
Edited by

Sustainable 
Pavement 
Engineering and 
Road Materials

Edoardo Bocci
Printed Edition of the Special Issue Published in Sustainability

www.mdpi.com/journal/sustainability



Sustainable Pavement Engineering
and Road Materials





Sustainable Pavement Engineering
and Road Materials

Editor

Edoardo Bocci

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Edoardo Bocci
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Sustainable Pavement Engineering and Road Materials

Edoardo Bocci

Faculty of Engineering, Università degli Studi eCampus, 22060 Novedrate, Italy; edoardo.bocci@uniecampus.it

Contents of the Special Issue

One of the most topical research areas currently concerns the identification and im-
provement of technologies against climate change, environmental pollution, exploitation
of natural resources, and the economic crisis. Of course, the field of road pavement engi-
neering has also been involved in this battle. In recent years, themes of sustainability and
circular economy have become the main keywords for scientists, administrations, designers,
and constructors worldwide. This is also testified by the 13 contributions published in this
Special Issue, authored by European, Asian, African, and South American research teams.

In the field of pavement engineering, the word “sustainability” can be related to several
aspects, including road materials and their performance, the management of temperatures
and emissions during road construction and service life, and analyses of the socio-economic
and environmental impacts generated by the road infrastructures.

Concerning the theme of road materials, five papers of this Special Issue (contributions
1, 7, 10, 11, and 12) deal with the use of wastes or by-products in different types of
mixtures. In particular, contributions 1 and 6 regard porous cement concrete (or pervious
concrete), a kind of sustainable urban drainage system that allows us to face the problems
of storm water management, urban heat island, and air pollution. The paper by Elizondo-
Martinez, Tataranni, Rodriguez-Hernandez, and Castro-Fresno (contribution 1, feature
paper) investigates the possibility of substituting proportions of cement with metakaolin
or geopolymer pastes, whose production is less harmful to the environment. The results
showed that the replacement of 5% cement with metakaolin can increase both permeability
and indirect tensile strength. In contrast, the geopolymer mixtures proved to require
an accurate proportion of the mix components in order to balance the permeability and
the mechanical properties. However, the findings are promising and demonstrated that
these materials can be a suitable alternative to traditional porous cement concrete. The
paper by Hung, Seo, Kim, and Lee (contribution 7) focuses on the influence of blended
aggregate and blocking materials on the mechanical and permeability characteristics of
porous cement concrete. The study provided the optimum proportions between coarse,
intermediate, and fine aggregates in terms of strength and permeability. In particular, the
results showed that porosity and permeability decrease when increasing the content of fines.
Moreover, the research proved the efficacy of vacuum-cleaning and high-pressure spraying
in partly restoring the porous concrete permeability when the voids become clogged.
Vaitkus, Gražulytė, Kravcovas, and Mickevič (contribution 10) evaluated the role of foamed
bitumen-treated base courses to the bearing capacity of the pavement structure using a
falling weight deflectometer. The study showed that the foamed bitumen-treated layer has
a mechanical behavior that evolves with time due to material curing. For this reason, the
mechanistic–empirical pavement design approach has to be updated in order to account for
these kinds of mixtures and their peculiar characteristics. Moreover, the effect of the water
content in the layer should also be incorporated in the correction factors. Contributions
10 and 11 are review articles. The paper by Bocci and Prosperi (contribution 11) aims at
describing the chemical phenomena that happen during bitumen aging, specifically, loss
of volatiles, oxidation, and physical and steric hardening. To restore the aged bitumen
properties, rejuvenators should rebalance the colloidal components, disrupt the asphaltene
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clusters, and re-establish the proper molecular mobility. The literature review allowed
us to emphasize the importance of using different laboratory approaches for a precise
and clear overview of how bitumen ages and rejuvenates in order to encourage more and
more recycling of reclaimed asphalt pavement (RAP). The review by Mohammed, Koting,
Katman, Babalghaith, Abdul Patah, Ibrahim, and Karim (contribution 12) describes the
possible solutions to reuse coal bottom ash (CBA), a kind of hydraulic material from coal
production. In particular, one of the most promising fields where CBA can be recycled
is pavement construction, as it can be an aggregate replacement, cement replacement,
additive in bitumen, and filler in hot-mix asphalt (HMA). All these solutions showed
excellent outcomes, but in-depth preliminary analyses are required to characterize CBA,
which is highly heterogeneous by nature, and CBA-containing mixtures.

Sustainability in road engineering can also be achieved by increasing the performance
of the materials against traffic loads and environmental factors, thus extending the durabil-
ity of the whole pavement system. From this perspective, the paper by Ragni, Canestrari,
Allou, Petit, and Millien (contribution 2) investigated the shear resistance at the interface be-
tween old and new HMA layers in presence of geogrid reinforcement. The use of geogrids
represents an extremely effective and sustainable solution for pavement maintenance, as
it allows us to avoid the reconstruction of the entire thickness of the HMA layers and
to increase the durability of the overlays, typically subjected to early reflective cracking.
The research aimed at analyzing the performance of geogrid-reinforced interfaces against
static and cyclic shear stresses. To this scope, three types of double-layer cores, i.e., unrein-
forced, reinforced with a carbon fiber geogrid, and reinforced with a glass fiber geogrid,
were taken from a full-scale trial section and tested in the laboratory. The study showed
different performances of the interfaces according to the reinforcement type and speci-
men temperature. However, the resistance against debonding of the reinforced interfaces
was comparable to that of the unreinforced specimens, encouraging the adoption of this
maintenance solution. The review by Fusco, Moretti, Fiore, and D’Andrea (contribution 4)
presents the most commonly used nano-additives for HMA mixtures: nanoclays (NC),
nanosilicates, carbon nanotubes (CNTs), graphene nanoplatelets (GNPs), nano-calcium
oxide (CaO), and nano-titanium dioxide (TiO2). The literature review highlighted that the
performance of these mixtures strongly depends on type, concentration, and dispersal of
the used nano-additive. Such variables influence the bonding properties, the viscosity, the
resistance to aging, and the self-healing, consequently improving the rutting and fatigue
behavior. Mokoena, Mturi, Maritz, Mateyisi, and Klein (contribution 13) studied the critical
factors for the development of the temperature maps of Africa for the selection of the most
suitable performance-graded bitumen in pavement design and construction. This choice is
fundamental in providing an adequate duration of the HMA service life. In particular, the
paper encourages the selection of a proper pavement temperature model for each climatic
zone of a country, the evaluation of the urban heat island phenomenon in the bitumen
choice, and the use of downscaled global climate models and pavement temperature maps.

For the sustainability of the road pavement, temperature is a key factor not only
during the service life of the infrastructure but also when the HMA is produced. In fact,
an incorrect management of the virgin aggregate, RAP, and bitumen temperatures at the
mixing plant can determine excessive pollutant emissions and improper performance of the
HMA. Calabi-Floody, Valdés-Vidal, Sanchez-Alonso, and Mardones-Parra (contribution 3)
evaluated the gas emissions, the energy consumption, and the production costs of HMA
manufactured at different temperatures, including different RAP contents (up to 30%). In
particular, natural zeolite was used in the warm mix asphalt (WMA) and allowed us to
reduce the mixing temperature from 155 ◦C to 125 ◦C. The laboratory results and analyses
showed that the CO2 emissions reduced by 23% and 37% for the WMA, respectively,
without and with RAP, while the lower benefits were obtained in terms of CO emissions.
The energy consumption decreased by 5–13%, but this did not allow total compensation of
the cost of the zeolite. Bocci, Prosperi, Mair, and Bocci (contribution 5) investigated how
keeping the HMA at high temperature for a long time influences the mix properties. The
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research demonstrated that HMA handling in the laboratory, during quality assurance
and quality controls, is extremely important, since keeping the material in the oven for
a prolonged time or re-heating it may significantly affect the test results. In contrast, in
full-scale road construction, cooling and temperature segregation represent a higher risk
for HMA than aging, but these can be limited using insulated trucks.

The sustainability of road infrastructure is also associated with pavement–tire inter-
faces, in particular, to the rolling resistance of vehicle tires, which is strictly related to fuel
consumption. Guo, Li, Ran Zhou, and Yan (contribution 6) modelled the tire–pavement
contact surface, with specific reference to trucks and buses, to predict stresses and rolling
resistance under different rolling conditions. The proposed exponential equation describes
a method that can forecast the rolling resistance related to the working conditions of
truck–bus tires, allowing the estimation of fuel consumption and greenhouse gas emissions.

When administrations and designers have to plan construction or maintenance work,
an accurate prediction of the environmental, economic, and social impact is fundamental in
the optic of sustainability. Two papers of this Special Issue deal with this topic. Halámek,
Matuszková, and Radimský (contribution 8) carried out an ex-post cost and benefit (CB)
analysis on a set of 144 regional road modernization projects in Czech Republic. In par-
ticular, they compared the results of the ex-post CB analysis with those of ex-ante CB
analysis in order to identify the best indicators for supporting administrations in defining
where and how much to invest. The study showed that the money spent for regional road
modernization was 11% lower than expected. The impact of the projects on traffic accidents
was not as positive as foreseen in the ex-ante CB analysis, negatively influencing the net
present value and the weighted profitability index. Therefore, the authors recommend
eliminating the impact on traffic accidents in the ex-ante analysis. Balaguera, Alberti,
Carvajal, and Fullana-i-Palmer (contribution 9) performed a life cycle analysis (LCA) to
identify the recycled soil stabilizer with the lowest environmental impact for two rural
roads in Colombia. In particular, they considered brick dust, fly ash, sulphonated oil,
and recycled polymeric emulsion. The sulphonated oil was not suitable, as it required
significant additional resources to become a stabilizer. Moreover, the manufacture of the
polymer and its application as a stabilizer were also found to have great impacts. Brick
dust and fly ash showed the highest impact in the stabilizer manufacture step but resulted
the best solutions for the two investigated rural roads in terms of global warming potential.

All the valuable and interesting papers included in this Special Issue significantly
contribute to the knowledge of road material behavior and the new frontiers of pavement
engineering. Many solutions can be found, investigated, and validated in order to make
the road infrastructure industry sustainable. The hope is that these innovations can soon
become the normality.
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Abstract: Alternative materials to replace cement in pavements have recently been widely studied
with the purpose of decreasing the environmental impacts that the construction industry generates.
In this context, the implementation of sustainable urban drainage systems has grown, especially
with porous pavements, with the intention to reduce water and environmental impacts. In the
present investigation, the addition of alternative materials to minimize the use of cement in porous
concrete pavements is evaluated. Starting from a partial substitution of Portland cement with
metakaolin, experimental geopolymer concretes were produced with metakaolin and waste basalt
powder according to several dosages. Two sets of mixtures were analyzed to evaluate the Porous
Concrete Design (PCD) methodology for porous concrete mixtures with alternative materials. A deep
analysis was proposed for the evaluation of the mechanical and volumetric properties of the mixtures.
Results demonstrated that replacing 5% of cement with metakaolin can increase both permeability
and indirect tensile strength. Geopolymer mixtures can achieve permeability significantly higher
than the traditional porous concrete, but this decreases their indirect tensile strength. However,
considering the promising results, an adjustment in the mix design of the geopolymer mixtures
could increase their mechanical properties without negatively affecting the porosity, making these
materials a suitable alternative to traditional porous cement concrete, and a solution to be used in
urban pavements.

Keywords: porous concrete; metakaolin; geopolymers; permeable pavements; urban
drainage systems

1. Introduction

Sustainable solutions are the main issue for researchers in the construction industry, this sector
being responsible for 36% of global energy use and 40% of CO2 emissions [1]. Pavements have
gained considerable attention due to the impact they are causing, and the environmental benefits
they can provide. By the early 2000s, around 3% of the total surface of the planet had been covered
with pavements [2]. This brings many problems, such as the obstruction of the hydrological cycle,
causing runoff and water pollution [3], and the increase of temperatures in urban areas due to the solar
absorption of the pavements (Urban Heat Island, UHI) [2]. This high amount of pavement is also
related to the use of motor vehicles, generating gas emissions into the air [4].

In this context, the concept of Sustainable Urban Drainage Systems (SUDS) has come up to deal
with storm water management. Porous pavements are the most widely used type of SUDS that can,

Sustainability 2020, 12, 4243; doi:10.3390/su12104243 www.mdpi.com/journal/sustainability5
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with a proper design, deal with the UHI effect and the air pollution, as well [4]. The most common
materials employed in porous pavements are asphalt and cement concretes. The latter is recognized
as a good solution to reduce both water and temperature environmental impacts [3] and has several
advantages in the construction operations if compared to porous asphalt. The problem with the minor
use of porous pavements remains in their structure, designed to maintain a high porosity, around
15–30% [5–7], which leads to a low load-bearing capacity that limits its ability to resist under traffic
loads [8,9]. In addition, the energy and greenhouse gas emissions required for processing Portland
cement are very high in comparison with other materials [10], although asphalt pavements have
a greater impact on the environment because of the greenhouse gas emissions generated during
the manufacturing of raw materials and the need of disposing the pavement in hazardous waste
management facilities [11].

Thus, alternative materials have been recently studied to partially or totally replace the cement
from porous concrete and obtain a more eco-friendly pavement. This is the case of geopolymer
development [12–14], in which the use of specific powders (e.g., metakaolin, fly ash, etc.) called
precursors, under strong alkaline conditions given by the activators, can generate a chemical reaction
able to create a cementitious material [1]. Geopolymers have been widely studied in the last years
primarily because of their early high strength [14,15], where metakaolin has attracted considerable
attention because of its early resistance and good chemical resistance, among such other advantages as
good fire-resistant behavior [15,16]. In addition, several studies highlighted that the greenhouse gas
emissions generated during the geopolymer production can be around 40% lower than the ones related
to Portland cement, making this material more environmentally friendly than traditional cement
concrete [10]. The application of geopolymer as an alternative to cement concrete for construction
and buildings is supported by well-established literature and experimental application. As for road
pavements, the use of geopolymer mixtures is still under study. Metakaolin is a dehydrated form of the
clay mineral kaolin, which is obtained by the calcination of this clay at temperatures of 500–800 ◦C. As
a pozzolanic material, it is considered a good substitute for ordinary Portland cement [15]. However,
in economic terms, the energy needed to produce the geopolymers is still an issue. For example, in the
production of sodium silicate, one of the most common activators used for the chemical reaction, the
energy demand is over 30% higher if compared to that needed to obtain the feedstock for Portland
cement. Furthermore, for a metakaolin-based geopolymer mixture, the total cost of production is
around 80% higher than common cement concrete mixtures, mainly because of the rare supplier mines
of metakaolin, which make the transportation cost high [10].

