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ABSTRACT

A Life Cycle Assessment (LCA) was undertaken to compare the potential environmental impacts
associated with the use of Recycled Concrete Aggregate (RCA) as a partial replacement of natural
aggregates in the production of Warm Mix Asphalt (WMA), with those of a conventional Hot Mix
Asphalt (HMA). The LCA was conducted according to the ‘cradle-to-laid’ approach, including four
pavement LCA phases. Three percentages of RCA replacement for natural coarse aggregates in WMA
were considered: 15, 30 and 45%. The results of laboratory tests were used as inputs in the design of
pavement structures with different percentages of RCA for typical Colombian pavement design
conditions. Primary data and SimaPro 8.4.0 software were used in modelling the processes analysed in
the case study. All the life cycle inputs and outputs related to the functional unit were characterised
according to the impact assessment methodology TRACI v.2.1. The results show that the potential
environmental benefits arising from the combined effect of reducing the consumption of natural
aggregates and reduced mixing temperature are offset by the reduced performance and the
increased optimum asphalt content when incorporating RCA in WMA. The highest relative increase in
the environmental impacts, at 29%, was observed in the Ecotoxicity impact category.
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1. Introduction

As the global awareness of the negative effects of climate
change grows, the societal scrutiny and pressure placed on
the most energy-intensive, raw-material-demanding and pol-
luting industries can no longer be ignored. Among these, the
road pavement construction industry is often in the spotlight
owing to the nature of the processes involved as well as the
magnitude of the quantity of paving materials consumed
annually worldwide (EAPA 2010).

The production of Hot Mix Asphalt (HMA) requires high
temperatures (150-190°C) to dry the aggregates and reduce
the asphalt binder viscosity to ensure a proper aggregate coat-
ing during the mixing process (Rubio et al. 2012). These pro-
cesses inevitably consume considerable quantities of energy
and are responsible for equally staggering quantities of pollu-
tants and greenhouse gases (GHGs). It is therefore clear that a
cleaner approach to the production of asphalt mixtures
requires a reduction in the processing and mixing tempera-
tures (Shanbara et al. 2021).

Within this context, the academic and industrial commu-
nities have devoted considerable efforts and economic
resources to developing and testing possible solutions to
lower the production temperature for asphalt mixtures.
From these endeavours, three main approaches to asphalt mix-
ture production with manufacturing temperatures below those
of conventional HMA have been established: (a) Cold Mix
Asphalt (CMA), produced at temperatures lower than 60°C;
(b) Half-Warm Mix Asphalt (HWMA), produced at tempera-
tures between 60°C and 100°C; and (c) Warm Mix Asphalt
(WMA), produced at temperatures in the 100°C to 140°C
range (Toraldo et al. 2014). Among these new technologies,
WMA has received particular attention due to its potential
to considerably reduce both mixing and placement tempera-
tures while providing an asphalt material with similar per-
formance to that of conventional HMA (Vidal et al. 2013,
Vega A. et al. 2019). Furthermore, all these options are also
associated with reduced emissions of multiple pollutants and
GHGs compared to those generated by the production of con-
ventional HMA (Figure 1). The most commonly applied
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Figure 1. Average percentage reduction in airborne substances released during WMA production.

technologies to achieve a reduction in mixing temperature
involve the use of organic additives, chemical additives, foam-
ing processes with water or foaming processes with natural or
synthetic additives (EAPA 2010, Rubio et al. 2012).

Another growing practice aimed at achieving a more sus-
tainable road infrastructure is the incorporation of recycled
materials and by-products in asphalt mixtures, such as
recycled asphalt pavement (RAP), steel slag, recycled concrete
aggregates (RCA), recycled plastics and crumb rubber (Castro
et al. 2019, Martinez-Arguelles et al. 2019b, Bressi et al. 2019,
Nizamuddin et al. 2021, Santos et al. 2021, Santos et al. 2022).
Of these, RAP is one of the most studied and used materials
when trying to reduce the use of virgin aggregates in the pro-
duction of both bound and unbound layers (Xiao et al. 2016,
Farooq et al. 2018). The use of the other recycled materials
in the production of HMA and WMA is to some extent con-
strained by a need for additional research ( Vega A. et al. 2022).

That is indeed the situation when it comes to the use of
RCA in the production of WMA. In essence, RCA is the pro-
duct of crushing old concrete from sidewalks, pavements,
curbing and building slabs into smaller pieces that can sub-
sequently be included in the aggregate fraction of precast con-
crete elements, granular road layers, as well as replacing virgin
aggregates in HMA production (Pérez et al. 2010). According
to Al-Bayati et al. (2018) and Zhang et al. (2016), RCA has cer-
tain properties that can influence, either negatively or benefi-
cially, the performance of a cement or asphalt mix. In
practical terms, RCA differs from natural aggregates because
it retains a cement paste on their surface after the crushing
process. The characteristic presence of this cement layer

(adhered mortar) influences several RCA properties. For
example, due to the high porosity of this mortar layer, RCA
exhibits a lower bulk specific gravity and a higher absorption
capacity. In addition, in the Los Angeles (LA) abrasion test,
the Aggregate Crushing Value (ACV) of this type of aggregate
have ranged from fair to very good (Pasandin and Pérez 2015,
Martinez-Arguelles et al. 2019b).

Research studies on the mechanical performance of HMA
have shown a fair to good performance when natural aggregates
are replaced by RCA (Mills-Beale and You 2010, Zulkati et al.
2013). Here, the particular properties of the included RCA influ-
ence the mechanical and volumetric properties of the HMA
(Zhang et al. 2016). For instance, including RCA was found
to alter the HMA resistance to moisture damage with replace-
ment rates above 75% of the total mass of aggregates (Mills-
Beale and You 2010). Thus, for HMA, it seems clear that the
included percentage and the properties of the RCA influence
the behaviour of the mixture (Pasandin and Pérez 2015).

