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Abstract: This study applies the life cycle assessment methodology to evaluate the environmental
impacts of shock-absorbing pavements fabricated with recycled materials (crumb rubber and a
colored pigment called ferrotone), employing the “cradle-to-grave” approach, in which the impacts of
all life cycle phases (from materials’ acquisition to the end-of-life of the pavement) are included. The
analysis compares the impacts of standard and innovative asphalt materials, considering cold and hot
production processes. In addition, three different lifespans are simulated for the pavement structures:
the reference service life until the first intervention is considered to be 5 years, and the following
scenarios consider that the alternative asphalt materials may last 20% less (4 years) or 20% longer
(6 years) than the reference service life. The analysis uses non-renewable cumulative energy demand
(nr-CED) and global warming potential (GWP) as main indicators to determine the environmental
impacts over a 45-year analysis period. The results show that adopting the “dry process” (consisting
of adding the rubber as a partial substitution for aggregates) increases the overall impacts due to the
need for higher contents of binder. However, if the alternative pavement structures last 20% longer
than the reference, they would generate lower impacts in terms of nr-CED and GWP.

Keywords: life cycle assessment; asphalt mixtures; urban pavements; crumb rubber; sustainability

1. Introduction

Rubber from end-of-life tires (ELTs) has already been used for many years in pavement
solutions and in the construction industry [1–9]. Nowadays, it is used particularly in
asphalt applications to produce asphalt-rubber or rubberized asphalt to make pavements
more durable and resilient. The same recycled rubber is also used in sport-related applica-
tions thanks to its elastic and absorbing characteristics [10–12]. A common feature of the
rubberized asphalt material and sports floor/playground is the ability to incorporate ELT
rubber, a resource-rich material, into its mix design/formulation. In this case, the main
properties of the rubber used for these solutions are the elasticity and shock-absorbing
performance needed to damp and spring the energy back to the individual and reduce the
risk of traumas [10,12].

The potential of the material explains the increasing number of innovative projects
applying ELTs into bituminous materials, exploiting rubber’s properties for more user-
friendly and greener applications, such as noise-reducing or energy-saving solutions, as
developed in previous studies [13–15].

The impact-absorbing pavements (IAPs) and their goal to reduce injuries for Vulner-
able Road Users (VRUs) are located at the intersection of standard asphalt surfaces and
playgrounds’ soft pavements. The concept was developed because a negligence of the
risk of standard stiff surfaces to foster injuries was observed in the case of non-collision
incidents or falls of VRUs—the users not protected by a shield—together with the necessity
to manage an important amount of tyres at the end of their life. The IAPs’ material is in
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fact designed to accommodate the everyday mobility of users on sidewalks and bike lanes,
while reducing the risks of injuries due to impacts caused by potential falls [16,17].

The aim of this solution is allowing the use of traditional methods of paving, from
mixing to laying, without disruptions and altered working approaches, even for large
paving surfaces. The reduction of externalities is also targeted by means of cold- or hot-mix
asphalt binders, to reduce the CO2 emissions and hazardousness for the environment, the
workers and the population.

Initial versions of hot-mixed IAPs are described in the studies by Wallqvist and
Kraft et al. [16,18,19] and were developed in Sweden. The results were encouraging;
however, a considerable amount of rubber was reported to cause several production
issues, i.e., the reduction of the workability, the increase of smell and fumes, as well as the
overconsumption of asphalt binder during the process.

Moreover, previous studies from the authors introduced the cold binder and demon-
strated the feasibility of cold-mixed IAP, allowing the increase of workability, the diminu-
tion of externalities and the save in production energy (from 140–160 ◦C to ambient tem-
perature) [17,20]. As the rubber holds a central role in the IAP formulation, further analysis
and data collection is needed, related to the durability over time and weathering of the
material and the potential impact on the environment [17,20].