In the light of the above, the present research introduces a comparison between porous mixtures
made with cement and metakaolin, to understand the effect of these materials on the design parameters,
as well as on the final functional and mechanical properties in terms of Indirect Tensile Strength (ITS)
and permeability. In addition, some innovative and experimental mixtures were produced and tested
with the same grading distribution but using the alkali-activation process with metakaolin and waste
basalt powder for the production of alternative and eco-friendly mixtures. With this, two sets of
mixtures were evaluated to observe the feasibility of designing geopolymers with the methodology
explained in the following sections for porous concrete mixtures.

2. Materials and Methods

2.1. Methodology of Design

For the preparation of porous samples, the PCD (Porous Concrete Design) methodology was
used, which process can be consulted in [17]. This method is based on the ACI 522R-10 standard,
in which the relation between the coarse aggregates and sand is eliminated, introducing the latter into
the cement paste design and obtaining a mortar. Therefore, the sand amount modifies the cement and
the water quantities of the mixture. The coarse aggregate quantity depends on its particle density and
porosity. Meanwhile, PCD starts with a proposed porosity (AV) amount of design, sand–cement (s/c)

6
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and water–cement (w/c) ratio. Then the coarse aggregate weight is determined. With this, the mortar
volume and weight can be calculated to finally obtain the dosages of water, cement, and sand.

The EN 1097-3 standard was used to calculate the VMA (Voids in Mineral Aggregate) of the
aggregate. The test was performed twice (compacted and loose aggregates) in order to establish a
parameter for the VMA content in the mixture design. According to the PCD methodology, the VMA
helps to establish the material amounts, where higher VMAs provide lower amounts of coarse
aggregates and add higher amounts of mortar in the design of the mixture. The opposite performance
is found when lower VMA amounts are considered [17].

2.2. Materials and Mixtures

Limestone aggregates were employed to elaborate all the mixtures in a gradation of 5–10 mm.
For the Control mixture, Portland cement type I 42.5R was used, in a water to cement ratio (w/c) of
0.30. For the experimental mixtures, metakaolin was used to partially replace the cement in amounts
of 5% and 10% of the cement weight, maintaining a constant w/c of 0.30. The first mixture was labelled
95C-5MK and the second 90C-10MK.

In addition, three other experimental mixtures were fabricated using the alkali-activation process
to produce the binder for the final concrete. No water was used and the grading distribution was
kept constant using the same aforementioned design parameters. The first mixture, labelled 100 MK,
was produced with 100% metakaolin as precursor, employing a blend of sodium silicate and sodium
hydroxide in a ratio of 3 to 1 as activator. The chemical composition of these materials can generate
the process of alkali-activation as verified in previous studies [18]. An activator–precursor (A/P) ratio
of 0.87 was used because of the workability presented by the material (at a lower A/P ratio, lower
workability). Furthermore, basalt powder was applied to replace 50% and 75% of metakaolin in two
additional experimental mixtures named 50MK-50Bas and 25MK-75Bas, respectively. A total of six
different mixtures were produced and tested. The limestone aggregate and the material properties are
reported in Tables 1 and 2, respectively.

Table 1. Limestone aggregate characteristics.

Property Standard Value

Bulk density (g/cm3) EN 1097-3 2.70
Specific gravity EN 1097-6 2.80

Water absorption (%) EN 1097-6 0.90
Voids in aggregate (%) EN 1097-3 49.75

Compacted voids in aggregate (VMA) (%) EN 1097-3 41.24
Gradation (mm) EN 933-1 5–10

Table 2. Material characteristics.

Property Standard Cement Metakaolin
Basalt

Powder
Sodium
Silicate

Sodium
Hydroxide

Bulk density (g/cm3) EN 1097-3 3.14 2.40 1.36 2.40 2.13
Gradation (mm) EN 933-1 <0.063 <0.063 <0.050 - -

Samples were designed for a diameter of 10 cm and 6.5 cm height, compacted in the Marshall
device at 35 blows on the surface, in compliance with the EN 12697-30 standard. Cement mixtures
were submerged under water for 28 days for curing. The geopolymer mixtures were instead placed in
the oven for 12 h at 70 ◦C and then cured for 21 days at room temperature. The curing in the oven is a
common procedure for geopolymer mixtures and the setting time and temperature was validated in
previous researches on the same synthetic mixture [1,18].
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2.3. Geopolymer Mortar Characterization

In order to characterize the geopolymer paste, three 4 × 4 × 4 cm cubes were cast for each mixture
and tested at different curing times (7 and 21 days). It is worth noting that there are no specific tests or
standards for geopolymers. Thus, the mechanical properties are generally analyzed by evaluating the
compressive strength of cubic samples in compliance with the EN 1015-11 standard, which refers to
hardened mortars. It can be seen in Figure 1 that from curing day 7 to day 21 values seemed to be
constant for the mixture with 100% metakaolin and the mixture with 50% metakaolin and 50% basalt
powder, varying within 10 MPa. The mixture with 25% metakaolin and 75% basalt powder had a poor
result at 21 days of curing because of the low amount of metakaolin, as basalt powder does not provide
a good adherence for the aggregate particles. Overall, mixtures seemed to be cured just after 7 days.
This was a further confirmation of the early strength of alkali-activate materials. Moreover, the 100MK
showed a compressive strength even higher than the typical values registered for traditional Portland
cement concretes after 7 days of curing. Finally, due to the difference in the performances the mixtures
had because of the diverse materials and dosages employed, it was decided to test only one sample
per mixture, as the objective was to observe the behaviors presented by the mixtures under the same
methodology of design.

Figure 1. Compressive strength of geopolymer mixtures after different curing periods.

2.4. Determination of the Voids in Mineral Aggregate and the Porosity of Mixtures

Porous concrete pavements are normally designed to have a certain amount of porosity, between
15% and 30% [5–8]. Therefore, it was decided to establish a porosity target of 20% for the cement
concrete mixtures designed in this investigation, as well as a VMA of 47% (in the range 41.24%–49.75% in
Table 1), to increase the mortar amount in the mixtures, enhancing the mechanical strength. Considering
that geopolymer mixtures do not have the same behavior, four different tentative mixtures were made,
varying the VMA and the AV in order to decide the parameters for the final porous mixture design.
VMAs of 41.52% and 47% and AVs of 20% and 30% were combined (mixtures A, B, C, and D in Figure 2)
to define the best combination for the geopolymer mixtures, selected as values between the parameters
obtained in the VMAs from Figure 1.
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Figure 2. Four different dosages proposed for geopolymer mixtures, varying the voids in mineral
aggregate (VMA) and porosity (AV), where (A) corresponds to a VMA of 47% and AV of 20% (highest
amount of mortar); (B) to a VMA of 47% and AV of 30%; (C) to a VMA of 41.52% and AV of 20%; (D) to
a VMA of 41.52% and AV of 30% (lowest amount of mortar).

As visible in Figure 2, the geopolymer paste used for mixture A, with the same design parameters
adopted for the cement concrete, tended to clog the mixture completely. Therefore, for these mixtures,
we considered employing opposite parameters (higher AV and lower VMA) than cement concrete,
as showed by mixture D, which had the highest AV among the four mixtures. Mixture type D was
selected for the final mix design of geopolymer mixtures to guarantee the presence of sufficient
interconnected voids for infiltrating water. Mixtures B and C obtained a higher percentage of mortar in
their designs than mixture D (lower than mixture A). This meant that both mixtures obtained fewer
interconnected voids for permeability. In fact, they were almost clogged completely, not considered to
fulfill a good permeability for porous mixtures.

The behavior of the mortars for each type of mixture is presented in Figure 3: the cement tended to
create mortar bridges that bound together the aggregate particles, while the geopolymer paste seemed
to coat completely the aggregates.

 

Figure 3. Mortar behavior between a cement porous concrete and a geopolymer porous concrete.

The final design parameters for all the mixtures are summarized in Table 3.
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Table 3. Mixture compositions.

Mixture
Cementitious Material (g) Agg1

(g)

Water
(g)

w/c
Activator (g)

A/P1 Porosity
(%)C1 MK1 Bas1 SS1 SH1

Control 237.50 - - 771.80 80.60 0.30 - - - 20.00
95C-5MK 224.12 11.80 - 771.80 80.00 0.30 - - - 20.00
90C-10MK 210.77 23.42 - 771.80 79.50 0.30 - - - 20.00

100MK - 77.60 - 855.40 - - 57.20 19.10 0.87 30.00
50MK-50Bas - 40.05 40.05 855.40 - - 58.80 19.60 0.87 30.00
25MK-75Bas - 20.33 60.99 855.40 - - 59.50 19.80 0.87 30.00

1 C: cement; MK: metakaolin; Bas: basalt powder; Agg: coarse aggregate; SS: sodium silicate; SH: sodium hydroxide;
A/P: Activator–Precursor ratio.

2.5. Experimental Plan

The experimental plan was based on the evaluation of the total porosity (volumetric property),
permeability (hydraulic property), and the Indirect Tensile Strength (mechanical property) of the
mixtures. In compliance with the ASTM C1688 standard, the porosity amount (AV) can be calculated
with the Equation (1):

AV =

(
ρt − ρ
ρt

)
× 100, (1)

where ρt corresponds to the bulk density, calculated by the sum of the total mass of the material
proportions employed to elaborate the mixture in accordance to standard EN 1097-3, divided by the
volume of the mold, and ρ is the real density obtained from the net mass of the sample divided by the
volume of the container.

The permeability of the mixtures was obtained with a falling-head permeameter adapted for
laboratory uses from the Spanish NLT 327/00 standard. It consists of a 10-cm diameter methacrylate
tube, placed on top of the sample, which allows the water to flow into the sample to perform the test.
The tube was calibrated for a 20-cm water column. Then, employing Darcy’s law, the permeability
capacity can be calculated, according to Equation (2):

k =

⎡⎢⎢⎢⎢⎢⎢⎣
(
Asample

)
×
(
hsample

)
(Atube) × (t)

⎤⎥⎥⎥⎥⎥⎥⎦
[
ln
(

h1

h2

)]
, (2)

where k is the permeability capacity (cm/s), Asample is the area of contact of the sample, hsample is the
height of the sample, Atube is the area of the tube’s gap, and t is the time that the water takes to flow
from the highest point h1 to the lowest point h2.

The Indirect Tensile Strength (ITS) test was performed in order to analyze the mechanical properties
of the mixtures according to the EN 12390-6 standard. This test enables an indirect assessment of the
pavement behavior under traffic loads by the evaluation of the level of cohesion between aggregates,
generated by the cement binder. The ITS test description, equipment, and equations used were in
compliance with the EN 12390-6 and EN-12390-1 standards. Finally, the behavior of geopolymer
mixtures after being exposed to water (permeability test) was measured through the ITS, as well. Once
the permeability test was made, mixtures were dried at ambient temperature for 14 days to perform
the ITS, evaluating one sample per mixture. A flow chart is presented in Figure 4 to summarize the
experimental plan of the following research.
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Figure 4. Experimental plan flow chart.

3. Results and Discussion

3.1. Porosity and Permeability

The total porosity (AV) and permeability (k) results are shown in Figure 5.

Figure 5. Porosity and permeability general results.
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It can be observed that the geopolymer mixtures achieved permeability results over 90% higher
than the Control mixture because of the porosity parameter used in order to control the VMAs. If the
mixtures with cement (Control, 95C-5MK, and 90C-10MK) had been designed with a higher porosity,
the mortar amount would have been lower, making the adhesion between the aggregate particles poor
and, therefore, weak.

In addition, the use of basalt powder in the geopolymer mixtures tended to clog the air voids in
the sample, decreasing the permeability capacity. The addition of 50% of basalt powder decreased the
permeability by 27%, and with 75% of basalt powder the decrement was equal to 33%. Nevertheless, both
AV and permeability results were considerably high for the geopolymer mixtures with basalt powder.

In the case of replacing part of the cement with metakaolin (95C-5MK and 90C-10MK), results
demonstrated that the porosity increased and permeability resulted. In this scenario, replacing
5% of cement with metakaolin doubled the permeability. However, the increase in the metakaolin
amount of 10% can be considered excess, where the mortar tended to cover the aggregates more and
permeability started to decrease, showing the same results as the Control mixture. It can be stated
that the replacement of cement with metakaolin over 5% seemed to negatively affect the permeability
of the mixture. Nevertheless, according to the National Center for Asphalt Technology, a minimum
permeability of 100 m/day (0.012 cm/s) is suggested for open-graded friction courses [19,20]. Therefore,
all the mixtures overcame that parameter, even the Control mixture with the lowest permeability
(0.14 cm/s). In addition, the behavior of the mixtures demonstrated that at higher porosity, permeability
tended to increase, a performance in compliance with some authors’ results [21,22].

3.2. Density and Indirect Tensile Strength

The density (ρ) and indirect tensile strength (IT) results are presented in Figure 6.

 
Figure 6. Indirect tensile and density general results.

Here, the geopolymer mixtures obtained lower results if compared to the mixtures with cement,
because of the higher porosity. Between the geopolymer mixtures, 100MK showed the highest ITS
values, and this was in line with the mechanical properties highlighted in the geopolymer paste
characterization. However, in wider terms, the 100MK reached ITS values 42% lower than the Control
mixture. Nevertheless, it can be observed that mixtures 100MK and 50MK-50Bas achieved acceptable
values of ITS, over 1 MPa, despite the high porosity the sample presented.

In addition, the use of basalt powder demonstrated a weak bond between the geopolymer paste
and the aggregate, as the paste became more fluent and went to the bottom of the mold. This clogged
the mixture and decreased ITS: 50% of basalt powder in the mixture decreased the ITS by almost
19% if compared to mixture 100MK. Adding basalt powder up to 75% of the cementitious material
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weight reduced the strength around 51%. It was observed that the lowest cohesion between aggregate
particles led to lower ITS results.

In the case of the cement mixtures, ITS results increased by 18% when replacing 5% of cement
with metakaolin (95C-5MK) without a relevant variation in the density, compared to the Control mix.
The ITS was reduced to almost the same values as the Control mixture when the metakaolin amount
increased to 10% (90C-10MK).

Furthermore, to compare the obtained results with other experimental porous concretes, a detailed
literature review was carried out. Bringing together the most recent studies on ITS in porous concrete
pavements, Table 4 demonstrates the lower and higher results achieved by each author, as well as
the w/c, aggregate size, and additional materials employed. ITS values range from 0.02 MPa to
3.09 MPa. Taking this into account, all the experimental mixtures included in this research paper
showed acceptable results.

Table 4. Indirect tensile results and materials employed by some authors.

Author Ref. IT1 (MPa) w/c Agg1 (mm) Note

Torres, A. et al., 2015 [23] 1.09–3.09 0.33 6.35–9.54 3 compaction levels and 2 aggregate sizes (limestone) evaluated.
Bonicelli, A. et al., 2015 [24] 0.02–0.21 0.27-0.35 3–10 Addition of sand.
Rangelov, M. et al., 2016 [5] 1.40–2.90 0.24 9.5 Addition of carbon fibers.
Adewumi, A. et al., 2016 [25] 0.21–1.32 0.35-0.40 4.50–22 Different mixtures of coarse aggregate, cement and w/c were used.