Turning to WMA, although the literature reports promis-
ing results in terms of laboratory and early field performance,
there remain some concerns that underline the need for
further research on several aspects including moisture suscep-
tibility, rutting, long-term performance and cost effectiveness
(Rubio et al. 2012). In terms of research efforts analysing the
combined performance of WMA technologies and recycled
materials, the most studied material has been RAP (Chera-
ghian et al. 2020, Guo et al. 2020), while little is known
about the laboratory performance of WMA incorporating
RCA. Furthermore, in one of the few papers specifically
devoted to the performance of WMA incorporating RCA,
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Figure 2. System boundaries considered in the case study.

Martinho et al. (2018) concluded that generalising laboratory
results for HMA incorporating RCA to the WMA counterpart
might well be misleading due to the latter’s higher sensitivity to
water as well as to the weaker rutting performance identified
for some WMA mixes depending on the chemical additives
used.

From an environmental standpoint, the Life Cycle Assess-
ment (LCA) methodology has been frequently used to estimate
the environmental impacts of roads and pavement materials
(Balaguera et al. 2018, Jiang and Wu 2019, Hoxha et al.
2021) since it provides a systematic approach that allows the
potential environmental impacts generated by a product, pro-
cess or system throughout its life cycle to be evaluated (ISO
14040 2007).

The environmental impacts related to the use of RAP in
pavements has been widely reported (Shi et al. 2018, Hasan
et al. 2020, Vandewalle et al. 2020). This contrasts with the
much more limited study of the environmental impacts of
RCA (Ma et al. 2019). Nevertheless, this can be broken
down into three categories: (a) RCA production as aggregate
(Marinkovi¢ et al. 2010, Rosado et al. 2017, Martinez- Arguelles
et al. 2019b); (b) RCA applications in HMA (Tahmoorian et al.
2019, Vega A. et al. 2022); and (c) RCA applications in Port-
land Cement Concrete (PCC) mixes (Colangelo et al. 2018,
Shi et al. 2019). In general, RCA has shown very promising
and positive results in terms of environmental impacts when

Table 1. Processes considered in the LCA study per pavement life cycle phase.

Pavement life cycle phase Process

NA extraction

NA load movements and
transportation

Asphalt production

Asphalt transportation

Additive production

Additive transportation

NA processing

RCA crushing

Mixture production

Mixture transportation

Finisher operation

Vibratory roller operation

Pneumatic roller operation

Materials production and transportation to the
mixing plant

Materials processing and mixture production at
the mixing plant

Mixture transportation to the construction site
Pavement construction

used as a natural aggregate replacement. However, such
environmental benefits should be evaluated while considering
the optimum RCA content and the influence of physical and
chemical properties in the mixture’s performance.

Several studies have assessed the environmental perform-
ance of WMA technologies (Jamshidi et al. 2018, Ma et al.
2019, Hasan et al. 2020). Some show energy savings and
reduced environmental impacts due to the use of WMA,
while others found that there are considerable variations
among the different WMA technologies, and that the
reduced impacts resulting from the lower mixing tempera-
ture might be offset by the greater impacts related to the
use of additives (Cao et al. 2019). Furthermore, to the
best of the authors’ knowledge, no studies have assessed
the environmental performance of WMA with RCA as an
aggregate replacement.

In order to fill this research gap, the research work pre-
sented in this paper aims to compare the potential environ-
mental impacts associated with the use of RCA, as a partial
substitute for natural aggregates in the production of WMA,
with those of a conventional HMA through an LCA study
based on laboratory tests and mixture design calculations.
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Figure 3. Thickness of the layers composing a pavement structure designed with
a conventional HMA. Acronyms: SC- Surface Course; BC- Binder Course; GB -
Granular Base; GSB - Granular Sub-Base.



4 e D.L.V.ARAUJO ET AL.

Table 2. Composition and characteristics of the mixtures.

Table 3. Pavement design input data for each mixture.

Mixture Subgrade Traffic Modulus (MPa)
Item HMA0O WMAO WMA15  WMA30  WMA45 Type of mixture Mr (MPa) ESAL (80kN) SC BC GB GSB
Natural Aggregate HMAOQ 78 5E+06 2856 1531 250 200
Quantity® (%) 95.6 95.6 88.3 80.9 73.5 WMAO 78 5E+06 2856 1633 250 200
Absorption (%) 3 3 3 3 3 WMA15 78 5E+06 2856 1501 250 200
Recycled Concrete WMA30 78 5E+06 2856 1372 250 200
Aggregbate WMA45 78 5E+06 2856 1374 250 200
Quantity” (%) - - 15 30 45 Acronyms: SC- Surface Course; BC- Binder Course; GB- Granular Base; GSB- Gran-
Asphalt N ular Sub-Base.
Quantity® (%) 44 4.4 4.5 4.8 52
Additive
Type - - Chemical Chemical Chemical . . . .
Quantity® (%) _ _ 0.3 03 03  conventional HMA (i.e. with no RCA content). Specifically,
groperti(eks/ . four percentages of RCA replacements were considered: 0,
ensity (kg/m 2366 2366 2310 2305 2289 0
Air voids (%) 43 43 48 46 ag 15 30and 4%5 %. These percentages were selected .based on a
Voids Filled with Asphalt 666  66.6 66.5 67.2 660 comprehensive laboratory study previously carried out by
(%) . the authors. Further, these percentages reflect findings in the
V‘X‘;;:th;iswzxral 127127 14.2 139 %2 Jiterature, where the optimal replacement percentages in
Stability (kN) 172 172 14.8 16.7 201  HMA were found to be between 10% and 50%. (Paranavithana
Flows (mm) 29 29 27 3.0 34 and Mohajerani 2006, Mills-Beale and You 2010, Pasandin and
Resilient modulus (MPa) 1513 1633 1501 1372 1374

Notes:Percentage of total mixture weight; "Percentage of coarse aggregates;
Percentage of asphalt weight.