The Life Cycle Assessment (ISO 14040) is the most-used methodology to evaluate
the environmental impacts of alternative asphalt mixtures, and it might show paradoxical
results depending on the chosen indicators. For instance, Khater et al. [21] assessed the
environmental impacts of using lignin and glass fiber to improve the quality of road
pavements and minimize moisture damage and cracking at low temperatures on asphalt
pavement. The authors concluded, for example, that lignin-modified asphalt mixture has
the highest negative effect in marine aquatic ecotoxicity potential and freshwater aquatic
ecotoxicity potential categories but has the best environmental impacts on most other
impact categories. This suggests that indicators must be carefully defined considering the
main objectives of the study.

This study assesses the environmental potentials of using crumb-rubber and ferrotone
pigments—used to color the bulk of the pavement coating as an alternative to additional
paint layers that often increase slipping incidents—to build impact-absorbing pavements
through the use of the Life Cycle Assessment (LCA) methodology, considering two main
indicators: Global Warming Potential (GWP) and Non-Renewable Cumulative Energy
Demand (nr-CED). In order to investigate the influence of mixing temperatures, both hot
and cold production procedures are considered in the analysis.

2. Materials and Methods

This study assesses the environmental impacts of asphalt materials composed with
crumb rubber (from 0 to 4 mm), tested in a laboratory with cold-and hot-mix production.
In order to compare the performance of the asphalt mixtures, reference samples made only
with aggregates and binder are included in the analysis. Additionally, the influence of using
ferrotone (pigment)—which allows us to color the matrix and might be beneficial for further
urban road planning and improving the visibility of vulnerable road users—is investigated.

All the samples were produced using the “dry process”, which consists of adding the
rubber as a partial substitution for aggregates using 0–4 mm size fraction of crumb rubber.
Indeed, in the case of the dry process, the incorporation of high quantities of crumb rubber
is facilitated without the need to mix the rubber with the binder prior to the mix with the
aggregates, often at high temperatures and for a longer time, as is recommended with the
wet process.

The reference gradation curve corresponds to the hot-rolled asphalt, known to contain
a consequent amount of fine. The characteristic was preferred because of the willingness
to include a high amount of crumb rubber. The composition and density of each mix are
shown in Table 1.
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Table 1. Asphalt mixtures composition.

Materials
(kg/kg Mixture) CREF CCR CRED WREF WCR

Crumb Rubber - 0.34 0.30 - 0.34
Aggregates 0.89 0.45 0.39 0.92 0.48
Emulsion 0.11 0.20 0.17 - -
Bitumen - - - 0.08 0.18
Cement - 0.01 0.01 - -

Ferrotone - - 0.13 - -

Density (g/cm3) 2.3 1.3 1.4 2.3 1.3
Nomenclature details: CREF: Cold mix—Reference; CCR: Cold mix—Crumb Rubber; CRED: Cold mix—with
Ferrotone; WREF: Hot mix—Reference; WCR: Hot mix—Crumb Rubber.

WCR and CCR are relatively similar, having variations only within the binder type
(bitumen for hot production and emulsion for cold mixtures). Moreover, two reference
mixtures, CREF and WREF, were also studied as basis of comparison.

As for the compaction, two types of binders from the same supplier were used:

- Styrene–Butadiene–Styrene Polymer-modified bitumen (SBS-PmB)
- Styrene–Butadiene–Styrene Polymer-modified emulsion (SBS-PmE)

The binders’ properties are given in Table 2:

Table 2. Bitumen and emulsion properties.

Properties Standards Units
Bitumen Emulsion
SBS-PmB SBS-PmE

Penetration at 25 ◦C UNI EN 1426 dmm 25–55 45–80

Softening point UNI EN 1427 ◦C ≥70 ≥60

Resistance to hardening
RTFOT (EN 12607-1)

Change in mass
(absolute value) - % ≤0.5 -

Retained penetration
at 25 ◦C UNI EN 1426 % ≥65 -

Increase in softening
point (Severity 1) UNI EN 1427 ◦C ≤8 -

Flashpoint COC EN ISO 2592 ◦C ≥250 -
Dynamic viscosity EN 13702 mPa.s 295 (135 ◦C) -
Binder Content UNI EN 1428 % - 63–67
Breaking index UNI EN 13075-1 - - 70–155
Viscosity at 40 ◦C (cup discharge time 4 mm) UNI EN 12846 sec - 5–70
Adhesiveness UNI EN 13614 % - ≥90

After the production, all the samples were characterized in the laboratory with volu-
metric [22–24], mechanical [25–27], impact-attenuation [28,29], leaching [30], and natural
ageing, and the values are shown in Makoundou et al. [17,20] and Fathollahi et al. [30]. The
samples CCR, CRED and WCR also underwent freeze-thaw cycles analysis [17,31].