Brake, N. et al., 2016 [6] 0.98–3.04 0.27-0.30 10 Type I polycarboxylate superplasticizer and type S viscosity
modifying agent were employed.

Bonicelli, A. et al., 2016 [26] 1.40–2.20 0.27-0.35 - Monofilament polypropylene and polyethylene fibers used.

Hsin-Lun, H. et al., 2018 [27] 0.5–2.1 0.35 19–25 Portland cement, and co-fired fly ash and blast-furnace slag as
replacement of cement were used.

Mohd-Ibrahim, M.Y. et al., 2018 [28] 2.5–4.3 0.34 4.75–12.5 Use of nano black rise husk ash and crushed granites.
Tataranni, P. and Sangiorgi, C.,

2019 [18] 0.48–0.60 — 6.3–12.5 Use of a polymeric binder, activated with sodium silicate and sodium
hydroxide. Synthetic and limestone aggregate.

Alshareedah, O. et al., 2019 [29] 1.1–1.5 0.35 4.75–9.5 Addition of cured carbon fiber composite material.

Elizondo-Martinez, E.J. et al., 2020 [9] 1.62–2.75 0.30 4–8 Combination of superplasticizer, air entraining, and polypropylene
fibers for the highest result.

1 IT: Indirect tensile strength; Agg: coarse aggregate.

In addition, considering some authors obtained high ITS values by employing additives, fibers,
or other additions (such as sand and certain types of ash) to improve the properties of the mixture,
the results obtained in the present investigation demonstrated that the methodology of design, as well
as the compaction method used, can achieve very good results, with a range between 0.65 MPa and
2.83 MPa.

3.3. Optimal Mixtures and Performance Requirements

Figure 7 shows the graph proposed by Bonicelli et al. [26], showing the performance requirements
for different urban uses of porous concrete pavements and locating results of the present investigation.
As stated by the authors, mid-volume urban roads require ITS values over 1.9 MPa, low-volume urban
roads and parking lots require instead ITS values between 1.7 and 1.9 MPa and permeability results
over 1 cm/s. ITS values between 1.5 and 1.7 MPa and permeability over 1.5 cm/s are recognized as
suitable for bike paths, while permeability values over 2 cm/s work better for pedestrian areas, squares,
foot paths, and parks.

As seen in Figure 6, all the cement-base mixtures can be considered suitable for mid-volume urban
roads because of the high mechanical properties and relatively low permeability. The geopolymer
mixtures are suitable for pedestrian areas, squares, footpaths, and parks because of the high permeability
capacity. However, for future research, the reduction in the design AV for geopolymer concrete might
improve the final ITS of the mixtures.
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Figure 7. Performance requirements for different urban uses of porous concrete pavements according
to Bonicelli et al., 2016 [26].

3.4. Water Susceptibility of Geopolymer Mixtures

Despite the environmental advantages that porous pavements made with geopolymers can
present, the exposure of these materials to water can decrease the strength of the mixtures, as Table 5
shows. Once again, an optimization of the design parameters could decrease the porosity and so
increase the VMAs and the final mechanical properties. It is worth noting that in the case of the 100MK
mixture, the ITS reduction was not significant (16.67%). For the other experimental mixtures the
addition of basalt had a negative effect on the ITS reduction, probably because of the already poor
cohesion between particles, which was further limited by the presence of water.

Table 5. Indirect tensile results of geopolymers before and after water exposure.

Mixture
Indirect Tensile
Strength (MPa)

Indirect Tensile Strength after
Exposure to Water (MPa)

Strength Reduction (%)

100MK 1.33 1.10 16.67
50MK-50BAS 1.08 0.65 40.13
25MK-75BAS 0.65 0.45 31.37

4. Conclusions

Cement production has a big environmental impact and, consequently, alternative materials are
being studied to replace it in pavements.

The present research shows a comparison of the functional and mechanical properties of different
porous concretes produced with different amounts of metakaolin and alternative geopolymer porous
mixtures containing metakaolin and basalt powder.

Based on the discussed results, the following conclusions can be stated:

• Replacing 5% of cement with metakaolin increases both the ITS and the permeability, but a
substitution of 10% of cement with metakaolin reduces both the properties.

• Cement base mixtures (only with reductions of 5% or 10%) show very high ITS values and
acceptable porosity if compared to the geopolymer ones (100% metakaolin).

• A design porosity of 20% is considered low for the geopolymer mixtures, where, because of the
behavior of the paste material, the sample tends to clog. Meanwhile, a design porosity of 30%
causes an excessive AV in the material that negatively affects the ITS.

• The increase in the amount of basalt powder in the mixture lowers the mechanical properties of
the sample, both the compressive strength of the mortar cubes and the ITS of the porous samples.
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• According to the results, for geopolymer porous pavements, an amount of 50% or lower of basalt
powder in the mixture is recommended to maintain an average mechanical–permeability relation.
The amount will depend on the use the pavement is going to have. A high amount can decrease
these results considerably.

• The mechanical properties of geopolymer mixtures with basalt are strongly affected when exposed
to water. As the main purpose of porous pavements is to infiltrate water through their structure,
adjustments in the design parameters (such as lower porosity and higher VMA) are needed to
reduce the water susceptibility.

• Considering the results obtained with the dosages evaluated, geopolymer mixtures are suitable
for pavements with low load, like pedestrian areas, which can comprise a large area in a city, and
cement use can be decreased. They also prevent runoff during rain events.

• Cement-based mixtures, according to the results of the present investigation, can be considered
for use in mid-volume urban roads (secondary streets), which represent a high percentage of
pavement in a city, decreasing some amount of cement and increasing the permeable capacity of
the soil, especially during rain events.

• Both cement mixtures with metakaolin and mixtures with geopolymer paste represent good
alternatives for sustainable pavements, reducing the use of cement.
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Abstract: Interlayer reinforcement systems represent a valid solution to improve performance and
extend the service life of asphalt pavements, reducing maintenance costs. The main issue is that
the presence of reinforcement may hinder the full transmission of stresses between asphalt layers,
reducing the overall pavement bearing capacity. This study aimed at evaluating the mechanical
behavior of geogrid-reinforced asphalt interlayers under cyclic shear loading. To this purpose, a trial
section, characterized by three types of interface (reinforced with carbon fiber grid, reinforced with
glass fiber grid and unreinforced), was built. Cores were taken from the trial section to carry out
shear-torque fatigue tests. Static Leutner shear tests were also performed on cored specimens having
the same interface configuration. From data gathered in the present study, shear-torque fatigue tests
have proved to be a powerful tool for investigating reinforced specimens. Results clearly ranked the
investigated materials, showing that the glass fiber grid has the lowest shear fatigue performance in
comparison with the other two interfaces at 20 ◦C. However, the shear fatigue resistance of glass fiber
grid increases significantly at 10 ◦C. Finally, an interesting correlation was found between cyclic and
static shear test results that should be better investigated in future studies.

Keywords: maintenance; reinforced asphalt pavement; geogrid; interlayer bonding; static shear test;
cyclic shear test; fatigue properties

1. Introduction

In recent decades, highway agencies are facing a twofold problem. Pavement construction costs
are shooting up due to the scarcity of pavement materials along with strict environmental regulations.
The intensification of traffic and the increase in axle loads on road pavements are generating premature
failure processes and rapid loss of structural and functional pavement characteristics. This degradation
process is drastically accelerated by extreme weather conditions connected to climate changes [1,2].
Therefore, the reduced budgets for pavement rehabilitation coupled with the scarcity of raw materials
are leading to the need for adopting maintenance strategies as effective and durable as possible.

The conventional method for pavement rehabilitation is the construction of asphalt overlays
usually applied as partial replacement of existing cracked layers. As a consequence, asphalt overlay
represents a cost-effective method, but it is rarely durable because of the propagation of pre-existing
cracks from the lower old pavement (not replaced) to the upper new asphalt overlay. This mechanism
of distress is well-known as reflective cracking.

In recent years, maintenance and rehabilitation processes in the road networks are often performed
by inserting reinforcement systems within pavement layers. The idea of introducing interlayer
reinforcement systems in road pavements dates to the 1950s and 1960s, when first attempts were
carried out placing metal meshes between asphalt layers to improve pavement performance and
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durability. The results of these initial experiences were not encouraging because the installation system
was too rudimentary, and the reinforcing material was not suitable for road pavement applications [3].
The use of new technologies and materials, such as geosynthetics, has provided new incentives for
the use of interlayer reinforcement systems in pavement engineering. Contrarily to asphalt overlays,
geosynthetics are able to significantly increase the maintenance intervals of road pavements, resulting
in a cost-effective and long-lasting pavement rehabilitation method. Less frequently, reinforcement
systems can be also used for new pavement construction. The use of geosynthetics also allows a
reduction in the thickness of the old layers to be milled and of the new asphalt layers to be built
above the reinforcement, leading to a reduction in materials to be disposed of, lower exploitation of
raw materials, lower energy consumption (transport, laying and compaction), lower damage and
inconvenience to secondary roads. Moreover, certain types of geosynthetics can be also milled and
recycled [4]. Therefore, the pavement industry may benefit from adopting these interlayer systems by
constructing more sustainable infrastructures.

Geosynthetics can fulfil various functions as separation, filtration, reinforcement, stiffening
and drainage [5]. Several types of geosynthetics are available on the market produced by many
manufacturers worldwide and can be grouped into four categories: geotextile, geomembrane, geogrid
and geocomposite [4]. Among all, geogrids are the most used geosynthetics for reinforcement
applications where no waterproofing functions are required.

The primary ability of a pavement reinforced with geosynthetics is to distribute the applied load
to a wider area on top of the unbound layers, thus resulting in smaller strain–stress values, as shown
in Figure 1. However, the efficiency of the interlayer reinforcement system strongly depends on the
proper choice of the geosynthetics, correct installation, and characteristics of the asphalt concrete layers.

 
(a) (b) 

Figure 1. Distribution of vertical stress: (a) unreinforced pavement; (b) reinforced pavement.

Before the reinforcement installation, the underlying layer must be devoid of structural defects (e.g.,
rutting, depressions, etc.,) and tack coat can be applied to improve the bonding of the layers, paying
attention both to the application rate and curing time [6]. Regarding the reinforcement installation,
the reinforcement has to be perfectly laid, avoiding any possible corrugation, and must remain flat
during the laying of the upper layer [7–11]. It is good practice to follow the recommendations of
the manufacturers when installing the products, otherwise, the application of reinforcements at the
interface can be technically and economically ineffective or even harmful.

Although considerable studies have been conducted to investigate the behavior of reinforced
asphalt pavement, there are still many open issues to be investigated. Different studies performed both
in the laboratory and on real pavements showed that geosynthetics can extend the pavement fatigue
life and improve resistance to reflective cracking and rutting [12–21]. Therefore, the extra endeavors
and costs associated with the application of geosynthetics are justified by the longer service life and
lower lifecycle costs of the pavement.

On the other hand, the presence of geosynthetics inevitably causes a significant reduction in the
shear resistance between asphalt layers, this phenomenon is known as the debonding effect [18,22–28].
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Since a good bonding between the pavement layers is essential to maintain the structural integrity,
the debonding effect considerably influences the pavement response in terms of the stress–strain
distribution, and, therefore, negatively impacts the pavement lifespan [9,20,29,30]. Graziani et al. [31]
built a reinforced asphalt pavement instrumented with pressure cells and strain gauges. In this study,
falling weight deflectometer (FWD) tests along with a layered elastic theory (LET) model analysis
showed that certain geogrids cause a noticeable interface slip, and this could lead to an increase in
the tensile strain within the pavement due to the debonding effect. Therefore, if the shear resistance
excessively decreases due to the presence of the reinforcement, the overall pavement performance
would be negatively affected, and slippage could occur at the pavement surface due to shear stresses
produced by traffic loads.

In the laboratory, the interlayer bonding of double-layered reinforced specimens is typically
evaluated by measuring the interlayer shear strength (ISS or τpeak ) by means of static (i.e., monotonic)
shear tests [32,33]. Nevertheless, road pavements are subjected to cyclic traffic loads with magnitudes
considerably lower than those that cause the interface failure during static shear tests. In this sense,
static (i.e., monotonic) shear tests can be used for quality assessment of the interlayer bonding properties
at failure, whereas the adoption of cyclic shear tests can offer a more complex evaluation of interlayer
bonding [34–37]. Moreover, cyclic shear test results can be used for modeling or pavement design
purposes. The first cyclic shear tests used to investigate the shear fatigue performance of asphalt
interlayers were conducted in the early 2000s [38–40]. So far, only a few studies were addressed to
characterize the reinforced asphalt systems under cyclic shear loading [28,40–42] and, consequently,
the shear fatigue behavior of reinforced asphalt pavement is not yet fully understood. This lack of
exhaustive scientific knowledge regarding the shear fatigue behavior of reinforcements is also an
obstacle for innovation and industrial practice.

Lastly, another crucial aspect that should be considered is that laboratory tests carried out on
reinforced specimens fabricated in the laboratory may lead to results that do not occur with in situ
cored specimens [18,43]. This may be due to the different compaction methods and reinforcement
installation techniques used in the laboratory and in situ. Consequently, the construction of full-scale
trial sections is more appropriate for evaluating the effect of reinforcement systems [44,45].

Objective and Scope

Given this background, this study focuses on the analysis of the interlayer bonding between
asphalt layers and reinforcements. The main goal of this study was to evaluate the behavior of
reinforcement systems and their effects on the interlayer mechanical properties under cyclic shear
loading at the interface. To accomplish the objective of this study, a full-scale trial section, characterized
by three types of interfaces (two reinforced with different geogrids and one unreinforced for comparison
purposes), was built. Shear-torque fatigue tests were performed on in situ cored specimens to evaluate
the fatigue performance of the reinforcement. Different fatigue failure criteria were adopted to select the
most appropriate fatigue approach in order to determine the failure of each specimen. Besides, static
(i.e., monotonic) direct shear tests were also performed on the same cored specimens by using the
Leutner device to search for a possible correlation between cyclic and static shear tests in order to get
useful insights for the future deepening of such an interesting goal.

2. Experimental Program

2.1. Reinforcing Materials

Two different geosynthetics (coded as CF and FG) were used as reinforcements in this experimental
study. The CF geogrid (Figure 2a) was composed of carbon fiber rovings with a square 15 mm mesh
pre-coated with bitumen in conjunction with a burn-off film applied on the underside, characterized by
a tensile strength of 200 kN/m (in both directions), whereas, the FG geogrid (Figure 2b) was composed
of glass fiber yarns with a square 25 mm mesh in conjunction with a light polyester knitted veil applied
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on the underside, characterized by a tensile strength of 100 kN/m (in both directions). Besides, the CF
geogrid was characterized by a lower tensile elongation at failure with respect to the FG geogrid (1.75%
in both directions for CF vs. 3% in both directions for FG).