2. Methodology
2.1. Life cycle assessment

A comparative attributional process-based LCA was per-
formed following as far as possible the International Organiz-
ation for Standardization (ISO) guidelines for LCA (ISO 2006)
and the Federal Highway Administration’s (FHWA’s) Pave-
ment LCA framework (Harvey et al. 2016).

2.1.1. Goal and scope definition

The main goal of this study was to estimate and compare the
potential environmental impacts linked to the production of
WMA, containing different percentages of RCA as substitutes
for coarse natural aggregates (NA), with those of the

P
P=80kN __ A=10.5cm
i D=315

g, )

L Asphalt Layers

Granular base

L Granular Layers

Granular
Subbase

Figure 4. Schematic representation of the pavement design in Colombia (INVIAS
2008). Acronyms: P — equivalent axle weight; D- distance between wheels; A-
contact area radius; g- contact pressure.

Pérez 2014). The results are intended to be useful for highway
agencies and pavement practitioners striving to deliver more
sustainable road pavement infrastructures.

2.1.1.1. System description and boundaries. The LCA was con-
ducted according to a ‘cradle-to-laid’ approach. The system
boundaries are presented in Figure 2. They include four pave-
ment life cycle phases: i) material production and transpor-
tation to the mixing plant; ii) material processing and
mixture production at the mixing plant; iii) mixture transpor-
tation to the construction site; and iv) pavement construction.
Furthermore, the boundaries for the pavement structure were
limited to the binder course (BC). Table 1 presents the main
processes considered in the LCA study in each phase.

Furthermore, a ‘cut-off’ allocation approach was adopted
for dealing with the RCA (Schrijvers et al. 2016, Santos et al.
2018a). Thus, only the impacts associated with the processing
of RCA to transform it into suitable material for asphalt mix-
ture applications were attributed to the system receiving the
recycled materials. In other words, the environmental burdens
related to the pavement demolition and the transportation of
the demolition materials to the recycling facility were con-
sidered to be outside the system boundaries.

2.1.1.2. Functional unit. The establishment of a functional
unit forms the basis for comparing different products with
the same utility for the same function. In the pavement
domain, this means a pavement structure that can safely and
efficiently support the same volume of traffic over the same
project analysis period. As such, it is defined by its geometry,
service life and level of traffic supported. In this study, the
functional unit was defined as the binder course (BC) of a typi-
cal Colombian highway section of 1 km in length with one lane
3.5 m wide. Based on the goal and scope of the investigation,
the remaining pavement layers were not included in the system
boundaries and were assumed to have the same thickness
regardless of the asphalt mixture used.

The pavement structures were designed according to the
conventional characteristics of traffic and subgrade support
in Barranquilla, Colombia. Specifically, as recommended by
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Figure 5. Resulting pavement designs for each mixture.

INVIAS (2008), they were designed for a traffic volume of
5x10° Equivalent Single Axle Loads (ESAL) of 80kN, a Califor-
nia Bearing Ratio (CBR) of 7.5% and a common service life of
10 years. The thicknesses of the layers making up a pavement
structure designed for a conventional HMA (i.e. 0% RCA con-
tent) are illustrated in Figure 3.

In order to ascertain the potential environmental advan-
tages of using WMA, with and without an RCA content, in
the BC, the reference pavement structure (Figure 3) was com-
pared with four structures of similar geometry, but in which
the BC was made of WMA with four levels of RCA content.
The considered alternatives represent structures with equival-
ent structural capacity, achieved by changing only the thick-
ness of the asphalt BC. Therefore, the surface course (SC) is
a conventional mixture and the granular layers (GB and
GSB) correspond to those commonly used in the region of
Barranquilla for asphalt pavements that satisfy Colombian
standards (INVIAS 2014a). Laboratory tests were carried out
to determine the proportions of the mixture components
and their performance.

Table 2 presents the composition and characteristics of the
mixtures analysed in the case study. A key in the form XY’ was
adopted to identify the various mixtures. Here, X’ stands for
the type of mixture (i.e. WMA or HMA) and ‘Y’ the percentage
of RCA (i.e. 0, 15, 30 or 45%). In addition, the aggregates com-
ponent of all mixtures is made up of 50% coarse aggregates and
50% fine aggregates. The RCA replacements were only
included in the coarse aggregate fraction corresponding to
50% of the total mass of the aggregates.

The  mixture designs followed the  Marshall
design specifications, which are the country’s official mix
design method (INVIAS 2013) and all samples satisfied the
Colombian standards for road materials (INVIAS 2014b). To
assess the mixtures’ performance, resilient modulus tests
were performed according to EN 12697-26 (C). The results
presented in Table 2 are from tests carried out at 40°C and
4 Hz.

Table 4. Stress and strain levels for each mixture.

WIIALS WIMA30 WHIA4S Mixture

In designing the pavement structures, the CEDEM tool
(Reyes and Delgado, 1998) was adopted taking into account
the characteristics and mechanical performance of the various
mixtures and following standard practice in Colombia. The
pavement design process was conducted using a rational
design approach procedure in which two criteria are con-
sidered to mainly determine rutting and fatigue performance:
1) a maximum limit on the vertical pressure on the subgrade;
and 2) a maximum limit on horizontal tensile strain at the bot-
tom of the layers for the corresponding design ESAL. A multi-
layered elastic theory was used to model the pavement struc-
ture and calculate the stresses and strains under the loading
of the legal axle weight as shown in Figure 4. These maximum
critical stresses and strains values were then compared with the
corresponding admissible threshold values calculated accord-
ing to the Shell pavement design method (Equations (1) to
(4)) to confirm that rutting and cracking requirements were
satisfied. Table 3 shows the input data for the pavement design
for each mixture. The designs are presented in Figure 5, and
the corresponding stress and strain levels are shown in Table 4.

i 0.007 x CBR

© T1107 x logN (1)
g%m =0.028 x N0 (2)
g% — 0.00389 x N~01626 3)
WM = 5.248 x N~O12 (4)

where o‘z’dm is the admissible vertical stress in the subgrade,
CBR is the California Bearing Ratio of the subgrade, N is the
design traffic in accumulated equivalent axles in the design
lane, sgd'” is the admissible vertical deformation in the sub-
grade, s?d”‘ is the admissible radial deformation at the base
of the asphalt layers and ! is the admissible vertical

deflection.