The results of the testing allowed for the development of a field trial using the opti-
mized version of the CCR mixture [20].

3. Life Cycle Assessment
3.1. Goal

This study was conducted to assess the environmental potentials of using crumb rub-
ber from tires to build impact-absorbing pavements in order to reduce pedestrian injuries.
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3.2. Scope of the Study
3.2.1. System Boundaries

The “cradle-to-grave” approach is employed in this study. Therefore, all life cycle
phases, from raw material acquisition (A1) to the end-of-life of the pavement (C4), are
considered in the analysis.

The reference mixtures (i.e., CREF and WREF) are entirely fabricated with primary
raw materials (aggregates, bitumen and emulsion), while the alternative mixtures (i.e.,
CCR, CRED and WCR) also contain crumb rubber, ferrotone and cement (Table 1). Both
primary and secondary raw materials are acquired from different suppliers located across
Europe and transported to the asphalt plant (hot mix) or directly to the construction site
(cold mix) to proceed with the manufacturing of asphalt mixtures.

The crumb rubber is a secondary raw material originated from the milling of tires,
therefore, all environmental burdens related to the life cycle of tires are excluded from the
system boundaries, except for the trituration process (Figure 1).
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The terminology used to describe the life cycle stages in Figure 1 is defined in the EN
15804:2018 standard [32], as presented below:

• A1: raw material supply;
• A2: transport of raw material to the manufacturer;
• A3: manufacture of the asphalt mixtures at the asphalt plant;
• A4: transport of asphalt mixtures to the construction site;
• A5: construction of pavements;
• B1–B8: use, maintenance, repair, and replacement of asphalt layers;
• C1: demolition of pavement;
• C2: transport of milled asphalt pavement to the disposal site;
• C4: final disposal of end-of-life product.

The asphalt mixtures produced in the asphalt plant at temperatures that reach 160 ◦C
are transported to the construction site to build the pavements, whereas the cold mixtures
are blended “in situ” in ambient temperature, using emulsion as binder. The addition
of crumb rubber follows the dry process, partially substituting the fraction of aggregates
originally applied.

The analysis considers that the asphalt mixtures are placed in the top layer (5 cm) of
sidewalk pavements with an unbound layer made with mineral aggregates as sub-base
(45 cm). In terms of maintenance strategy, three different scenarios are adopted: (1) the
first scenario considers that all pavements would have 5 years of lifetime for the top layer
and 15 years for the unbound layer; (2) the second scenario considers that the alternative
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asphalt mixtures would last 20% less (4 years) than the reference asphalt mixtures; and
(3) the third scenario considers that the alternative asphalt mixture would last 20% longer
(6 years) than the references. The analysis period used in this study is 45 years. Table 3
shows the evaluated scenarios:

Table 3. Maintenance strategy applied to the pavements.

REFERENCE −20% 20%
M1 * M2 ** M3 *** M1 M2 M3 M1 M2 M3

A
CREF 5 10 15

Unbound 15

B
CCR 5 10 15 4 8 12 6 12 18

Unbound 15 12 18

C
CRED 5 10 15 4 8 12 6 12 18

Unbound 15 12 18

D
WREF 5 10 15

Unbound 15

E
WCR 5 10 15 4 8 12 6 12 18

Unbound 15 12 18

* M1: First maintenance intervention; ** M2: Second maintenance intervention; *** M3: Third maintenance intervention.

3.2.2. Functional Unit

The environmental impacts of the production process of asphalt mixtures is shown
in kilograms of asphalt mixture produced at the asphalt plant, while the functional unit
used to evaluate the lifetime of a road pavement over a 45-year analysis period is in square
meters (m2) of pavement.

