined with alternate material options (RCW and RAP). In the current study, GWP
impact for pavement section works reduced by 34%, whereas Giani et al. (2015) reported a 6%
reduction in GWP after using both WMA and RAP. Biswas (2014) reported a 5% reduction after using
RCW (both during initial construction and M&R stages) and RAP (in M&R stage only). The 30% GWP
impact reduction reported by Celauro et al. (2017) was comparable to the findings of the current study.
These observations further iterate the need for region-based LCA studies as well as the high
environmental benefits that can be achieved in the case study region due to the use of low-temperature
asphalt mixes (warm and cold mix) and alternate construction material options. The reduced transport
distance required for alternate materials, compared to virgin materials, may have also contributed to

these results.

6. Conclusion

This study presented a comprehensive LCA of roadworks on a 3.5-km long highway section in Abu
Dhabi. Environmental impacts across all components of a road section were accounted: earthworks;
pavement section courses; concrete barriers, kerbs and parapets; and, the concrete foundation works for
traffic signs and light systems. In general, the raw material stage was the highest contributor to GWP
as it generated 63.96% of baseline case emissions. Construction stage accounted for the second highest

(~21.78%), followed by material (~14.18%) and equipment transport (0.05%).

The use of RCW as an alternate backfill material holds promise as the GWP value reduced by 16%
with the use of 60% RCW. RCW use in sub-base and u-base courses also reduced impacts from asphalt
pavement section, for e.g., 59.736 tonnes CO»eq. reduction in GWP and 11.68 GJ reduction in energy
(FFD) impact. However, these reductions only account for approximately 1.4% of the total

environmental impacts of the entire pavement sections.

Although the use of WMA instead of HMA reduced environmental impacts, e.g., GWP by 6.23%
and FFD by 1.92%, the most notable reductions were due to RAP addition in the WMA asphalt mix.
This was primarily due to large environmental burdens associated with production of bitumen, hydrated
lime filler and synthetic zeolite additives. The 25% RAP content in the a-base course and the 15% RAP

content in binder and wearing courses coupled with WMA resulted in significantly lower environmental
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impacts across all indicators. For example, FFD and GWP impact values decreased in the order of 15%.
Two options were compared during the rehabilitation stage of milled wearing course. As an important
advantage of WMA is the potential to use high RAP content in the production mix, 85% in-plant WMA
recycling of milled RAP was assessed against virgin HMA asphalt. This resulted in the reduction of
GWP by 59% and FFD by 70%. Comparing baseline OPC-concrete for roadworks against GGBFS-
concrete, GWP exhibited the highest reduction (~19%) followed by FFD (~9%), POxF (~8.4%), POzF
(~8.3%) and acidification (6.12%).

These results of the current study were also assessed against those reported in pavement LCA
literature. A key advantage of the current study was the higher benefit (e.g., overall 34% for GWP and
48% FFD) of using alternate options compared to previous studies. This is mainly due to the pavement
section design, transport distance, material type, and production variations. The uncertainty assessment
by Monte Carlo simulation also confirmed that the high environmental impacts of roadworks in the case
study region can be reduced by alternate material use to around 99% probability. The results of
sensitivity analysis for allocation approach show that the environment benefits of using alternate
recycled materials is affected by the allocation methodology selected for reporting the LCA results.
However, the sensitivity was lower than the calculated environmental benefit for all the indicators
calculated in the current study. It should also be noted that this study only focuses on the environmental
impact reduction potential of alternate options (RCW, WMA, RAP and GGBEFS) for pavement
construction, maintenance and rehabilitation. Future works may include the pollutant emissions from
vehicles during construction and M&R (work-zone traffic delays) and use stage with a focus on

pavement performance and traffic management strategies.
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Table A.1 Regional and alternate distribution of LCA studies on pavements and other roadworks

Study references based on the three recent state-of-the-art reviews on LCAs of pavement

Case study sections and associated roadworks

region
Hasan et al. (2019) AzariJafari et al. (2016) Balaguera et al. (2018)

Asia Chen et al. (2017) Chiu et al. (2008)

Europe Moretti et al. (2018); Celauro et  Celauro et al. (2015);Santos et ~ Vidal et al. (2013); Araujo et
al. (2017); Karlsson et al. al. (2015b); Vidal et al. (2013)  al. (2014); Olsson et al.
(2017); Butt and Birgisson (2006); Birgisdottir et al.
(2016); Butt et al. (2016); Turk (2006); Butt (2014);
et al. (2016); Anastasiou et al. Birgisdottir et al. (2007);
(2015); Santos et al. (2015a); Huang et al. (2009); Ferreira
Du et al. (2014) et al. (2016)

Middle East Hadi et al. (2013)

Oceania Biswas (2014)