CEDEM Software results

Threshold values

Subgrade Asphalt layer Deflection Subgrade Asphalt layer Deflection
Type of mixture oz (kg/cmz) £z er wr (mm) oz (kg/cmz) £z er wr (mm)
HMAO 3.37E-01 4.49E-04 3.09E-04 4.63E-01 9.55E-01 5.92E-04 3.17E-04 8.24E-01
WMAO 3.35E-01 4.47E-04 3.02E-04 4.62E-01 9.55E-01 5.92E-04 3.17E-04 8.24E-01
WMA15 3.28E-01 4.38E-04 3.02E-04 4.56E-01 9.55E-01 5.92E-04 3.17E-04 8.24E-01
WMA30 3.28E-01 4.29E-04 3.02E-04 4.51E-01 9.55E-01 5.92E-04 3.17E-04 8.24E-01
WMA45 3.28E-01 4.29E-04 3.02E-04 4.51E-01 9.55E-01 5.92E-04 3.17E-04 8.24E-01
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Table 5. Primary data sources by process.

Pavement LCA phase

Process

Source

Materials production and
transportation to the
mixing plant

NA extraction

NA load movements and

Previous research
(Martinez-
Arguelles et al.
2019a)

Previous research

transportation (Martinez-
Arguelles et al.
2019a)
Asphalt transportation Survey
Additive transportation Survey
Materials processing and NA processing Survey
mixtures production at RCA crushing Survey
the mixing plant Mixture production (binder  Survey
course layer), with and
without RCA replacements
Mixture transportation to ~ Mixture transportation Survey

the construction site

Acronyms: NA — natural aggregates; RCA - recycled concrete aggregates.

2.1.2. Life cycle inventory (LCI)

In this LCA phase, all the data used for the analysis are defined
in such a way that the primary and secondary data for each
evaluated process and their corresponding sources are
specified (ISO 14040 2007, Santos et al. 2018a). Primary data
are those specific to the production processes related to the
product or service studied in the LCA. In turn, secondary
data represent generic or average data for the product or ser-
vice subject to analysis (European Commission 2010, Santos
et al. 2018b). In this study the data sources were selected to
be as much time, geographic and technologically representa-
tive as possible. Primary data were assembled from surveys
and laboratory tests. Specifically, four asphalt mixing plants
were examined, and relevant data collected. In turn, the sec-
ondary data were obtained from databases and literature but
modified wherever possible and appropriate to better approxi-
mate Colombian conditions and practices.

More specifically, existing research studies plus Ecoinvent
v.3 and USLCI databases were used as sources of secondary
data. Tables 5 and 6 present respectively the sources of primary
and secondary data for each process. Table 7 presents the
sources and values of the data for each pavement life cycle
phase and the main processes. These data were combined
with information about asphalt mixture design, aggregate
properties and mechanical performance obtained from specific
tests performed in the laboratory. Further details on the mod-
elling of the processes related to the pavement life cycle phases
and respective data sources are provided in the subsections
below.

Table 6. Secondary data sources per process.

Pavement LCA phase Process Source
Materials production and Asphalt "Bitumen, at refinery/kg/
transportation to the mixing production US" - USLCI database

plant Additive "Fatty acid/market for/Alloc
production Def, U™ Ecoinvent
database
Pavement construction Finisher Literature (Thenoux and
operation Dowling 2007)
Vibratory roller Literature (Thenoux and
operation Dowling 2007)
Pneumatic roller  Literature (Thenoux and
operation Dowling 2007)

2.1.2.1. Materials production and transportation to the mix-
ing plant phase. In this pavement LCA phase we account for
the environmental impacts related to the production of the
raw materials as well as their transportation to the mixing
plant. This phase covers all the processes required to extract
the raw materials through to arrival at the mixing plant.
Thus, it considers the following processes: i) natural aggregate
extraction, ii) natural aggregate loading into dump trucks, iii)
bitumen production, iv) additive production, and v) transpor-
tation of raw materials to the mixing plant.

2.1.2.1.1. Materials production sub-phase. As explained above,
each mixture type contains 50% coarse aggregates and 50%
fine aggregates. Here, the natural aggregates required for the
case study were modelled as gravel and sand. The LCI data
related to their extraction were obtained from a previous
investigation carried out with the objective of producing an
LCA of the production of natural aggregates and RCA (Marti-
nez-Arguelles et al. 2019a). Bitumen production was modelled
according to ‘bitumen, at refinery/kg/US’ process from the
USLCI database. Additive production was modelled in line
with the fatty acid/market for/Alloc Def, U process in the
Ecoinvent database. Finally, for modelling the process of load-
ing the natural aggregates into dump trucks, information
obtained from surveys was used.

2.1.2.1.2. Materials transportation to the mixing plant sub-
phase. This sub-phase accounts for the impacts related to the
transportation of materials to the mixing plant. The LCI data
related to this sub-phase were obtained from surveys and
based on realistic distances for the case study scenario
(Figure 2).