 
(a) 

 
(b) 

Figure 2. Detail of the installed geosynthetics: (a) CF carbon fiber geogrid; (b) FG glass fiber geogrid.

2.2. Trial Section and Specimen Preparation

A full-scale trial section (8 m long, 3 m wide, and 2 m deep) was built at the Laboratoire GC2D
of the University of Limoges (Egletons, France) in July 2017, in a pit installed in a building with
the possibility to control several conditions (e.g., temperature, humidity). The trial section was
characterized by different interfaces as follows:

• unreinforced with a tack coat interface used as a reference for comparison purposes (coded as UN);
• tack coat and carbon fiber geogrid (coded as CF);
• tack coat and glass fiber geogrid (coded as FG).

The main construction activities of the pavement section are summarized below (Figure 3a–c):

• 20/40 gravel with a thickness of 20 cm on the bottom of the pit;
• subgrade course, having a thickness of 140 cm, prepared with decomposed granite;
• subbase course, having a thickness of 30 cm, prepared with untreated gravel GNT 2 (GNT stands

for “Grave Non-Traitée” in French) [46] of maximum diameter 31.5 mm;
• base course, having a thickness of 9 cm, prepared with asphalt concrete GB 3 0/14 (GB stands for

“Grave Bitume” in French) [47];
• accurate cleaning and preparation of the upper base course surface and application of the tack

coat (bituminous emulsion of pure bitumen) with a residual dosage of 0.5 kg/m2;
• application of the geogrids directly on the fresh emulsion right after spreading (except for the

unreinforced section);
• application of the tack coat with a residual dosage of 0.5 kg/m2 only above the FG geogrid;
• wearing course, having a thickness of 5 cm, with asphalt concrete BBSG 3 0/10 (BBSG stands for

“Béton Bitumineux Semi Grenu” in French) [47], once the tack coat emulsion was fully cured.

Figure 3d shows the cross-section of the full-scale trial section. More details regarding the trial
section are available in the references [48,49].

In May 2018, several cores with a nominal diameter of 100 and 150 mm and a thickness of 140 mm
were extracted from the experimental pavement section (Figure 4). Each core was marked by an
identification code (ID) defining its location in the trial section; for example, UN_2 represents the
specimen number 2 taken from the unreinforced section (UN). In the laboratory, each core was sawed
in order to obtain a total thickness of 90 mm (both layers of 45 mm). The average bulk density of the
specimens, measured according to [50], was 2.23 g/cm3.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. Full-scale trial section: (a) installation of CF carbon fiber geogrid; (b) installation of FG glass
fiber geogrid; (c) completed trial section; (d) cross-section of the trial section.

  

Figure 4. (a) Detail of the trial section after coring; (b) cored specimen.

2.3. Testing Methods

2.3.1. Shear-Torque Fatigue Test

Shear-torque fatigue test carried out in stress-controlled mode consists of measuring the sinusoidal
torsional rotation angle (α), when a sinusoidal torque (T) is applied along with a small axial compression
load (N) on a cylindrical asphalt concrete specimen through a servo-hydraulic (MTS) device (Figure 5).
The torsional rotation angle is measured with a magnetic non-contact angular sensor (accuracy 0.001◦),
which is located on the upper steel plate (Figure 5). The load cell measures the torque up to ±1 kNm
and the axial load up to ±100 kN. During the test, small axial load amplitude is applied to ensure a
good alignment of the specimen and steel plates, to guarantee the homogeneity of the stress states
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in the specimen. The sinusoidal evolution with time of the two measured values is defined by the
following equations:

T(t) = T0 sin(ωt) (1)

α(t) = α0 sin(ωt−ϕ) (2)

where T0 is the amplitude of the applied torque, ω is the torque pulsation (ω = 2πf with f the load
frequency), t is the time, α0 is the amplitude of the torsional rotation angle, and ϕ is the phase angle
related to the lag between stress and strain.

Figure 5. Shear-torque fatigue test.

Considering complex notations, where j is the complex number defined by j2 = −1, the measured
values can be written as follows:

T∗ = T0 exp[ jωt] (3)

α∗ = α0 exp[j(ωt−ϕ)] (4)

The correspondence principle allows the application of known solutions for linear elastic structures
also for geometrically identical bodies made of linear viscoelastic materials. Therefore, for cylindrical
specimens, the applied torque (T) generates shear stress (τ) which varies linearly with the radius of
the specimen (R) (Figure 5). From cyclic torque tests, complex shear modulus G∗ of materials can be
calculated with the following equation:

G∗ = H
Ip

T0 exp[jωt]
α0 exp[j(ωt−ϕ)] = |G∗| exp[jϕ] (5)

where H is the specimen height, |G∗| is the norm (or absolute value) of the complex shear modulus,
and Ip is the polar moment of inertia of the circular section.

The apparatus is placed in a climatic chamber to control the temperature during the test. Prior to
testing, the specimen is glued between two steel plates using an epoxy resin (Figure 5) and care
must be taken to avoid eccentricity of the specimen during gluing which could affect the test results.
More details of the shear-torque fatigue test can be found in the references [37,51,52].

By analyzing fatigue test data, the choice of fatigue criterion has paramount importance for the
understanding of material behavior. The fatigue life value (N f ) at a selected stress level is defined
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as the number of cycles corresponding to the failure point calculated by adopting a given specific
criterion for the tested specimen. Different approaches for the prediction of fatigue life can be found
in the literature. Usually, the traditional approach defines failure as the point at which the decrease
in the material modulus reaches a certain value (Figure 6a). The most classical fatigue criterion
(N f = N50) uses a threshold value of 50% of the initial modulus values [53]. As an alternative to
the traditional approach, Reese [54] suggested a new failure approach based on the evolution of the
phase angle (ϕ) considering the viscoelastic behavior of asphalt materials. During cyclic loading,
the measured phase angle of asphalt concrete generally shows a steady increase followed by a sudden
decrease (Figure 6b). The cycle corresponding to this sudden decrease is defined as the number of
cycles to failure (N f = Nϕmax). Compared to the traditional approach, this approach seems to have a
more theoretical underpinning, as the sudden reduction in the phase angle represents a viscoelastic
behavior modification of the material probably due to the formation of macro-cracks. However, the real
mechanism governing the phase angle evolution (e.g., nonlinear viscoelasticity, fatigue damage) is not
yet fully understood. Fatigue failure criterion that can accurately define the effective failure of the
double-layered asphalt concrete specimens during cyclic shear-torque tests has yet to be developed.
A recent study [51] adopted the acoustic emission (AE) technique to investigate the fatigue behavior
of asphalt interlayers in cyclic torque tests, highlighting that the damage evolution phase occurs in
the specimen when the norm of its complex shear modulus |G∗| decreases by about 70% (Figure 6a).
According to these results, the 70% decrease in the stiffness initial value can be used as fatigue criterion
(N f = N70) for this type of test.

 
(a) 

 
(b) 

Figure 6. Determined failure point by different criteria: (a) material modulus approach; (b) phase
angle approach.

2.3.2. Leutner Test

The Leutner test [55], which is a static (i.e., monotonic) shear test compliant with prEN 12697-48 [56],
consists of measuring the shear force when a constant shear displacement rate is applied across the
interface of a double-layered specimen, without applying a normal load perpendicular to the interface.
A specimen with a nominal diameter of 100 or 150 mm is clamped in the test equipment between two
shear rings, taking care to ensure that the specimen interface is correctly aligned with the shear plane.
The Leutner device is installed into a servo-mechanic press frame able to apply displacement rates up
to 50 mm/min. An external linear variable displacement transducer (LVDT) is used to measure the
shear displacement of the specimen at the interface. The shear force and displacement are recorded
during the test. By plotting instant by instant the shear stress at the interface (τ), calculated as the ratio
between the shear force and the specimen cross-sectional area, as a function of shear displacement, it is
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possible to determine the maximum shear stress (i.e., interlayer shear strength ISS or τpeak). Lower τpeak
implies lower interlayer bonding.

2.4. Testing Program

The experimental program consisted of evaluating the shear fatigue performance of reinforced and
unreinforced cylindrical specimens by performing shear-torque fatigue tests in stress-controlled mode.
Static Leutner tests were carried out in strain-controlled mode on the same specimens. A summary
of the testing program is reported in Table 1. Prior to testing, all specimens were conditioned at the
testing temperature in a climatic chamber for at least 4 h.

Table 1. Testing program.

Interface
Type

Diameter
(mm)

Shear-Torque Fatigue Test Replicates (#) Static Leutner Test Replicates (#)

20 ◦C; 10 Hz 10 ◦C; 10 Hz 20 ◦C; 50.8 mm/min 10 ◦C; 50.8 mm/min

UN
100 5 - - -
150 - - 3 3

CF 100 4 - - -

FG
100 5 3 - -
150 - - 3 3

Total 14 3 6 6

As shown in Table 1, shear-torque fatigue tests were carried out only on 100 mm nominal diameter
specimens applying a sinusoidal torque at the frequency of 10 Hz. In this study, an alternate cyclic
loading (signal centered at zero) was adopted to simulate the stress–strain state induced by a moving
wheel in a straight pavement section (without braking and acceleration conditions), whereas the
frequency of 10 Hz was chosen to simulate a traffic speed of roughly 80 km/h on a pavement at a
depth of 10–20 cm [57]. Shear-torque fatigue tests were conducted at a temperature of 20 ◦C for each
interface type as usually suggested for static shear tests [32]. For FG specimens, tests were also carried
out at 10 ◦C. A preliminary test was conducted on an unreinforced specimen (UN), considering two
different torque amplitudes (T0 = 20 and 40 Nm), to select the suitable loading range to apply during
this experimentation. Different torque amplitudes (T0) ranging from 20 to 80 Nm were chosen to obtain
a wide range of the number of cycles to failure (N f ).

Static Leutner tests were carried out only on 150 mm nominal diameter specimens applying the
standard displacement rate of 50.8 mm/min. Tests were conducted at 10 and 20 ◦C on UN and FG
interface types. Three repetitions were performed for each test condition.

After each test, the specimen was visually inspected to determine the mode of shear failure: break
at the interface, break within the asphalt layer or mixed break (both at the interface and within the
asphalt layer).

3. Results

3.1. Shear-Torque Fatigue Test Results

3.1.1. Viscoelastic Properties

The relationship between the applied shear stress amplitude (τmax,0) and the corresponding initial
value of the norm of the complex shear modulus (|G∗|0) is depicted in Figure 7. The equation used for
calculating the amplitude of the applied shear stress (τmax,0) is shown in the following:

τmax,0 =
2T0

πR3 (6)

26



Sustainability 2020, 12, 4381

The initial value |G∗|0 is assumed as the norm of the complex shear modulus evaluated at the 50th
cycle, because at this stage of the test, the double-layered specimen is not damaged yet and, at the
same time, the induced stress–strain field can be considered not affected by the initial perturbation (i.e.,
steady). The results presented in Figure 7 show that the initial norm of the complex shear modulus
(|G∗|0) depends on the applied shear stress amplitude (τmax,0), i.e., the interface displays nonlinear
viscoelastic behavior within this loading range. In particular, the measured |G∗|0 decreases as the
applied shear stress amplitude increases. It can be also observed that the presence of a geogrid at the
interface leads to smaller initial values of the norm of the complex shear modulus (|G∗|0). Besides, due to
the presence of the asphalt concrete layers, |G∗|0 increases as testing temperature decreases (from 20 to
10 ◦C) for the FG interface type.

Figure 7. Initial norm of the complex shear modulus |G∗|0 vs. applied shear stress amplitude τmax,0.

The damage of the specimen was analyzed by using the evolution of the phase angle (ϕ) and the
normalized norm of complex shear modulus (|G∗|n). The latter is given by the following equation:

|G∗|n =
|G∗|N
|G∗|0 (7)

where |G∗|N is the norm of the complex shear modulus calculated at any given number of loading
cycles (N).

The results of specimen FG_7 tested with a torque amplitude T0 = 55 Nm at 10 Hz and 10 ◦C are
presented herein as a typical example. In Figure 8, the normalized norm of complex shear modulus
(|G∗|n) and the phase angle (ϕ) are presented as a function of the number of cycles. It is interesting to
observe in Figure 8 that |G∗|n decreases with the number of cycles, indicating a progressive weakening of
the interface properties during the test characterized by a typical three-phase fatigue curve [51,52,58,59],
whereas the phase angle (ϕ) increases during the cyclic test and drops suddenly approaching the
end of the test. Four phases can be identified for the phase angle curve. The first phase consists of a
quick increase in the phase angle; this is attributable to bulk reversible phenomena (e.g., self-heating)
that tend to appear during the initial test cycles. The second phase is associated with a quasi-linear
increase in the phase angle. In the third phase, irreversible phenomena (e.g., fatigue damage) appear
and the phase angle quickly increases until a sudden drop (fourth phase). During the fourth phase,
macro-cracks propagate at the interface, generating a not homogeneous distribution of stresses and
strains. According to Reese [54], the maximum point of the phase angle defines the point at which the
location of the damage begins.
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Figure 9 shows the evolution of the normalized norm of complex shear modulus (|G∗|n) of the FG
interface type at various torque amplitudes (T0) at 10 Hz and 10 ◦C. It is possible to note that |G∗|n
decreases faster with the number of loading cycles as the applied torque amplitude increases.

Figure 10 shows the evolution of the phase angle (ϕ) of the FG interface type at 10 Hz and two
testing temperatures (10 and 20 ◦C). It is possible to note that, for both temperatures, ϕ increases faster
with the number of loading cycles by applying higher torque amplitude values. Besides, the phase
angle values at 20 ◦C are greater than those at 10 ◦C because, as expected, asphalt materials are more
viscous at higher temperatures. This observation is in agreement with a previous study [60], and the
measured values of the phase angle are also comparable.

After the test, the failure occurred exactly at the interface for all the specimens, i.e., a complete
detachment between the two layers of the specimen was observed. In particular, the failure for the FG
interface type was on the polyester knitted veil side, denoting that the veil could be an obstacle to
bonding the two layers in contact (Figure 11).

 
Figure 8. Evolution of normalized norm of complex shear modulus |G∗|n and phase angle ϕ of specimen
FG_7 during the shear-torque fatigue test at 10 Hz and 10 ◦C.

Figure 9. Evolution of normalized norm of complex shear modulus |G∗|n of FG interface at various
torque amplitudes T0 during the shear-torque fatigue test at 10 Hz and 10 ◦C.
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Figure 10. Evolution of phase angle ϕ of FG interface during the shear-torque fatigue test at 10 Hz and
two temperatures (10 and 20 ◦C).