3.3. Life Cycle Inventory (LCI)

The primary data associated with the production of asphalt mixtures were taken from
various sources. The recipes were designed in the laboratory by the authors. Therefore, only
the asphalt mixtures that obtained satisfactory performance are included in this analysis.
The asphalt materials were also tested for leaching, and the results were included in the
category “emissions to soil” during the modeling process.

Information related to raw material suppliers and amounts of electricity and water
consumption were taken from Siverio Lima et al. [33,34]. The distances to transport either the
primary (205 km for aggregates, 112 km for bitumen/emulsion, and 25 km for cement and
ferrotone) or secondary raw material (25 km for crumb rubber) were calculated considering
the asphalt plant (hot mix) and the construction site (cold mix) as the final destination. The
materials are transported from the origin to the asphalt plant by a five-axle lorry vehicle
(EURO 6) [35], that weighs around 14 tons and has a maximum load capacity of 26 tons. The
fuel consumption varies from 0.18 L of biodiesel per kilometer when empty to 0.32 L of fuel
per kilometer when fully loaded.

The energy required to produce hot asphalt mixtures was calculated using
Equation (1) [36,37]. Hence, inputs such as the specific heat coefficient of materials and
latent heat of vaporization of water of Equation (1) [36,37] were obtained from Santos
et al. [37]. The variables used in the aforementioned formula are available in Tables 1 and 4.

TE =


M
∑

i=0
mi × Ci × (tmix − t0) + mbit × Cbit × (tmix − t0) + mcr × Crap × (tmix − t0)+

M
∑

i=0
mi × Wi × Cw × (100 − t0) + Lv ×

M
∑

i=0
mi × Wi +

M
∑

i=0
mi × Wi × Cvap × (tmix − 100)

× (1 + CL) (1)
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Table 4. Variables used to calculate the energy demand.

Parameters

Cbit Specific heat coefficient of bitumen 2.093 KJ/Kg ◦C
Ci Specific heat coefficient of aggregates 0.86 KJ/Kg ◦C
Cw Specific heat coefficient of water (10 ◦C) 4.192 KJ/Kg ◦C
Cvap Specific heat coefficient of water vapor 1.83 KJ/Kg ◦C
Ccr Specific heat coefficient of crumb rubber 2.005 KJ/Kg ◦C
Wi Water content of aggregates 0.03 %
Lv Latent heat of vaporization of water 2256 KJ/Kg
CL Casing loses factor 0.045 %
t0 Ambient temperature 12 ◦C
tmix Maximum temperature of mixture 160 ◦C
mbit Mass of bitumen various Kg
mi Mass of aggregates various Kg
mcr Mass of crumb rubber various Kg

The crumb-rubber dataset was sourced by Farina et al. (2017) [38], which assumes that
the production of 1 ton of crumb rubber demands 384 kWh of electric power and 2.99 L of
diesel oil. Additional relevant input and output data regarding the production, construction
and deconstruction processes (such as the machines used) were obtained from the litera-
ture [9,17,39]. The construction process of the asphaltic layer includes spraying the bitumen
emulsion, paving, rolling and compacting processes, whereas the construction process of the
sub-base includes distribution of mineral aggregates and rolling. The deconstruction process
comprises milling (asphalt layer) and loading the unbound layer with a hydraulic digger.

The mineral aggregates were modeled using the dataset for “crushed gravel”. The
hot asphalt mixtures were modeled using the same dataset for bitumen, whereas the
emulsion used to produce cold asphalt mixtures was modeled containing 70% of bitumen.
The ferrotone was modeled using the dataset for “Portafer”, which is a micaceous iron
oxide (Fe2O3) used as mineral pigment.

All the inputs and outputs were modeled using SimaPro 9.3 (PRé Sustainability:
Amersfoort, The Netherlands) [40] and the Ecoinvent 3.5 database (Ecoinvent: Zurich,
The Switzerland) [41]. All the dataset used to perform the analysis and results are shown
in the Supplementary Material.