2.1.2.2. Material processing and mixture production at the
mixing plant phase. Here, the environmental impacts associ-
ated with the manufacturing processes required to transform
the raw materials into an asphalt mixture were determined.
It includes the environmental burdens related to: i) natural
aggregate processing, ii) RCA processing, iii) hauling the
aggregates (natural and recycled) from stockpiles to the feed
bins, and iv) mixture production.
2.1.2.2.1. Material processing sub-phase. This sub-phase
includes the environmental impacts associated with the further
processing of the aggregates and their movement within the
asphalt plant facility. Here, LCI data were obtained from an
earlier broad research project (Martinez-Arguelles et al.
2019a) that covered many aspects of the research study pre-
sented in this paper. As such, the inventory data taken from
the previous research study are labelled as primary data in
the present study.
2.1.2.2.2. Mixture production sub-phase. This sub-phase con-
siders the impacts that arise from the production of the differ-
ent types of mixtures assessed in this case study. A
thermodynamic relationship (Equation 5) was used to calcu-
late the thermal energy (TE) provided by burning heavy fuel
oil (HFO) to produce each mixture. This input was determined
according to the energy balance proposed by Santos et al.
(2018a) using the values presented in Table 8.

The CL parameter presented in Table 8 represents the TE
used to heat the metal plant and later lost to the atmosphere
(West et al. 2014). This was considered to be the same for all



Table 7. LCI data considered in the case study.

Data Data
Pavement LCA phase Process name Data set Data item value unit
Materials production and transportation  Natural Aggregates (NA) extraction "Gravel, crushed {RoWj| production | Alloc Def, U"- Ecoinvent v.3 database Fuel 0.272 MJ/Kg
to the mixing plant NA load movements "Loader operation, large™ USLCI Fuel 26 gal/hr
Lubricant 0.3446  gr/hr
NA transportation "Transport, freight, lorry 16-32 metric ton, EURO4 {RoW}| transport, freight, lorry 16—  Fuel 0.025 kg/tkm
32 metric ton, EURO4 | Alloc Def, U" - Ecoinvent v.3 database Distance 73 Km
Asphalt production "Bitumen, at refinery/kg/US"™ USLCI database -
Asphalt transportation "Transport, freight, lorry 16-32 metric ton, EURO4 {RoW}| transport, freight, lorry 16—  Fuel 0.023 kg/tkm
32 metric ton, EURO4 | Alloc Def, U" - Ecoinvent v.3 database Distance 592 Km
Additive production "fatty acid/market for/Alloc Def, U™ Ecoinvent database -
Additive transportation "Transport, freight, lorry 16-32 metric ton, EURO4 {RoW}| transport, freight, lorry 16—  Fuel 0.023 kg/tkm
32 metric ton, EURO4 | Alloc Def, U™~ Ecoinvent v.3 database Distance 248 Km
Materials processing and mixture NA processing "Diesel, burned in building machine {GLO}| market for | Alloc Def, U" - Ecoinvent v.3  Fuel 10.989 M/
production at the mixing plant database tonne
Lubricant 0.69 gr/
tonne
Electricity 2.33 kWh/
tonne
Water 100 kg/
tonne
RCA crushing "Diesel, burned in building machine {GLO}| market for | Alloc Def, U" - Ecoinvent v.3  Fuel 10.989 M)/
database tonne
Lubricant 0.69 gr/
tonne
Electricity 233 kWh/
tonne
Water 100 kg/
tonne
Mixture production (binder course layer), with and "Heat, district or industrial, other than natural gas {RoWj}| heat production, heavy fuel ~ Thermal -
without RCA substitutesreplacements oil, at industrial furnace TMW | Alloc Def, U" - Ecoinvent v.3 database Energy
Mixture transportation to the Mixture transportation "Transport, freight, lorry 16-32 metric ton, EURO4 {RoW}| transport, freight, lorry 16—  Fuel 0.025 kg/tkm
construction site 32 metric ton, EURO4 | Alloc Def, U™~ Ecoinvent v.3 database Distance 9.4 Km
Pavement construction Finisher operation "Machine operation, diesel, >= 74.57 kW, high load factor {GLO}| market for | Alloc ~ Production 60 m3/hr
Def, U"- Ecoinvent v.3 database rate
Vibratory roller operation "Machine operation, diesel, >= 74.57 kW, high load factor {GLO}| market for | Alloc ~ Production 65 m3/hr
Def, U"- Ecoinvent v.3 database rate
Pneumatic roller operation "Machine operation, diesel, >= 74.57 kW, high load factor {GLO}| market for | Alloc ~ Production 65 m3/hr
Def, U"- Ecoinvent v.3 database rate

Acronyms: NA- natural aggregates; RCA- recycled concrete aggregates.
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Table 8. Parameters considered to calculate thermal energy according to
Equation 5.

Parameter Value Unit

t, Ambient temperature 25 °C
tmix- Mixing temperature of HMA without 160 °C

HMA RCA replacements
tix- Mixing temperature of WMA with 0, 15, 130 °C

WMA 30 and 45% RCA replacements
Cagg Specific heat of natural aggregates® 0.74  KJ/Kg/°C
Wagg Water content of natural aggregates 3 % by mass of

aggregates
Whgca Water content of RCA 3 % by mass of RCA
Crea Specific heat of recycled concrete 0.74  KJ/Kg/°C
aggregates®

Chater  Specific heat of water at 15°C 419 KJ/Kg/°C
L, Latent heat of vaporisation of water 2256 kJ/kg
Cuap Specific heat of water vapour 1.83  ki/kg
Casph Specific heat of asphalt 2.09 KJ/Kg/°C
cL Casing loses factor® 27 %

Notes: ®Value for granitic aggregates (Santos et al. 2018a); ®Value taken from the
literature (West et al. 2014; Santos et al. 2018a).

mixtures with data taken from the literature (Santos et al.
2018a). The other parameters were also considered to remain
constant for all the mixtures studied.