 
Figure 11. Failure mechanism of FG reinforced specimens at the end of shear-torque fatigue test.

3.1.2. Interlayer Shear Fatigue Curve

The interlayer shear fatigue curves of the tested interface types are shown in a log–log plane from
Figures 12–15. A typical power-law model was used to obtain the relationship between the amplitude
of the applied shear stress amplitude (τmax,0) and the number of cycles to failure (N f ) according to the
following equation:

τmax,0 = a·N f
−b (8)

where parameters a and b are regression coefficients. In particular, b represents the slope of the linear
regression in a log–log plane.

In each plot, interlayer shear fatigue curves obtained by using the classical fatigue criterion (N50)
were compared to those established by considering more appropriate failure criteria (N70 and Nϕmax).
The corresponding regression coefficients for the power-law model (a and b) are also presented in
Table 2, as well as the coefficient of determination (R2).
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Figure 12. Interlayer shear fatigue curves for UN interface type at 20 ◦C.

Figure 13. Interlayer shear fatigue curves for CF interface type at 20 ◦C.

Figure 14. Interlayer shear fatigue curves for FG interface type at 20 ◦C.
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Figure 15. Interlayer shear fatigue curves for FG interface type at 10 ◦C.

Table 2. Parameters a and b for all interface types according to Equation (8).

Interface Type Temperature (◦C) Failure Criterion a b R2

UN 20
N50 1.124 −0.152 0.987
N70 1.000 −0.137 0.981

Nϕmax 1.028 −0.139 0.979

CF 20
N50 1.259 −0.162 0.986
N70 1.355 −0.166 0.988

Nϕmax 1.280 −0.162 0.991

FG 20
N50 0.712 −0.158 0.874
N70 1.018 −0.184 0.911

Nϕmax 0.937 −0.176 0.889

FG 10
N50 0.861 −0.105 0.984
N70 0.900 −0.107 0.991

Nϕmax 0.909 −0.108 0.992

Looking at the experimental results, it can be seen that the obtained interlayer shear fatigue curves
are very similar by applying the failure criteria N70 and Nϕmax, whereas in some cases, the N50 failure
criterion is not always in agreement with the previous ones (UN and FG interface types at 20 ◦C,
Figures 12 and 14, respectively). As a consequence, the traditional failure criterion (N50) can probably
lead to a misleading ranking, since it is not capable of quantifying the damage mechanisms that occur
within the interface. Meanwhile, the maximum phase angle (Nϕmax) and the 70% failure criterion (N70)
can better correlate the number of cycles to failure with the damage process at the interlayer because
they are related to a change in the inner behavior of the specimen. For example, once the specimen
becomes severely damaged at the interface, the strain response curve in a stress-controlled test varies
significantly from an actual sinusoidal function and this distortion is responsible for the drop in phase
angle. These results also confirm the effectiveness of the 70% failure criterion already highlighted in a
previous study carried out on unreinforced asphalt interlayers [51]. Thus, considering the weakness of
the traditional approach, these results illustrate that the maximum phase angle and the 70% failure
criterion provide similar results and can offer an accurate shear fatigue life prediction.

Several interesting findings can be drawn also looking at the results listed in Table 2. By comparing
the fatigue law parameters at 20 ◦C for the N70 and Nϕmax criteria, it is possible to observe that the
FG interface shows the lowest and highest values for a and b, respectively. In general, coefficients
of determination (R2) are greater than 0.9 for all the interface types, which indicates a very good
correlation between measured data and the linear fatigue law. Nevertheless, R2 values increase as the
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temperature decreases (greater than 0.99) for the FG interface, indicating that the specimen-to-specimen
interlayer shear variability increases at higher temperatures. Meanwhile, the parameter b values
decrease as the testing temperature decreases, indicating a clear thermo-dependency for the interlayer
shear fatigue properties.

In order to rank the different interface types (UN, CF and FG) and to investigate the influence of
testing temperature on the FG interface, interlayer shear fatigue curves are represented in Figure 16
according to 70% norm of the complex shear modulus reduction criterion (N70). Since the asphalt
mixture and compaction method of the tested specimens are the same, it can be asserted that the
resistance to shear fatigue damage is only a function of the interface type.

Figure 16 shows that UN and CF interfaces provide very similar results in term of interlayer shear
fatigue life, although it appears that UN interface guarantees slightly higher performance at a lower
shear stress level than the CF interface. Moreover, for a given shear stress amplitude, FG reinforced
specimens are characterized by a number of cycles to failure considerably lower than unreinforced
and CF reinforced specimens (Figure 16). For example, with τmax,0 = 0.15 MPa (i.e., T0 = 30 Nm)
as input level (orange dotted line in Figure 16), the FG interface requires less than 30,000 cycles to
failure at 20 ◦C, whereas the other CF reinforced interface undergoes more than 700,000 cycles at the
same temperature.

Figure 16. Interlayer shear fatigue curves for all interface types.

Starting from these results, it is expected that the CF geogrid is able to perform well in the field
since the debonding effect highlighted by shear-torque fatigue loading is not so evident compared
to the unreinforced interface UN. The fairly good performance of this type of geogrid has already
been observed in previous studies by performing static shear tests on specimens reinforced with a
similar geogrid [13,45]. This could be due to the presence of the pre-coating and the fact that the grid
knots are not fixed, which allows the grid structure to move freely during the laying and compaction
of the asphalt mixture ensuring the achievement of an optimal interlocking. Besides, the presence
of the film applied on the underside of the CF geogrid, which is burned before installation, further
improves the bonding properties on the underlying layer. On the contrary, the FG geogrid provides the
lowest performance with respect to the other two interface types (UN and CF). This could be due to
the presence of the polyester knitted veil and the fixed knots of the FG geogrid (unlike the CF geogrid),
which probably hinder the achievement of an optimal bonding and interlocking between the two
asphalt layers in contact as already observed in Figure 11.

As far as the testing temperature is concerned, the FG interface at 10 ◦C provides higher shear
fatigue performance compared to those at 20 ◦C for the same reinforcement (Figure 16). This is
in accordance with previous investigations carried out with various shear tests in cyclic modality
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on unreinforced specimens [34,39,61] and in static modality on reinforced specimens [45], where
an improvement of interlayer resistance was measured at low temperatures. Therefore, it can be
assumed that as the temperature decreases, since the asphalt concrete is a thermo-dependent material,
the interlayer becomes stiffer and more loading cycles of the same stress intensity are needed to cause
the failure of the specimen.

To allow a better comparison between the different interface types (UN, CF and FG), it is possible
to calculate, from the power-law models reported in Figure 16, the parameter τ6 shown in Figure 17.
The parameter τ6 is defined as the shear stress level that leads to a fatigue life of 1 million cycles (N f
= 106) in a cyclic shear test and it is inspired by ε6, defined as the strain level leading to specimen
failure for 1 million cycles, which is used to calculate the admissible strain in asphalt pavement layers
in the French pavement design method [34,62]. Lower τ6 implies lower shear fatigue performance.
As shown in Figure 17, the values of τ6 confirm the outcomes previously discussed in Figure 16, but the
comparison of τ6 allows to easily rank the different interface types (UN, CF and FG), denoting that it
can be a useful parameter to characterize the interlayer bonding in cyclic shear tests.

Figure 17. τ6 values for all interface types.

In synthesis, the obtained results demonstrate that an appropriate choice of the most suitable
interlayer reinforcement system could increase the cyclic shear fatigue resistance strictly linked to
the debonding effect. Moreover, shear-torque fatigue tests could provide useful guidance for the
selection of the most appropriate reinforcement because the results are clearly sensitive to the testing
parameters (i.e., type of interface and testing temperature). However, further work is needed to adopt
a method for selecting effective torque levels because different reinforcement and/or type of interface
experience different levels of sensitivity to changes in stress level. Furthermore, another shortcoming
is that shear-torque fatigue tests are highly time-consuming, especially at very low stress–strain levels.
On the other hand, the analysis of failure of fatigue curves could help for a better understanding of the
experimental results obtained with routine testing protocols such as static (i.e., monotonic) shear tests
for the evaluation of the interlayer shear strength (ISS or τpeak).

3.2. Static Leutner Test Results

Figure 18 shows the results of static Leutner test, in terms of average interlayer shear strength
(τpeak), for UN and FG specimens with a diameter of 150 mm at 10 and 20 ◦C. The τpeak value decreases
with increasing testing temperature for both interface types but the reduction (in percentage) is greater
for the UN system compared to the FG system (i.e., 45% and 22%, respectively).
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Figure 18 also shows that the presence of the FG geogrid at the interface leads to lower τpeak
compared to the corresponding unreinforced system (UN) for both temperatures according to the
results of shear-torque fatigue tests. The reduction (in percentage) of τpeak by comparing UN and
FG systems is of 59% and 42% at 10 and 20 ◦C, respectively. These results allow remarking that the
interlayer reinforcement worsens the interlayer properties by decreasing the adhesion between the two
asphalt layers [45].

Figure 18. Average interlayer shear strength (τpeak) from static Leutner tests at 10 and 20 ◦C for UN
and FG specimens with a diameter of 150 mm (error bars provide the variability of the results).

3.3. Comparison between Cyclic and Static Shear Tests

As explained in the introduction, cyclic shear tests allow the determining of accurate parameters
closely linked to field performance, but they are more time-consuming and require more effort to
process the data compared to the static shear tests. In this sense, there is a need to find links between
cyclic and static shear test to correlate different laboratory results and to predict interlayer shear
fatigue performance from rapid and simple static shear tests. In the wake of this discussion, a possible
interrelationship between cyclic and static shear tests can be found by calculating the cyclic–static
shear ratio resistance (C2S2R) parameter as follows:

C2S2R =
τ6

τpeak
(9)

where τ6 is the shear stress level that leads to a fatigue life of 1 million cycles (N f = 106) determined in
a cyclic shear test, and τpeak is the interlayer shear strength determined in a static shear test.

Based on the shear-torque fatigue tests results reported in Figure 17 and the static Leutner test
results reported in Figure 18, C2S2R values were calculated for the UN and FG interface types at 20 ◦C,
as shown in Table 3.

Table 3. Cyclic–static shear ratio resistance (C2S2R) parameter.

Interface Type Temperature (◦C) τ6 (MPa) τpeak (MPa) C2S2R (-)

UN 20 0.15 1.31 0.12
FG 20 0.08 0.76 0.11

The C2S2R values in Table 3 are roughly the same for UN and FG interfaces at 20 ◦C, specifically
τ6 is almost 10% of τpeak. From a practical point of view, an empirical correlation between static Leutner
test and shear-torque fatigue test results could consist of multiplying the interlayer shear strength
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(τpeak) of the static Leutner test by 0.10 to obtain the cyclic shear strength at 1 million cycles (τ6) for this
interface type at 20 ◦C. This means that an interface type characterized by τpeak of 1 MPa can withstand
1 million cycles at a cyclic shear stress level of 0.10 MPa. Bearing in mind the very limited number of
tests, it can be concluded that the C2S2R parameter can be assumed approximately equal to 0.1 for
GB/BBSG interface, with pure bitumen emulsion as the tack coat (with and without reinforcement),
but a larger number of testing specimens is required to obtain statistically significant results.

However, it is expected that C2S2R values could depend on the interface type (i.e., interlocking
effect and tack coat contribution). For example, the higher the interlocking effect, the higher the
interlayer shear strength (τpeak) with static shear tests, but the same effect is not yet clear with cyclic
shear tests because of their recent development. Therefore, further investigation on different interface
types, different asphalt mixtures and with a larger number of repetitions are needed to find correlations
between cyclic and static shear tests and confirm these interesting results. In the future, this would
allow the use of the static Leutner test to evaluate shear fatigue performance, applying simple empirical
correlations to the test results.

4. Conclusions

This study was performed to investigate the shear fatigue performance of geogrid-reinforced
asphalt interlayers. To this end, a full-scale trial section was built with three different types of interface:
unreinforced (UN), reinforced with a carbon fiber geogrid (CF) and reinforced with a glass fiber
geogrid (FG). Cores were taken directly from the trial section to carry out shear-torque fatigue tests.
Three different failure criteria (50% and 70% stiffness modulus value reduction and maximum phase
angle) were used to analyze shear fatigue life of test data. Besides, static (i.e., monotonic) shear tests
were carried out with the Leutner device on the same specimens in an attempt to find a relationship
between cyclic and static shear tests.

Based on the experimental results, the following main conclusions can be drawn:

• Shear-torque fatigue test results clearly ranked the studied materials, showing that the carbon
fiber geogrid (CF) reinforced interface provides similar shear fatigue behavior to the unreinforced
interface (UN). In contrast, a significant reduction in shear fatigue behavior is evident with the
glass fiber geogrid (FG) reinforced interface.

• As far as the temperature effect is concerned, it was observed that shear fatigue resistance
significantly increases with decreasing temperature for the FG interface. Further research is
needed to investigate the influence of temperature also for the CF interface.

• Good correlations were found between maximum phase angle and 70% stiffness modulus value
reduction failure criteria. The results indicate that even though these fatigue failure criteria were
not originally developed to be used with double-layered reinforced specimens, they may still be
useful in ranking the different reinforced interfaces and appear to be able to predict the actual
interlayer shear fatigue life.

• Static Leutner test results showed that the interlayer shear strength (τpeak) decreases with increasing
temperature and with the presence of the FG geogrid.

• A promising correlation was found between the shear-torque fatigue test and the static Leutner
test results. Such an approach is worthy of further investigation but needs to be validated through
extensive research activity.

In conclusion, these findings showed that a correct choice of geogrid could reduce the debonding
effect that inevitably occurs by introducing a reinforcement system within asphalt pavement.
Shear-torque fatigue tests have proved to be powerful tools for investigating the damage progress in
double-layered reinforced asphalt specimens. Considering the crucial importance to properly select
and assess the reinforcement system to be inserted in asphalt pavements, this test method could provide
useful information on the interlayer bonding condition and interlayer fatigue failure of reinforced
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systems under stresses and strains similar to those existing in a real pavement. However, the presented
evaluation is very limited and needs to be deepened with an extended investigation.
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Abstract: Asphalt mixture is the most widely used material in road construction, and the industry
is developing more sustainable technologies. Warm mix asphalt (WMA) is a promising alternative
as it saves energy, reduces fuel consumption and generates fewer gas and fume emissions, while
maintaining a similar performance to hot mix asphalt (HMA). This paper presents an evaluation of
the gas emissions at laboratory scale, as well as the energy consumption and production costs, of five
types of WMA with the addition of natural zeolite. The control mixture was a HMA manufactured at
155 ◦C. The mixtures evaluated were two WMA manufactured at 135 ◦C with 0.3% and 0.6% natural
zeolite, and three WMA with partial replacement of raw materials by 10%, 20% and 30% of reclaimed
asphalt pavement (RAP); these mixtures, called WMA–RAP, were manufactured at 125 ◦C, 135 ◦C
and 145 ◦C, respectively. The results indicated that all the mixtures evaluated reduced CO and CO2

emissions by 2–6% and 17–37%, respectively. The energy consumption presented a 13% decrease.
In the current situation, the production costs for WMA with 0.3 and 0.6% natural zeolite are slightly
higher than the control mixture, because the saving achieved in fuel consumption is lower than the
current cost of the additive. On the other hand, WMA manufactured with the addition of natural
zeolite and RAP could produce cost savings of up to 25%, depending on the amounts of RAP and
natural zeolite used.