Americas Bloom et al. (2017);Choi etal. ~ Liu et al. (2015); Aurangzeb et  Eleanor et al. (2016);
(2015);Yu and Lu (2014);Yu al. (2014); Noshadravan et al. Aurangzeb et al. (2014);
and Lu (2012); Wang et al. (2013); Zhang et al. (2010); Kucukvar and Tatari (2012);
(2012); Cass and Mukherjee Qian et al. (2013); Wang et al. Yu and Lu (2012); Wang et
(2011); Lee et al. (2010) (2012); Santos et al. (2015a); al. (2012); Yu et al. (2013);

Chen et al. (2016); Reza et al. Thenoux et al. (2007)
(2014)
Recycled Bloom et al. (2017); Celauro et ~ Wang et al. (2012) Yu and Lu (2012); Del Ponte
construction al. (2017); Anastasiou et al. (2016); Eleanor et al. (2016);

waste aggregates
(RCW)

Warm-mix
asphalt (WMA)

Streetlights &
concrete works

Recycled asphalt
pavement (RAP)

Other materials

Embankments &
earthworks

(2015); Biswas (2014); Turk et
al. (2016)

Butt and Birgisson (2016)

Hadi et al. (2013)

Bloom et al. (2017); Celauro et
al. (2017); Turk et al. (2016);
Anastasiou et al. (2015);
Biswas (2014)

Chen et al. (2017); Choi et al.
(2015); Liu et al. (2014); Yu
and Lu (2012); Lee et al.
(2010)

Moretti et al. (2018)

Vidal et al. (2013)

Aurangzeb et al. (2014); Vidal
et al. (2013); Santos et al.
(2015a)

Qian et al. (2013); Zhang et al.
(2010)

Ferreira et al. (2016)

Bloom et al. (2017); Del
Ponte (2016); Celauro et al.
(2015); Thenoux et al.
(2007); Chiu et al. (2008);
Huang et al. (2009); Vidal et
al. (2013); Aratjo et al.
(2014); Aurangzeb et al.
(2014)

Araujo et al. (2014); Chiu et
al. (2008); Ferreira et al.
(2016); Olsson et al. (2006);
Birgisdottir et al. (2007);
Huang et al. (2009)
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Table A.2 LCI of synthetic zeolite production used as the additive for production of warm-mix asphalt

Material inventory Material quantity (per tonne of zeolite)
(based on Fawer et al. (1998)) (based on Fawer et al. (1998))
Inputs

Bauxite 762 kg/tonne

Sand 467 kg/tonne

Rock salt 222 kg/tonne

Limestone 40 kg/tonne

Washed sand 467 kg/tonne

Sodium hydroxide 100 (50%-aq.) 336 kg/tonne

Sodium-silicate Na2O + 2SiO2 636 kg/tonne

Aluminium hydroxide (Al(OH)3) 606 kg/tonne

Water for steam production
Cleaning agent

Filter clothes

Water conditioner
Stabilisers (tensides)
Compressed air

Electricity consumption
Coal consumption

Heavy oil consumption
Average/light oil consumption
Diesel oil consumption
Others

Natural gas consumption

1.5 m*/tonne
1.7 kg/tonne
0.08 kg/tonne
0.07 kg/tonne
30.6 kg/tonne
64.7 Nm?*/tonne
8,537 MJ/tonne
508 MJ/tonne
4,561 MJ/tonne
749 MJ/tonne
593 MJ/tonne
94 MJ/tonne

11,419 MJ/tonne
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Table A.3 Detailed Monte Carlo uncertainty assessment results for pavement works, “baseline case” against

“alternate materials case”

Impact category A<B" A>B"”
Global warming 0% 100%
Stratospheric ozone depletion 0% 100%
Tonizing radiation 0% 100%
Ozone formation, Human health 0% 100%
Fine particulate matter formation 0% 100%
Ozone formation, Terrestrial ecosystems 0% 100%
Terrestrial acidification 0% 100%
Freshwater eutrophication 0% 100%
Marine eutrophication 0% 100%
Terrestrial ecotoxicity 0% 100%
Freshwater ecotoxicity 1.3% 98.7%
Marine ecotoxicity 0.6% 99.4%
Human carcinogenic toxicity 0.2% 99.8%
Human non-carcinogenic toxicity 2.2% 97.8%
Land use 0% 100%
Mineral resource scarcity 10.9% 89.1%
Fossil resource scarcity 0% 100%
Water consumption 48.5% 51.5%

* Number of cases from Monte Carlo simulation where the environmental impacts from “Baseline case pavement works
(A)” is less than the environmental impacts from “Alternate materials pavement works case (B) ”.

** Number of cases from Monte Carlo simulation where the environmental impacts from “Baseline case pavement
works (A)” is greater than or equal to the environmental impacts from “Alternate materials pavement works case (B) .
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