M
TE = [Z m; X C; X (tnix — 1) + Masph X Casph X (tmix — to)

i=1

M
+ Z m; X Wi X Cyarer X (100 — £,)

i=1

obtained from surveys, were taken into consideration. Again,
the transportation distances presented in Figure 2 were used.

2.1.2.4. Pavement construction phase. The environmental bur-
dens generated during the pavement construction activities
were analysed in this phase. The LCI data associated with
the equipment used in the case study (i.e. finisher, vibratory
and pneumatic rollers) are presented in Tables 5, 6 and 7.

2.1.3. Life cycle impact assessment (LCIA)

The LCI results were classified and characterised according to
the characterisation factors defined by the Tool for Reduction
and Assessment of Chemicals and Other Environmental
Impacts (TRACI) v.2.1. impact assessment methodology
(Bare 2012). It assesses the potential environmental impacts
in ten impact categories: 1) ozone depletion (OD), 2) global
warming (GW), 3) photochemical smog formation (PSF), 4)
acidification (Ac), 5) eutrophication (Eu), 6) human health -
cancerous (HHC), 7) human health - noncancerous (HHN),
8) human health - particulate (HHP), 9) ecotoxicity (Ec)
and 10) fossil fuel depletion (FFD). These impact categories
estimate the potential damage to: (1) human health; (2) ecosys-
tem diversity; and (3) resource availability (Sharaai et al. 2010,
Zgola et al. 2014). Further, the optional LCIA steps (i.e. nor-
malisation, group and weighting) established in the ISO
14040 standards were not considered (ISO 14040 2007). Sima-
pro software version 8.4.0 was used for modelling the pro-
cesses analysed in this case study (PRé Consultants 2014).

M M
+ L, x Zmix Wi+2mix Wi x Cyap X (tmix — 100) ] x (1 + CL)

i=1 i=1
(5)

where TE is the thermal energy (M]J/tonne mixture) required
to produce the asphalt mixture, M is the total quantities of
aggregates fractions, m; is mass of aggregates of fraction i, C;
is the specific heat of aggregates of fraction i. The remaining
parameters are described in Table 8.

The quantity of TE expressed in MJ/tonne mixture and the
corresponding Fuel Consumption (FC) expressed in kg of
HFO/tonne mixture are shown in Table 9. Furthermore, this
table also contains the Reduction Factor (RF) values associated
with each type of mixture. This represents the reduction in TE
for each alternative mixture and the basic control one (i.e.
HMAO).

2.1.2.3. Mixtures transportation to the construction site phase.
In this phase, the environmental impacts related to transport-
ing the mixtures from the asphalt plant to the construction site
were analysed. Here, the density of the mixtures, obtained
from laboratory tests, and truck fuel consumption data,

Table 9. Thermal Energy (TE) consumed for producing each mixture and
Reduction Factor (RF).

Mixture TE (MJ/tonne mixture) FC (Kg HFO /tonne mixture) RF (%)
HMAO 2414 5.72 -
WMAO 202.7 4.81 16.0
WMA15 202.2 4.79 16.2
WMA30 202.0 4.79 16.3
WMAA45 201.9 4.79 16.3

3. Results and discussion
3.1. Full life cycle impact assessment results

Based on the LCA methodology and assumptions described
above the potential ‘cradle-to-laid’ environmental impacts
were calculated. Table 10 summarises the LCIA results for
the conventional mixture (HMAO) and for WMA with differ-
ent percentages of RCA substitution. Figure 6 illustrates the
relative variations in the various life cycle environmental
impact scores for each alternative mixture in relation to
those associated with the conventional mixture. The relative
values should be understood as follows: positive relative per-
centages mean that the use of WMA mixed with RCA
improves the LCIA results in relation to those associated
with HMAO. Conversely, negative percentages represent a
worsening of the environmental profile.

The results presented show that, overall, the use of WMA
with an RCA component has a detrimental effect on the
environmental profile of the BC with respect to the control
mixture (HMAO). The increase in the impact category scores
can be as high as 29% for the Ecotoxicity impact category
with the WMA45 mixture. WMA15, with the smallest RCA
component, only offers environmental benefits in three impact
categories, namely Ozone depletion, Global warming and
Human health - particulate, while WMA30 and WMA45
only provide a better environmental performance in the
Ozone depletion category. However, WMAOQ, with no RCA
component, does offer benefits in eight of the ten impact cat-
egories (the exceptions being Eutrophication and Ecotoxicity).



Table 10. LCIA results per mixture applied in the binder course considered in the
case study. The thickness of the binder course is also included to facilitate the
interpretation of the results.

Impact category HMAO WMAO WMA15 WMA30  WMA45
OD [kg CFC-11 eq]  6.03E-03  5.59E-03  575E-03  6.01E-03  5.80E-03
GW [kg CO2 eq] 3.39E+04 3.23E+04 3.38E+04 3.65E+04 3.67E+04
PSF [kg O3 eq] 4.75E+03 4.68E+03 4.82E+03 5.11E+03  5.06E+03
Ac [kg SO2 eq] 3.18E+02 3.07E+02 3.22E+02 3.50E+02  3.56E+02
Eu (kg N eq] 2.82E+01 2.89E+01 2.99E+01 3.17E+01 3.14E+01
HHC [CTUh] 1.70E-03  1.70E-03  1.79E-03  1.98E-03  2.05E-03
HHN [CTUR] 1.27E-02  1.27E-02  1.36E-02  1.54E-02  1.63E-02
HHP [kg PM2.5 eq]  2.23E+01 2.16E+01 2.21E+01 2.31E+01  2.24E+01
Ec [CTUe] 2.50E+05 2.50E+05 2.68E+05 3.03E+05 3.21E+05
FFD [MJ surplus] 2.14E+05 2.10E+05 2.24E+05 2.52E+05 2.65E+05
BC Thickness [cm] 6 6 6.5 7 7