Keywords: warm mix asphalt; natural zeolite; gas emissions; energy consumption; production costs

1. Introduction

Worldwide, environmental awareness has forced governments and leaders to take action to protect
the planet from global warming and climate chaos. This trend was formalized in the Kyoto protocol
(1997), where the main goal was to reduce greenhouse gas emissions [1], and reaffirmed in the Paris
Agreement. In this context, the asphalt industry is currently developing more sustainable technologies.

Hot mix asphalt (HMA) is the most widely used construction material for paving roads. Nearly 90%
of paved roads in the world are made of asphalt mixtures [2]. In Europe, more than 90% of paved roads
are made of asphalt materials. Similar levels are found in the United States, Canada and Mexico, where
the use of asphalt for paved roads exceeds 92%, 90% and 96%, respectively [3]. Asphalt mixtures use
asphalt binder, aggregates (sand and crushed rock) and mineral filler. This mixture is produced at high
temperatures, between 150 ◦C and 190 ◦C, depending of the type of asphalt binder used. In the field,
the mixture is spread and compacted on the road at high temperatures (120–140 ◦C). During these
processes (production, storage and handling at high temperatures), a complex mixture of gases is
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released into the atmosphere [4] and a large amount of energy is consumed [4,5]. At the same time,
large volumes of raw materials are required due to the high demand for HMA [3]. As mentioned above,
technologies are needed to produce sustainable pavements, focusing on reducing emissions, saving
energy and conserving natural resources [6], while keeping costs as low as possible. Some researchers
have identified and quantified asphalt mixture emissions, both in the plant and in the laboratory [7,8],
resulting in different techniques for reducing emissions. Quian et al. [9] proposed adding different fume
suppressor agents, observing that by adding 3% of SBS, PE, melamine, nano-calcium carbonate and
activated carbon in separate tests, asphalt fumes were reduced by 19.2%, 6.5%, 45.1, 4.8% and 41.6%,
respectively. Autelitano et al. [4] concluded that a 30 ◦C reduction in the manufacturing temperature
of asphalt mixture, achieved by the addition of wax, cut emissions by half. Croteau and Tessier [10]
showed that a reduction of 20 ◦C in the manufacturing temperature decreased greenhouse gas emissions
by between 20% and 35%, with a fuel saving of 2 l/ton of mixture. One of the main greenhouse gases
is CO2, which in asphalt paving is generated by two principal mechanisms: energy consumption
during mixing and compaction processes; and binder oxidation at the high temperatures required for
mixing [11]. These processes involve CO2 generation through molecular reaction by hydrocarbon
oxidation [12]. Some authors have indicated that naphthenic aromatic and polar aromatic compounds
are the principal components responsible for CO2 emissions [13,14]. This agrees with the study by
Brandt and De Groot [15], who concluded that in the temperature range between 140 ◦C and 190 ◦C,
the fume-emission rate increased by a factor of 2 for each 12 ◦C increase in temperature. Therefore,
reducing the manufacturing temperature of asphalt mixtures would appear to be the most effective
way of reducing CO2 emissions during asphalt mixture production and pavement construction [12].

In the report presented by West et al., an average fuel saving of 22.1% was obtained by a temperature
reduction of 9 ◦C in the asphalt mixture [16]; thus, reducing manufacturing temperatures helps to
reduce energy consumption [17]. Many of the sustainable technologies reported relate to methods
for producing warm mix asphalt (WMA) because these technologies help to decrease both energy
consumption and emissions, and in some cases production costs (the reduction in fuel consumption
may help compensate for the cost of WMA additive or equipment) [10,16]. WMA technologies allow the
reduction in manufacturing and compaction temperatures without affecting mixture performance [18].
Mohd et al. indicated that energy savings between 23% and 29% are possible through the use of WMA
rather than HMA [19].

WMA technologies are classified in three major categories: asphalt foaming technologies, organic
additives and chemical additives [18]. The benefits of these technologies include reducing emissions,
saving energy, reducing fuel consumption, extending the paving season, reducing workers’ exposure
to gas and temperature, and improving field compaction, as well as the potential for including a higher
proportion of reclaimed asphalt pavement (RAP) [20]. Foaming processes are the most common WMA
technology [21]. One of these, the indirect foaming technique, includes the addition of synthetic zeolite,
one of the most common additives for WMA production [22]. Synthetic zeolite is a porous mineral
with crystallized water in its structure (ca. 20%) composed of aluminosilicates of alkali metals [23].
This water is released for 6 or 7 h when the synthetic zeolite comes into contact with the preheated
asphalt binder; it generates micro-foam, leading to an increase in the volume of the binder and reducing
its viscosity [20], thereby increasing aggregate coating and the workability of the mixture [24].

Finally, it is necessary to solve the high consumption of raw materials and the waste generated by
the replacement of deteriorated pavement. In this context, the replacement of raw materials by RAP in
asphalt mixtures (WMA–RAP) achieves important benefits, because the use of virgin materials, both
asphalt binder and aggregates, is reduced [25]. The use of RAP is an opportunity to reduce the impacts
associated with extraction of the used material as well as the transportation of raw materials (energy
consumption, carbon footprint and cost). Furthermore, the quantity of waste produced is reduced,
helping to solve the final disposal problems of highway construction materials in landfills [26,27].
Some authors indicate that WMA technologies may help to increase the proportion of RAP in the
asphalt mixture [28,29]. A larger proportion of RAP can be included in foamed WMA [27] than in other
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WMA technologies. In this context, the Road Pavement Research Group at Universidad de La Frontera
has carried out a project to design and develop asphalt mixtures with greater energy efficiency and
lower environmental impact. These are WMA and WMA–RAP mixtures which use a local natural
zeolite (clinoptilolite-modernite type), extracted from the central zone of Chile, as the additive. In the
present work, we studied five WMA types: two WMA with 0.3% and 0.6% natural zeolite content,
and three WMA–RAP with 0.6% natural zeolite and different RAP contents (10%, 20% and 30%).
The control was a standard HMA. The first part of this study, published recently, concluded that these
WMA and WMA–RAP performed well in rutting, cracking resistance, fatigue and moisture damage
tests [30]. The present paper presents the second part of the study, the object of which is to assess
emissions and energy consumption in the manufacturing process, including a cost analysis of the
different mixtures.

2. Materials and Methods

2.1. Materials and Mix Design

One type of aggregate and one type of conventional asphalt binder (CA-24) were used in this
research. The aggregates, obtained from fluvial sand deposits, are composed mainly of dolomite,
basalt, dacite, andesite, rhyolite, sandstone, quartz and quartzite. A semi-dense asphalt mixture type
IV-A-12 was used, which complies with Chilean specifications [31]. The physical properties of the
aggregates according to Chilean standards are shown in Table 1. The aggregate gradation is presented
in Figure 1. The properties of asphalt binder are shown in Table 2. The specific gravity of asphalt
binder is 1040 kg/m3, and the optimum mix temperature is 155 ◦C. The Marshall method was used to
design the mixtures [32], appropriate for surface layers. This design method is the standard in Chile
for asphalt pavements. As the objective is to promote massive use of this environmentally friendly
alternative asphalt mixture, it was important follow the standards. The analyses of air voids (%), flow
(0.25mm), stability (kN) and voids in mineral aggregates (%) were performed according to Chilean
specifications [31]. The optimum asphalt binder content was 5.4% of aggregate weight for the reference
HMA mixture. This optimal binder content was used in the manufacture of all asphalt mixtures
studied in this research.

Table 1. Physical properties of aggregates.

Tests Specifications Results

Coarse Aggregate

Los Angeles abrasion loss (%) Max 25 18.4
Disintegration in sodium sulphate (%) Max 12 2.4

Crushed aggregates (%) Min 90 97.3
Flakiness index (%) Max 10 0.1

Static method adhesion (%) Min 95 >95
Dynamic method adhesion (%) Min 95 >95

Specific gravity (kg/m3) - 2661
Absorption (%) - 1.54

Fine Aggregate

Plasticity index Nonplastic Nonplastic
Riedel–Weber adhesion Min 0–5 0–9

Disintegration in sodium sulphate (%) Max 15 1.4
Specific gravity (kg/m3) - 2629

Absorption (%) - 1.09

Combined Aggregate

Soluble salts (%) Max 2 0.5
Sand equivalent (%) Min 50 81
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Figure 1. Grading curve asphalt mixture (IV-A-12).

Table 2. Properties of asphalt binder.

Tests Results Specifications.

Absolute viscosity at 60 ◦C, 300 mm Hg (P) 3730 Min 2400
Penetration at 25 ◦C, 100 g. 5 s. (0.1 mm) 60 Min 40

Ductility at 25 ◦C, (cm) >100 Min 100
Spot test hep./xyl., (%xylene) <30 Max 30

Cleveland open cup flash point, (◦C) >232 Min 232
Softening point R&B, (◦C) 52 To be reported

Trichloroethylene solubility (%) 99.8 Min 99
Penetration index −0.2 −1.5 a + 1.0

RTFOT

Mass loss, (%). 0.03 Max 0.8
Absolute viscosity at 60 ◦C, 300 mm Hg (P) 8800 To be reported

Ductility at 25 ◦C, 5 cm/min, (cm) >100 Min 100
Durability index 2.4 Max 4.0

The natural zeolite used in this research is a clinoptilolite-modernite type, obtained from the
Quinamávida quarry in the VII Region of Chile. This mineral is found mainly in areas of volcanic
activity, and Chile has large deposits. This type of natural zeolite is composed of aluminosilicates that
have a three-dimensional arrangement with an open, porous structure [33], and can release crystallized
water at 100 ◦C without affecting its internal structure. When the zeolite comes into contact with hot
asphalt binder, the water is released and generates a micro-foam that allows the asphalt binder to
involve the aggregates at a lower temperature.

Table 3 shows the characterization of the natural zeolite used in this study. Figure 2 shows the
images of different contents of natural zeolite distributed in the asphalt binder obtained through
a confocal microscope at two magnification levels. Epifluorescence images allow us to verify the
dispersion of the natural zeolite in the binder. These images show that the zeolite-binder mixture is
quite homogeneous for 1%, 5% and 10% additions (over weight of binder).

Table 3. Properties of Chilean natural zeolite.

Description Chilean Natural Zeolite

Chemical name Calcium magnesium aluminosilicate hydrated
Grain size 0–0.173 mm

Main zeolitic component Clinoptilolite—Modernite
Other components Plagioclase, Smectite and Quartz

Colour Ivory
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Table 3. Cont.

Description Chilean Natural Zeolite

Chemical composition (%) SiO2: 64.19 TiO2: 0.51 Al2O3: 11.65 Fe2O3: 2.53 MnO: 0.03
MgO: 0.66 CaO: 3,42 Na2O: 0.75 K2O: 1.60 P2O5: 0.03 PxC: 14.64

Cation exchange capacity 86.82 a 112.88 cmol/kg
Specific surface (Bet method) 446 a 480 m2g−1

Thermal stability <450 ◦C
Chemical stability 8.9

Density 0.661 g/cm3

Natural moisture 12.6%

Figure 2. Homogeneity and incandescence of the bitumen with addition of natural zeolite.

The RAP used comes from milling works on Route 5, IX Region of Chile. In order to reduce
the heterogeneity of the WMA-RAP mixtures, they were manufactured with two fractions of RAP,
as recommended by Solaimanian and Tahmoressi [34]. The RAP fractions used were 0/5 mm
and 5/20 mm. Table 4 shows the RAP gradation and the bitumen content for both RAP fractions.
The characteristics of binder recovered from the RAP before fractioning are shown in Table 5.

Table 4. Reclaimed asphalt pavement (RAP) gradation and bitumen content (after extraction).

RAP Fraction (mm) 0/5 5/20

Bitumen Content (% by Weight of Mix) 7.5 3.3

Sieve Size (mm) Gradation (% Passing)

20 100 100
12.5 100 73
10 100 56
5 100 29

2.5 70 18
0.63 35 11

0.315 25 8
0.16 19 5
0.08 15 4
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Table 5. Characteristics of binder recovered from the RAP.

Tests Results

Penetration at 25 ◦C, 100 g. 5 s. (0.1 mm) 10
Fraas Breaking Point (◦C) +3
Softening Point R&B, (◦C) 55.6

Brookfield Viscosity at 60 ◦C (Pa s) 30,883

The asphalt mixtures evaluated are shown in Table 6 All these mixtures were evaluated for their
resistance to moisture damage, low temperature cracking, fatigue and rutting, showing similar or
better performance than the control HMA [30].

Table 6. Description of mixtures evaluated.

Nomenclature Description

P-155 Control HMA, manufacturing temperature: 155 ◦C
Z0.3-135 WMA; Natural Zeolite content: 0.3% by weight of aggregates; manufacturing temperature 135 ◦C
Z0.6-135 WMA; Natural Zeolite content: 0.6% by weight of aggregates; manufacturing temperature 135 ◦C
PR10-155 Control HMA–RAP, RAP content 10%, manufacture production temperature: 155 ◦C
R10-Z0.6-125 WMA-RAP, RAP content 10%, Natural Zeolite content: 0.6% manufacturing temperature 125 ◦C
PR20-155 Control HMA–RAP, RAP content 20%, manufacturing temperature: 155 ◦C
R20-Z0.6-135 WMA-RAP, RAP content 20%, Natural Zeolite content: 0.6% manufacturing temperature 135 ◦C
PR-30-155 Control HMA–RAP, RAP content 30%, manufacturing temperature: 155 ◦C
R30-Z0.6-145 WMA–RAP, RAP content 30%, Natural Zeolite content: 0.6% manufacturing temperature 145 ◦C

2.2. Test Methods for Gas Emission Evaluation

To manufacture the WMA, aggregates and asphalt binder were heated to the mixing temperature
according to Table 3. In the case of WMA–RAP, the RAP temperature was 15 ◦C and the raw aggregates
had to be overheated to achieve the final manufacturing temperature (Table 7). To obtain each
gas sample, 4 kg of asphalt mixture were manufactured, maintaining the dosage of each mixture.
The mixtures were manufactured in a hermetic chamber for 5 min, followed by 2 min resting time
before gas capture. The gases (500 mL) were captured using a gas syringe and stored in hermetic
Tedlar gas sample bags with a polypropylene valve (Figure 3). Three gas samples were taken for each
asphalt mixture. It is important to note that the gas samples did not include the gases emitted during
the combustion process, and only considered the gases generated by heating asphalt binder, RAP,
aggregates and natural zeolite because the heating process was carried out without combustion in
the laboratory.