3.4. Life Cycle Impact Assessment

To assess the environmental impact of road pavements, we adopted the GWP (kg
CO2 equivalent) indicator used in the Environmental Product Declarations (EPD 2018) [42]
method and the non-renewable cumulative energy demand (nr-CED) parameters, which
are based on the Cumulative Energy Demand method V1.11 in Ecoinvent version 2.0 [41]
and presented in MJ equivalent.

4. Results and Discussion
4.1. Asphalt Materials

Figure 2 shows the environmental impacts in terms of nr-CED and GWP to produce
1 kg of asphalt mixtures. As demonstrated, the asphalt mixtures produced with crumb
rubber potentially generate more impacts (nr-CED and GWP) than the reference mixtures.
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Figure 2. Environmental impacts to produce 1 kg of asphalt mixtures.

As shown in Figure 2, the cold asphalt mixture produced with crumb rubber (CCR)
demands 98% more energy than the reference (CREF) and 14% more than the mixture
with ferrotone (CRED). In terms of hot mix, the reference (WREF) demands 123% less
energy than the hot mixture made with crumb rubber. While comparing cold versus hot
production (CCR vs. WCR and CREF vs. WREF), the cold procedure can save 10–20% of
the energy demand and up to 21% of the greenhouse-gas emissions (GHG). The production
of reference mixtures releases between 36 and 39% of CO2 of the amount emitted by the
production of mixtures with crumb rubber and ferrotone.

In this study, the dry process was used to incorporate crumb rubber into the asphalt
mixtures. Thus, the alternative material substitutes part of the aggregates, which demands
higher contents of binder.

Figures 3 and 4 show the impact divided according to different categories.
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As shown in Figures 3 and 4, the bitumen/emulsion plays an important role within
the overall results, being responsible for up to 87% of the energy demanded and up to 39%
of the CO2 emissions generated during the asphalt mixture’s production. In addition, the
crumb rubber is responsible for 41–49% of the overall GHG emitted during the process
due to the amount of electricity demanded to transform scrap tires into crumbs (Figure 5)
and because the energy is sourced from fossil fuels, which consequently produces large
quantities of carbon dioxide when burned.
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Even though the cold asphalt mixtures are made with emulsion—which represents
70% of the impacts caused by the bitumen—the higher contents of binder used and the
impact caused by the milling process of tires provoked the highest impacts produced by
the alternative asphalt mixtures (i.e., CCR, CRED and WCR).

The transportation has a major influence in reference asphalt mixtures (CREF and
WREF) since it uses raw materials (aggregates) that require higher transportation distances.

4.2. Pavement Structures

Figures 6 and 7 present the environmental impacts of pedestrian pavement structures
build with the asphalt materials previously introduced. The study considers three different
scenarios of a pavement lifetime, with 45 years as the period of analysis.
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Figure 6. GWP of pavement structures in three lifespan scenarios: 4 years (−20%), 5 years (REF) and
6 years (+20%) over a 45-year analysis period.
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Figure 7. nr-CED of pavement structures in three lifespan scenarios: 4 years (−20%), 5 years (REF)
and 6 years (+20%) over a 45-year analysis period.

Typically, the environmental impact (nr-CED and GWP) increases when the lifetime of
the pavements is reduced by 20% due to the demand for more interventions. The opposite
happens when the pavements last longer (+20%).

If in a hypothetical scenario all asphalt pavements last exactly the same time (REF),
building pavements with reference cold asphalt mixtures (CREF) would be the “most
environmentally friendly” option in terms of both indicators, and the least-recommended
would be using the hot mixture with crumb rubber. This indicates that using the cold
production method reduces the environmental impacts over time. Considering all three
scenarios, the highest impact values are shown by pavements built with WCR with re-
duced lifespan. The least impact is produced by pavements with a longer lifetime (+20%),
constructed with asphalt mixtures CCR (GWP) and CRED (nr-CED).

As shown in Figures 6 and 7, asphalt mixtures with crumb rubber and with ferrotone
have lower environmental impacts in terms of energy demand and CO2eq emissions when
they last 20% longer (i.e., around 6 years) than the reference asphalt mixtures.