Thus overall, and perhaps intuitively unexpected, increas-
ing the RCA percentage in the WMA mixture increases the
environmental impact in most categories relative to the con-
ventional mixture. Based on the conditions applied in this
case study, this is largely attributable to two factors. First,
the WMA mixtures with RCA were found to have a lower per-
formance than that of the conventional HMAQ, and therefore
require thicker BC layers to achieve an equivalent perform-
ance. Specifically, the WMA15, WMA30 and WMA45 mix-
tures require BC layers that were 8, 17 and 17% thicker
respectively than the HMAO baseline. Second, the use of
RCA was found to lead to an increase in the optimum asphalt
content. In the mixtures without RCA, the optimum asphalt
content was 4.4%, but this increased to 5.2% in the WMA45
mixture. This increase was a consequence of the mortar layer
covering the RCA particles (from its previous use) being
more porous and less dense than the underlying natural aggre-
gates, and being relatively weakly bonded to them, which nega-
tively affect the RCA properties (Paranavithana and
Mohajerani 2006, Tahmoorian and Samali 2018).

3.2. Contribution analysis

Figure 7 shows the relative contribution of the several pro-
cesses to the total environmental impact scores. From the
analysis of this figure, it can be seen that the environmental
profile of the mixtures is largely driven by three processes,

e WMAO WMA1S e WMA30 WMA45
oD
Ec PSF
HHP Ac

HHC

Figure 6. Relative variations in the LCIA results for each binder-course mixture
relative to the baseline mixture (HMAO).
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namely Bitumen production, Mixtures production and Natu-
ral aggregates extraction, although their relative position varies
across the impact categories. Bitumen production is particu-
larly relevant to the Human health - noncancerous, Ecotoxi-
city and Fossil fuel depletion impact categories. For example,
bitumen production contributes 90, 88 and 80% of the total
impact to these categories with the WMA45 mixture although
it should be noted that this process makes major contributions
with all the mixtures including the baseline HMAOQ. Mixture
production is the major contributor to the scores in the
Ozone depletion, Global warming and Human health - par-
ticulate impact categories, contributing 47, 34 and 28%
respectively with the HMAO mixture. Finally, the Natural
aggregates extraction process is the main contributor to the
Human health - particulate, Photochemical smog formation
and Eutrophication impact categories, accounting for 49, 45
and 38% respectively of the total scores of the WMAO mixture.
Reassuringly, the results displayed in Figure 7 are consistent
with results reported in the literature, where contributions of
up to 90% are observed from the production of bitumen
(Vidal et al. 2013), close to 30% for the production of the mix-
ture (Ma et al. 2019) and around 25% for the extraction of
natural aggregates (Santos et al. 2018a).

In comparison, the contributions of the Mixture transpor-
tation, RCA crushing and Natural aggregates loader move-
ment processes were found to be almost negligible compared
to the processes discussed above. For instance, the Mixture
transportation process contributes less than 0.3% to most of
the impact categories, while the Natural aggregates loader
movement processes’ largest contribution is less than 3% to
Photochemical smog formation. Finally, the Additive pro-
duction process’s maximum contribution is 7% in the Eutro-
phication impact category with the WMA45 mixture.

As the RCA content in the mixture increases, the relative
impact of Natural aggregates extraction process naturally
decreases up to a maximum of 13% in the relative contri-
butions of this process to the various impact categories when
comparing WMA45 and HMAQO. Similarly, when comparing
the relative contributions of the Natural aggregates extraction
and RCA crushing processes, the former can contribute up to
47% of the Human health - particulate impact category score
(for WMA15), whereas the RCA processing for WMA45 con-
tributes less than 2% to the score of this impact category.

Furthermore, when comparing the HMAO and WMAO
mixtures, reductions of up to 4% are obtained in the relative
contributions of the Mixture production process to the
Ozone depletion, Global warming, Eutrophication and
Human health - particulate impact category scores. Similar
reductions in the relative contribution of this process are
observed in the Global warming, Acidification and Fossil
fuel depletion impact categories when comparing HMAO and
WMAA45.

3.3. Environmental consequences of incorporating RCA
in WMA

To focus on the environmental effects of including RCA in
WMA, Figure 8 shows the relative variations in the impact
scores for each WMA mixture with RCA relative to those for
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Figure 8. Variation in the LCIA results for each alternative WMA relative to WMAO.

WMAO (with no RCA). Positive values indicate that the
alternative mixtures (WMA with RCA content) improve the
LCIA indicators relative to the control mixture (WMADO),
while negative relative numbers can be interpreted as a
deterioration of the environmental profile of the WMA
alternatives over WMALO.

From these results, it can be concluded that the hypothetical
environmental savings from reducing the consumption of
natural aggregates by using RCA in the WMA mixture are
more than offset by the additional emissions generated by
the required increase in the thickness of the BC layer and
the increased asphalt and additive contents. For example, the
WMA15, WMA30 and WMA45 binder course layers are cal-
culated to increase the Human health - noncancerous impact
category score by 7, 21 and 29% over that of WMAO.

3.4. Sensitivity analysis

A sensitivity analysis was carried out to evaluate the sensitivity
of the results to changes in the value of an influential par-
ameter. The choice between the parameters was driven by
their hypothetical relevance in a realistic process and the
uncertainties attached to the values. Based on these criteria,

mWMAI1S
6%

5%
4%
3%

2%

Sensitivity Ratio (SR)

1%

0%

OD GW FSF Ac

WMA30
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it was decided to analyse the influence of the RCA’s moisture
content. This was selected because, first, the RCA aggregates
are commonly stockpiled in unsheltered conditions, which is
particularly relevant in the Colombian context given the
high rainfall. Second, the production of RCA involves the
use of water and recent studies have found that the energy con-
sumed in the production of asphalt mixtures is significantly
influenced by the moisture content of the mineral mixture
(Androji¢ et al. 2020).