Table 7. Overheating temperature of natural aggregates and binder dosage as a function of RAP content
and final mixture temperature.

Mixture of Aggregates Asphalt Binder Content (%)
Aggregate Temperature (◦C)

WMA
HMA

(References)Natural (%) RAP (%)
New

Binder
RAP Binder

Contribution

100 0 5.4 0 135 155
90 10 5.19 0.21 142 180
80 20 4.98 0.43 169 200
70 30 4.77 0.54 202 227

Manufacture temperature (◦C) 125 135 145 155
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Figure 3. Diagram of fume capture and GEIS sampling systems.

A gas chromatograph with TCD (thermal conductivity detector), Clarus 580 Perkin Elmer, with a
packed column 60/80 carboxeen 1000 15ft × 1/8” (2.1 mm ID, internal diameter) was used to evaluate
gas emissions. The gas samples were extracted from the gas storage bags and injected manually at
a volume of 250 μL. The temperature of the detector was 250 ◦C and the injector temperature was
200 ◦C. Helium carrier gas was used, with a flow of 30 mL/min. The temperature ramp was 180 ◦C for
4.50 min. The working range was 0.05 to 1%, Figure 3. The gases evaluated were CO2, CO and SO2.

The methodology was divided into four phases (Figure 4). The first phase consisted of a review
of studies related to the project, combined with visits to different asphalt mixing plants to become
familiar with each stage involved in the manufacturing process in order to determine the most
significant variables.

Figure 4. Four-phase model.

To complete the second phase, a cost table was generated by collecting data in the field provided by
a local asphalt mixing company, incorporating the main costs related to the production of conventional
asphalt mixtures. Additionally, energy consumption equations defined by Romier et al. [35] were
used to determine the energy consumption during the production stage and to relate this variable to
temperature changes (Equations (1)–(4)).

Cagr ×magr ×
(
tagr − tamb

)
(1)

energy needed to heat aggregates (cal) (1)

Ca ×
(

magr

magr − u
100 ×magr

− 1
)
×magr × (100− tamb) (2)
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energy needed to heat the water present in the aggregates (cal) (2)

clv×
(

magr

magr − u
100 ×magr

− 1
)
×magr (3)

energy needed to vaporize water from aggregates (cal) (3)

Cv ×
(

magr

magr − u
100 ×magr

− 1
)
×magr ×

(
tagr − 100

)
(4)

energy needed to eliminate water vapor (cal) (4)
where: Cagr is the specific heat of aggregates (cal/kg−1◦C−1); magr is the mass of aggregates (kg);

tagr is the aggregate heating temperature (◦C); tamb is the ambient temperature (◦C); Ca is the specific heat
of water; (cal/kg−1*◦C−1); h is the aggregate moisture content (%); clv is the latent heat of vaporization
of the water (cal/kg); Cv is the vapor-specific heat (cal/kg−1*◦C−1); and tagr is the aggregate heating
temperature (◦C).

The parameters involved in calculating the energy and fuel consumption are shown in Tables 7
and 8. The moisture content was fixed according to the average moisture content reported by the
production plant. To determine the cost and energy consumption of WMA and WMA–RAP, the cost
table of the conventional asphalt mixture (previously generated and validated with information
provided by the mixing plant) was modified by the inclusion of the new costs according to the different
amounts of zeolites and RAP. In this stage, the energy consumption was calculated by the Romier
equations, varied according to the changes in the manufacturing temperature. These modifications
were caused by the variation in fuel consumption, and in the amount of virgin raw materials (binder
and aggregates) used for each WMA–RAP mixture since these were reduced as a function of the
amount of RAP included. Finally, the cost tables were compared with the reference mixture. The fuel
consumption was calculated by converting the energy consumption to fuel, based on the heating
power of fuel oil. The production costs of the different proposed mixtures were obtained by assessing
the energy consumption and the costs associated with the raw materials and additive (natural zeolite).

Table 8. Parameters involved in energy and cost consumption.

Parameter Value Unit

1 Specific heat of aggregates (Cagr) 850 J/(kg * ◦C)
Specific heat of water (Ca) 4200 J/(kg * ◦C)
Specific heat of steam (Cv) 1850 J/(kg * ◦C)

Latent heat of water vaporization (clv) 2,250,000 J/(kg * ◦C)
Moisture content of aggregates (h) 3 %

Ambient temperature (tamb) 15 ◦C
Heating temperature of aggregates (tagr) 155 ◦C

Heating temperature of bitumen 155 ◦C
2 Heating power of fuel oil 9,762,000 Cal/kg

2 Density of fuel oil 0.9994 kg/L
Assessed quantity of mixture 1000 kg

1 The Specific heat of granitic aggregates [36]; 2 The information about fuel oil was extracted from the fuel
supplier’s certificate.

3. Analysis of Results

3.1. Gas Emissions

Before we analyze the results, it is important to remember that this study considers only the
emissions generated by heating the asphalt binder in contact with the raw aggregates, and, in some cases,
natural zeolite and varying percentages of RAP (i.e., combustion emissions produced by aggregate
heating, such as those produced during the production process in asphalt plants, were isolated). In this
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context, it is observed that the SO2 emission level was outside the detection ranges for all the mixtures
studied. This implies that the SO2 emissions were less than 0.05%, considered as null for all the
mixtures evaluated. These results may be because SO2 is generated by the combustion process [16] and
is highly dependent on fuel type, with fuel oil and recycled fuel oil causing the most pollution. On the
other hand, natural gas seems to be an environmentally friendly fuel alternative, since it has a lower
sulphur content [16]. This agrees with the results obtained by Lecomte et al. [37], who compared the
SO2 emissions between HMA (180 ◦C) and WMA foam (125–130 ◦C). They observed a 35% reduction
in fuel consumption, obtaining a reduction in SO2 emissions between 25% and 30%. On the other
hand, Hurley et al. [38] analyzed the natural gas consumption in three WMA mixtures (Evotherm®,
Aspha-min® and Sasobit®). The fuel consumption results were + 15.4%, − 8.8% and − 17.9% (Control,
HMA, WMA), respectively, while the SO2 emissions were + 54%, − 83% and − 83% (Control, HMA,
WMA), respectively. These results suggest that fuel consumption is the greatest contributing factor to
SO2 emissions.

Similar levels of CO emissions were observed between HMA and WMA. The reduction percentage
of CO concentration was 2% for Z-0.3-135, while for Z-0.6-135 the CO emission level was similar
to that of P-155 (Figure 5). When HMA–RAP is compared to WMA–RAP (Figure 5), reductions
in CO emissions of 6%, 5% and 4% were detected (R10-Z0.6-125, R20-Z0.6-135 and R30-Z0.6-145
respectively). Some researchers suggest that CO emissions are associated with fuel consumption and
depend on the type of fuel, reporting that WMA manufactured in a plant powered with natural gas
emitted eighteen times less CO than a plant with fuel oil under the same conditions [3]. However,
Anderson et al. [39] concluded that CO emissions are more closely related to burner maintenance.
Lecomte et al. [37] obtained CO reductions of around 8% when comparing measurements made in
the chimney of the mixing plant during the manufacture of HMA (180 ◦C) and WMA foam mixture
(125–130 ◦C). These findings are consistent with this study, as the effects of fuel burning or burner
maintenance are not considered for any of the mixtures evaluated. However, it is remarkable that
CO emissions are not correlated exclusively with fuel burning, since CO emissions were detected in
this study.

 
Figure 5. CO concentration (%).

Additionally, the reference mixtures with RAP (PR-10-155, PR-20-155, PR-30-155) showed more
CO emissions than the reference mixture without RAP (P-155). However, the reduction in CO emissions
in WMA–RAP manufactured at a lower temperature than the reference mixtures with RAP was larger
than the difference between WMA and the reference mixture without RAP (Figure 5).
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In the analysis of CO2 emissions, 90% were found to occur directly during the asphalt mixing
process [14]. The complete production process includes aggregate heating, asphalt heating, and mixing.
In these stages, the carbon emissions observed reached values of 67%, 14% and 12%, respectively [14].
This study focuses on the third stage, the mixing process. The results for CO2 emissions showed a
reduction for all mixtures evaluated; emissions were higher for WMA–RAP (Figure 6). These results
are similar to those presented by Sharma et al. [40], who observed CO2 emission reductions of between
2.5% and 35%, respectively, in a comparison of HMA (180 ◦C) with WMA (140 ◦C) with 2%–6%
addition of synthetic zeolite (over binder content). Lecomte et al. [37] also observed CO2 emission
reductions of around 35% in a comparison between HMA manufactured at 180 ◦C and WMA foam at
125–130 ◦C, both measured in the chimney of the mixing plant. Comparable results were obtained by
Mallik et al. [12], who reported a direct reduction in CO2 emissions of around 32% by decreasing the
mixing temperatures by between 10 and 30 ◦C.

Figure 6. CO2 concentration (%).

In this study, the CO2 emission reductions were obtained by comparing HMA manufactured at
155 ◦C with WMA at 135 ◦C. The emissions were reduced by 17% and 23%, respectively, with the
addition of 0.3% and 0.6% natural zeolite (Figure 6). Larger reductions were obtained in WMA–RAP
with the addition of 0.6% natural zeolite (R10-Z0.6-125, R20-Z0.6-135, R30-Z0.6-145), which were
compared with the reference mixtures manufactured with RAP (PR-10-155, PR-20-155, PR-30-155).
These WMA–RAP mixtures showed reductions in CO2 emissions in the range of 30% to 37%, the largest
reduction being obtained with R20-Z0.6-135 (Figure 6). This may be related to the results obtained by
Giani et al. [41], who indicated that WMA produced using RAP instead of virgin raw materials may
mean a reduction in CO2 emissions of approximately 12% over the whole life cycle.

3.2. Energy Consumption

Energy consumption assessment of the production processes of different pavement types may
constitute an important tool for engineers and legislators in selecting the type of pavement and
technology to use in infrastructure design, in terms of both environmental impact and economic
investment [2]. In this context, the manufacture of HMA requires higher energy consumption during
asphalt mixing and aggregate heating; the latter process accounts for 53% of energy consumption [2].
Several researchers have concluded that the lower production temperature of WMA technologies
may reduce the energy consumption compared to HMA [42,43]. This is consistent with the results
shown in Figure 7, which show a reduction in energy consumption due to the lower production
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temperature. The reference HMA was produced at 155 ◦C, while the study mixtures were produced at
lower temperatures (125 ◦C, 135 ◦C and 145 ◦C). These temperature reductions account for decreases in
energy consumption of 13%, 9% and 5%, respectively. These findings are similar to those reported by
Anderson et al. [39], who described an energy saving of about 10% using WMA with water-injection
foaming systems. Croteau and Tessier [10], in their study of the WMA state-of-practice, indicated
energy savings ranging from 20 to 35% according to the reports of WMA trials in an asphalt plant.
Similarly, Harder et al. [44] observed reductions in energy consumption of between 10% and 30%.
These variations are dependent on the WMA system, moisture content of the aggregates and the
type/efficiency of the plant. Expressed in terms of kcal, a reduction of 2051 kcal/ton per 10 ◦C decrease
in temperature is observed. A similar result was reported by Peinado et al. [42], who noted an extra
energy demand of about 2253 Kcal for an increase of 10 ◦C in the mixture temperature.

 

Figure 7. Energy consumption in reference to production temperature.

3.3. Evaluation of Production Cost

Energy savings are related to cost reductions because they imply a reduction in fuel consumption.
Several researchers have reported economic benefits from the use of WMA. The different quantities of
fuel required to produce all mixtures evaluated in this study were calculated, based on the energy
consumption results of the asphalt mixtures produced at different temperatures and the heating power
of the fuel. Parameters such as ambient temperature (15 ◦C), aggregate moisture content (3%) and
RAP moisture content (0.3%) were fixed (Table 8), since the focus of the present study was on the
energy and cost savings achievable by reducing the manufacturing temperature during the production
stage. A reduction in fuel consumption of about 10% was observed for WMA at 135 ◦C, while
for WMA–RAP the reduction in fuel consumption reached 15% for R10-Z0.6-125, R20-Z0.6-135 and
R30-Z0.6-145 (Figure 8). These results are similar to those reported by Anderson et al., who indicated
that a temperature reduction of 27 ◦C resulted in an average fuel saving of 22%, with data drawn from
13 projects [39].
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Figure 8. Comparison of fuel consumption per 1 ton of mixture production.

The cost evaluation of WMA with the addition of natural zeolite included the cost of the additive
and the savings related to reduced fuel consumption. For the WMA–RAP with natural zeolite, the cost
evaluation considered the cost of the additive and the savings due to reduced fuel consumption and raw
materials (aggregates and asphalt binder). The cost evaluations consider the production temperature
for all the mixtures evaluated, including the aggregate overheating temperature required for the WMA
with RAP, as well as the reduced consumption of virgin asphalt binder due to the incorporation of
RAP (Table 7).

The current cost of natural zeolite reported by the supplier is US$1.03 per kg. This is a high cost,
much higher than the cost of lime (US$0.11 per kg), probably due to the lack of development of this
industry. The production process of natural zeolite includes the same steps as the production of lime:
extraction of natural stone, grinding, sieving and finally packaging for commercialization; however,
lime production requires an important extra step: mineral calcination at 900 ◦C. This process implies
a major additional cost that is not required to obtain natural zeolite. Nevertheless, the cost of lime
continues to be considerably lower than that of natural zeolite. In consideration of the above, two cost
evaluations were carried out based on two scenarios: the current situation, when the cost of natural
zeolite is US$1.03 per kg; and a hypothetical future situation, in the expectation that the natural zeolite
industry is likely to grow to meet demand, when the cost of natural zeolite will fall to a similar level
to that of lime (US$0.11 per kg). The results shown in Figure 9 indicate that in the current situation,
the production cost of manufacturing WMA is higher than the production cost of HMA by a factor
ranging from 5% for WMA with 0.3% of natural zeolite to 12% for WMA with 0.6% of natural zeolite.
These results were higher than the cost of the reference mixture (P-155) because the savings in fuel
costs were lower than the extra cost of the additive. Similar findings were reported by EAPA, which
described the production cost of WMA as being similar to or slightly higher than that of HMA [45].
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Almeida et al. [46] obtained similar results, comparing rough asphalt concrete with WMA (Sasobit®);
they reported little difference in the total costs of the two mixtures. When the hypothetical situation
projected above is analyzed, the cost of WMA with 0.3% and 0.6% natural zeolite may be similar to
that of HMA.