After 45 years, applying CCR and CRED (+20%) instead CREF could reduce the impact
by 4–7% for GWP and 14–17% in terms of energy demand. Using WCR (+20%) instead of
WREF reduces the GWP by 7% and the CED by 5%.
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5. Conclusions

This study evaluated the environmental impacts of using alternative asphalt materials
(crumb rubber and a colored pigment called ferrotone) to build impact-absorbing pave-
ments and compared them with reference asphalt mixtures usually produced with binder
(bitumen/emulsion) and aggregates. The experimental asphalt mixtures are produced with
two different techniques: cold and hot mixing procedures. Since it was not possible to
determine the lifespan of the newly alternative asphalt materials developed, this analy-
sis considers the environmental impacts of pavements applying three different lifespans:
4 (−20%), 5 (REF) and 6 years (+20%) over a 45-year period of analysis.

The results showed that asphalt mixtures fabricated with crumb rubber and ferrotone
generate higher impacts than reference mixtures because of the dry process, in which the
crumb rubber partially substitutes the aggregates, requiring higher contents of binder. In
fact, the production of binders is itself a highly impactful process that demands a lot of
energy and generates large quantities of GHG, representing a large share of the overall
impact (nr-CED and GWP) results. In addition, the shredding process of tires to produce
the crumb rubber uses a considerable amount of energy that comes from fossil fuels and
automatically increases the emissions.

Considering only the production process of the asphalt mixtures, it is possible to
observe that the environmental impacts of cold asphalt mixtures with crumb rubber gener-
ate 156 kg CO2 eq per ton of asphalt mixtures produced, while the hot process demands
approximately 190 kg CO2 eq per ton of asphalt mixtures produced at the asphalt plant.
According to the literature [34], a Stone Mastic Asphalt (SMA 8 S) used in road pavements
generates around 67 kg CO2 eq/ton of asphalt mixtures produced. Depending on the layer
applied and possible use of reclaimed asphalt materials (RAP), the emissions of materials
such as an Asphalt Concrete (AC 32 TN + 60% RAP) in hot conditions can reach 41 kg
CO2 eq/ton of asphalt mixtures produced. This means that producing asphalt materials to
build impact-absorbing pavements generates almost four times more CO2 emissions than a
regular asphalt mixture used in road pavements.

However, it is important to consider that technology is recently developed and there
is a lack of literature available in terms of LCA analysis, making comparisons difficult.
Furthermore, due to funding reasons and consortium agreements, the materials used to
fabricate the IAPs were sourced from different countries, which increased the environmen-
tal impacts due to transportation distances (e.g., the crumb rubber was sourced from a
company in Sweden and the production process happens in Italy). Therefore, future studies
should consider distinct suppliers and verify the impact of the final results.

In this study, only one type of bitumen/emulsion (SBS PmB; SBS) and pigment were
used; therefore, in order to obtain a wider range of results and to verify possible perspec-
tives, a more extensive analysis using different raw materials options is required.

The analysis also shows that alternative asphalt mixtures (with crumb rubber) that last
20% longer than reference options potentially cause less impacts in terms of nr-CED and
GWP over a 45-year analysis period. However, to obtain more accurate data and investigate
the full sustainability potential of IAPs, future analysis should apply realistic lifespans and
consider the social benefits that this material could provide to society, such as the "injury
reduction" rate.
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Abbreviations

CCR Cold mix—Crumb Rubber
CRED Cold mix—with Ferrotone
CREF Cold mix—Reference
ELTs Rubber from end-of-life tires
EPD Environmental Product Declarations
GHG greenhouse-gas emissions
GWP global warming potential
IAPs Impact-absorbing pavements
LCA Life Cycle Assessment
M1 First maintenance intervention
M2 Second maintenance intervention
M3 Third maintenance intervention
Nr-CED Non-renewable cumulative energy demand
RTFOT Rolling thin film ovens
SBS-PmB Styrene-Butadiene-Styrene Polymer-modified bitumen
SBS-PmE Styrene-Butadiene-Styrene Polymer-modified emulsion
VRUs Vulnerable Road Users
WCR Hot mix—Crumb Rubber
WREF Hot mix—Reference
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