In the analysis, the moisture content was changed, in incre-
ments of 0.5%, up to a maximum value of 8% (Federal High-
way Administration Research and Technology 2016) and the
impact on the results was evaluated using a sensitivity ratio
(SR) (Clavreul et al. 2012). SR is calculated, using Equation
6, as the ratio of the relative change in the impact assessment
result divided by the relative change in the parameter value.
The higher the ratio value, the greater the impact that a change
in the parameter has on the results.

AResult

_ Resulty
SR = AParameter

(6)

Parameter,

Figure 9 shows the results of the sensitivity analysis obtained
when the moisture content value is set at 8% relative to the
baseline 3%. From this figure, it can be concluded that the
Ozone depletion, Global warming and Human health - par-
ticulate impact categories are most affected by changes in the
RCA’s moisture content. The Human health - cancerous,
Human health - noncancerous and Ecotoxicity impact cat-
egories are least impacted by changes in this parameter.
Finally, as one would expect since the energy consumed in
the production of the asphalt mixtures is considerably
influenced by the moisture content of the aggregate fractions,
the higher the RCA content in the WMA, the greater the
impact of the change in moisture content on the environ-
mental impact scores.

WMAA45

Eu HHC HHN HHP Ec

FFD

Figure 9. Sensitivity ratio results corresponding to a change in the RCA moisture content from 3% (baseline value) to 8%.
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Figure 10. Global warming scores of the various mixtures considered in this study compared to those reported in the existing literature on LCAs of so-called eco-

friendly asphalt mixture technologies.

3.5. Comparison of the results with the literature

In this section, the results obtained from the case study are
benchmarked against those reported in some of the existing lit-
erature on the LCA of so-called eco-friendly asphalt mixture
technologies (Figure 10). Here, only studies that provided
numerical LCIA results are considered. The comparison
focuses on the Global Warming impact category since it is
the impact category that is common to all studies reported
in the literature and receives most attention from academics
and industrial members. Further, the scores are presented
per cubic metre of mixture rather than by weight because
not all studies report the densities of the mixtures considered.

As can be seen from Figure 10, the results of the case study
presented in this paper are well within the ranges reported
elsewhere. This gives confidence that the findings from this
case study are plausible given the differences in the system
boundaries, data, assumptions and the geographical and tech-
nical contexts of the various studies.

4. Summary and conclusions

In this paper, the results of a process-based LCA study related
to the construction of the binder course of a typical Colombian
road pavement section using WMA, with and without RCA,
were compared with those of a conventional asphalt binder
mixture (i.e. HMA without RCA). In order to evaluate the
potential environmental effects of using RCA as a substitute
for coarse natural aggregates in WMA, an LCA study was car-
ried out according to a ‘cradle-to-laid” approach. The life cycle
of the road pavement was divided into four main phases: (1)
material production and transportation to the mixing plant;

(2) material processing and mixture production at the mixing
plant; (3) mixture transportation to the construction site; and
(4) pavement construction. Primary data collected from
Colombian contractors in the region of Barranquilla and lab-
oratory test results were used as LCI input. Three proportions
(15, 30 and 45%) of RCA as an alternative to coarse natural
aggregates were considered in the design of the asphalt binder
layer of the pavement structure. The case study used the Sima-
Pro v.8.4.0. modelling tool and the TRACI v.2.1 impact assess-
ment method to model and characterise the environmental
performance of the road pavement section.

Based on the conditions considered in the case study, the
following conclusions can be drawn:

o the potential environmental benefits arising from the com-
bined effect of reducing the consumption of natural aggre-
gates and a lower mixing temperature are more than offset
by the lower performance and the consequent need for
greater asphalt content in WMA incorporating RCA;

e the increase in the impact category scores can be as high as
29% for the Ecotoxicity impact category when considering
WMA45;

e compared to the baseline mixture (HMAO), the WMA15
mixture offers improved environmental benefits in only
three impact categories, Ozone depletion, Global warming
and Human health - particulate, but with savings of only
up to approximately 5%;

o compared to HMAO, the WMA30 and WMA45 mixtures
exhibit a better environmental performance only in the
Ozone depletion impact category, with reductions of up
to 4%;



e the environmental profile of the various mixtures is largely
driven by the Bitumen production, Mixture production and
Natural aggregates extraction processes;

e as the RCA content in the mixture increases, greater
reductions are obtained in the environmental impacts of
the Natural aggregates extraction and Mixture production
processes;

 areduction of about 10% in the contribution of the Natural
aggregates extraction process to the Photochemical smog
formation impact category can be obtained by using
WMA45 compared to HMAO;

» reductions of about 4% in the contributions of the Mixture
production process to the Global warming, Acidification
and Fossil fuel depletion impact categories can be obtained
by using WMA45 compared to HMAO;

¢ Bitumen production has a particularly strong influence on
the Human health - noncancerous, Ecotoxicity and Fossil
fuel depletion impact categories, contributing between 80
and 90% of the total environmental impact scores with
the WMA45 mixture;

e the contributions of the Mixture transportation, RCA
crushing and Natural aggregates loader movement pro-
cesses environmental impact scores were negligible;

¢ the Ozone depletion, Global warming and Human Health
Particulate impact categories are particularly affected by
changes in the moisture content of the RCA;

o the results of the case study presented in this paper are well
within the ranges reported in the literature on the LCA of
so-called eco-friendly asphalt mixture technologies.

Finally, the methodology, inventory and results described
in this paper can be used as a reference to undertake LCA
studies in countries with similar socioeconomic levels, weather
conditions and technical contexts as those observed in
Colombia.
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