 

Figure 9. Production cost evaluation for warm mix asphalt (WMA) with natural zeolite addition
considering 1 ton of mixture, in the current situation and a hypothetical future situation.

When the cost of WMA with the addition of natural zeolite and RAP is analyzed (Figure 9), all the
asphalt mixtures evaluated in this study present reduced costs. In the current situation, WMA with
30% RAP and 0.3% natural zeolite presented cost savings of about 25%, while the cost savings for
WMA with 30% RAP and 0.6% natural zeolite were 19% (both manufactured at 145 ◦C). For WMA
with 10% RAP produced at 125 ◦C, the cost savings were 7% and 1% for the addition of 0.3% and
0.6% of natural zeolite respectively. Finally, if a balance is sought between incorporating RAP and
reducing temperature, the best alternative might be WMA with 20% RAP produced at 135 ◦C, which
gives cost savings of 17% and 11% for the addition of 0.3% and 0.6% natural zeolite respectively.
Analyzing the WMA-RAP mixtures in the hypothetical future situation, the cost savings may be higher,
achieving a cost reduction of 30% for R30-Z0.6-145, 21% for R20-Z0.6-135 and 11% for R10-Z0.6-125
(Figure 9). These results are consistent with the report by Kristjánsdóttir et al. [43], who showed
that RAP incorporation may be a good approach to cost savings; they concluded that in the project
evaluated, increasing the RAP content from 25% to 40% would result in a net saving of US$4.55/ton.

4. Conclusions

The present study focused on the gas emissions, energy consumption and production costs of
WMA and WMA-RAP, in comparison with a reference mixture. In terms of gas emissions, all the WMA
showed reductions in direct CO2 emissions of 17% and 23%, respectively with the addition of 0.3% and
0.6% natural zeolite. The CO2 reductions for WMA-RAP were higher, reaching 37% for WMA-RAP
with 20% RAP manufactured at 135 ◦C and 35% for WMA-RAP with 30% RAP manufactured at 145 ◦C.
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The reductions in CO emissions were smaller than those achieved for CO2: for WMA, the CO reduction
was not statistically significant, whereas for WMA-RAP the CO emissions decreased by nearly 6%.
On this point, it is remarkable that the CO emissions are not only correlated to fuel burning; in this
research CO emissions were detected although the fuel burning process was excluded. For all asphalt
mixtures evaluated, SO2 emissions were out of the detection ranges (0.05%); this could be because
SO2 is generated by the combustion process and is highly dependent on fuel type, which was not
considered here.

Reductions in energy consumption were found in the range of 5% to 13%, similar to the reductions
reported by other researchers.

Finally, in the cost evaluation, the cost reduction for WMA achieved by reduced fuel consumption
was not enough to compensate the current additional cost of the additive; these mixtures are still slightly
more expensive than the reference mixture. The situation for WMA-RAP was different: production
cost savings close to 25% were achieved for the mixtures with 30% RAP and 0.3% natural zeolite.

Our results show that all the asphalt mixtures evaluated presented reduced gas emissions and
energy/fuel consumption, with a cost similar to the control HMA. In addition, if the mixtures are
manufactured with RAP, the benefits will be greater thanks to the energy and cost savings; mixtures
containing RAP also offer environmental benefits, which include lower emissions and the use of
recycled asphalt pavement materials.
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Abstract: This article presents a comparative review of the most commonly used nano-additives
for bituminous mixtures: nanoclays (NC), nanosilicates, carbon nanotubes (CNTs), graphene
nanoplatelets (GNPs), nano-calcium oxide (CaO), and nano-titanium dioxide (TiO2). In this study,
the mechanical behavior of the obtained additive mixture is evaluated. According to the revised
literature, the results strongly depend on type, concentration, and dispersal of used nano-additive. In
fact, it has been seen that simple shear mixing followed by sonication homogenizes the distribution
of the nanoparticles within the bituminous matrix and favors the bonds’ formation. The viscosity of
the mixture of bitumen with nanoparticles improves with the increase of the percentage of additive
added: it indicates a potential improvement to permanent deformation and rutting. Another benefit is
an increased resistance of the binder to aging. Furthermore, it has been shown that the nanoparticles
are able to prolong the service life of a bituminous mixture by means of various interdependent
chemical–physical mechanisms that can influence the resistance to fatigue failure or the ability to
self-heal. However, the effectiveness of these improvements depends on the particle type, added
quantity and mixing technique, and the tests carried out.

Keywords: bituminous mixtures; nano-additives; nanoclay; carbon nanotubes; graphene
nanoplatelets; nano-calcium oxide; nano-titanium dioxide; sonication; fatigue performance;
self-healing

1. Introduction

Bitumens are natural or artificial mixtures of solid or semi-solid hydrocarbons, obtained from
asphaltic rocks or natural oils; they are used to provide waterproofing and protective coating and
as binders in road construction [1]. Bitumen’s components are usually grouped into two categories:
asphaltenes and maltens. These two can be subdivided into saturates, aromatics, and resins [1].
Bitumen is modeled as a colloid composed of asphaltene micelles covered by a stabilizing phase of
polar resins; this phase forms the interface with a continuous oily maltenic medium [1,2].

Different factors affect the physical and mechanical behavior of bituminous mastics, including
temperature and loading time. The compound is liquid or solid at high or low temperatures, respectively.
Therefore, when asphalt is used for road pavements, cracks at low temperatures or rutting at high
temperatures may occur. Moreover, oxygen, ultraviolet (UV) light of sun, and heat affect both the
physical properties and chemical structure of asphalt, and cause a phenomenon called aging [3].
Another enemy of the asphalt binder is moisture: it causes the progressive loss of functionality of the
material due to loss of the adhesive bond between the asphalt binder and the aggregate surface [4].
Penetration of moisture in asphalt mixtures reduces strength and stiffness of asphalt mixtures and
makes the mixtures prone to develop premature pavement distresses (e.g., stripping, raveling, and
hydraulic scour [5,6]; rutting, alligator cracking, and potholes [4]). The presence of water in pavements
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can be detrimental if combined with other environmental factors such as freeze–thaw cycling over
extended periods: chemical and physical interactions between bitumen and aggregate at the interface
influence the adhesive strength [5]. Moreover, repetitive vehicular loads cause fatigue cracking distress
in asphalt pavements. Fatigue in asphalt pavements consists of two consecutive phases. At first
(pre-localization), micro-cracks are generated; these grow followed by the formation of macro-cracks
during post-localization due to critical stresses or strains [7]. Finally, permanent deformations (i.e.,
rutting) affect asphalt pavements; they are caused by deformation or consolidation of pavement
layers, especially if they are thermosusceptible as asphalt ones are. Several factors influence rutting
of asphalt pavement: overloading, low-speed trucks, substance properties, and climate conditions
(i.e., high-temperature areas). As traffic loading and tire pressure increase, permanent deformation at
the top layer of pavement surface also increases [4]. Service life of the pavement drastically declines
because of rutting: when in ruts, asphalt becomes a hydroplaning hazard.

In recent years, increased traffic levels (both volume and load) entailed the need to enhance
performance of used asphaltic materials. In addition, both a better understanding of behavior
and characteristics of binders and the greater development of technology have encouraged and
enabled researchers to examine the benefits of introducing additives and modifiers into the asphalt [8,9].
Available modifiers fit into various categories (e.g., naturally occurring materials, industrial by-products
and waste materials, and engineered products). Some of the most common categories include reclaimed
rubber products, fillers, fibers, catalysts, polymers (natural and synthetic), and extenders. Among them,
a blend of asphalt with polymer is the most often currently used to improve performances of asphalt
(and asphalt mixes) [10,11]. Polymer-modified asphalt has been used for many years with mixes and its
usage will probably increase in the immediate future. Polymer-modified asphalt improves resistance to
rutting, abrasion, cracking, fatigue, stripping, bleeding, and aging at high temperatures, and flexibility
at low temperatures [10]. In addition, the structural thickness of asphalt pavement could be reduced.
According to some research [12], different types of polymers can be mixed with asphalt: there is no
universally superior polymer type and therefore its selection depends on specific needs. Moreover, its
effectiveness depends on polymer characteristics, polymer content, and the nature of the asphalt.

In addition to traditional modifiers such as polymers, in recent years various alternative materials
have been considered. Particularly, the emergence of nano-technologies has motivated a number of
researchers in evaluating the use of nano-materials for such a purpose [13]. Nanotechnology is the
study of the control of matter on an atomic and molecular scale: it deals with structures of the size
100 nm or smaller and involves developing materials or devices within that size. The application of
nanomaterial technology in asphalt mixtures is a relatively new topic; it has rapidly evolved since the
buckminsterfullerene discovery [14]. Nanotechnology allows us to create new materials and devices
to be used in many fields of science and applied technology [15]. In the road pavement sector, due
to their mechanical properties and large surface area to volume ratio, carbon nanotubes (CNTs) [16]
and nanoclays (NCs) are some of the most promising modifiers [17–19]. According to Steyn [20],
nanotechnology can play a role in improving existing and available materials to enhance the mechanical
characteristics of asphalt binders. Several studies have been carried out on the capability of nano-sized
particles to improve rheological characteristics of bitumens, while limited works have focused on the
effects on fatigue and healing properties. Khattak et al. [21] demonstrated that carbon nano-fibers
could enhance the fatigue resistance of bituminous materials by means of crack bridging and pull-out
mechanisms. Santagata et al. [22] showed that the adoption of a proper dispersion of carbon nanotubes
in bituminous mastics could have effect against cracking. According to Liu et al. and Wu et al. [23,24],
both chemical characteristics of the nanoclay surfactant and an adequate interfacial interaction between
bitumen and nanoclay particles can improve fatigue resistance.

However, aspects must be clarified concerning the costs–benefits of nano-reinforced materials
and the industrial-scale implementation of bituminous mixtures with nano-additives’ production.
According to preliminary investigations, it is envisioned that nanotechnologies in the road
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sector may open undiscovered scenarios in the development of new smart, multifunctional, and
high-performance products.

2. Research Methodology

In this study, the systematic literature review (SLR) defined by Kitchenham was performed [25].
It allows identification, analysis, and interpretation of available data about a research question, area, or
investigated phenomenon. According to the evidence of reference materials, the goal of the study is to
identify and analyze research into the use of nanoparticles as additives in bituminous conglomerates:
manuscripts that contribute to SLR are primary studies, while this manuscript is a secondary study.

Peer-reviewed articles on the use of nanotechnology in road pavement, published between 2007
and 2018, were included. The main search strategy was automatic and involved the peer-reviewed
databases Scopus, Web of Science, and Google Scholar. Furthermore, a manual search activity was
performed as consequence of the results obtained in the automatic process and involved papers
published since 2003. This activity involved both peer-reviewed, and not, documents. Finally, classical
sources, standards, and regulations were considered, whatever their publication year.

Planning, conduction, and reporting results are the three main phases of the systematic literature
review. They include:

1. Planning: Identification of the need which justifies the systematic literature review. Particularly,
the research questions are:

• What are the types of nano-additives considered, and the methods and technological solutions
investigated at international level?

• What are the performance improvements of bituminous mixtures additives
with nanoparticles?

• What is the extent of the self-repairing capacity of bituminous mixtures with the addition of
nanoparticles compared to those without additives?

2. Conduction: Implementation of a search strategy compliant with the protocol defined in the
previous phase;

3. Reporting results: Description of the results, answers to the goal of the study, and discussion of
the results.

After the final application of the work selection strategy, 81 documents were identified: 69 are
primary studies (i.e., peer-reviewed indexed research papers), 4 are secondary studies (i.e., reviews),
and 8 are classical sources, standards, and regulations.

These works allowed the authors to make a critical assessment of the state of the art and answer
the research questions.

3. Materials and Methods

3.1. Materials

3.1.1. Nanoclay

Nanoclays are hydrated aluminosilicates belonging to the class of phyllosilicates such as
montmorillonite or caolinite. The nanoclays are composed of nanometric flakes with high specific
surface area and aspect ratio: their dispersion in a polymeric matrix gives the nanocomposite increased
barrier properties and greater resistance [26]. In general, nanoclays are able to modify profoundly
the rheological properties of different materials. Extensive research has been dedicated to the use of
nanoclay to reinforce asphalt binders. Although some types of nanoclay did not affect the stiffness
or viscosity of the bitumen, other types of nanoclay showed encouraging results. Various physical
properties such as stiffness, tensile strength, tension module, flexural strength, and bitumen thermal
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stability modulus can be improved when a small amount of nanoclay is microscopically dispersed.
Generally, the elastic modulus increases for the modified bitumen with the added nanoclay, while
the dissipation of the mechanical energy with respect to the unmodified bitumen is lower [26].
Jahromi and Khodaii [26] used bentonite clay (BT) and a chemically modified bentonite (OBT) to
modify asphalt binders using the mixing process “sonication and shearing stresses”. The modified
asphalts had a higher resistance to rutting as well as a significant improvement in behavior at low
temperatures with an increase in cracking resistance [27,28]. The improvement in terms of stiffness and
resistance of the modified bitumen depends on the temperature and the percentage of added nanoclay.
Nanoclay is also used as a second additive to improve the performance of bitumen modified with
styrene–butiadene–styrene (SBS) [29–31].

Recent studies have shown an increase in the rutting trigger factor according to Superpave
(SUperior PERforming asphalt PAVEments) standard [32], while the rotational viscosity tests indicated
a significant increase in viscosity [33,34]. Among other benefits, nanoclays have also shown the ability
to improve the resistance to aging of asphalt mixtures [35,36].

3.1.2. Nanosilica

Silica nanoparticles are used in medicine and pharmaceutical industries [37] for diagnostics and
treatment of many pathologies, in industry to reinforce elastomers as a rheological solute [38], and
in cement mixtures [39]. Similar to nanoclay, they have low production costs and high performance.
Indeed, asphalt binders modified with nanosilicates have a lower viscosity value that reduces the
compaction temperature or the energy dispersion during the construction process. The addition of
nanosilica improves the recovery capacity of asphalt binders and enhances anti-aging capabilities,
cracking resistance, resistance against rutting, and anti-stripping properties [27]. On the other hand, the
addition of nanosilica does not influence the low-temperature properties of the modified bitumen [31].

According to Yusoff et al. [11], nanosilica could reduce susceptibility to moisture damage and
increase resistance to fatigue and rutting of bituminous binders [11].

3.1.3. Carbon NanoTube

Under specific conditions, carbon atoms make up spherical structures, the fellurenes whose
structure, after a subsequent relaxation, tends to roll up on itself, resulting in the typical cylindrical
structure of carbon nanotubes [16]. Nanotubes are commonly divided into two types:

• single-walled nanotubes or SWCNTs (single-walled carbon nanotubes): consisting of a single
graphite sheet wrapped around itself;

• multi-walled nanotubes or MWCNTs (multi-walled carbon nanotubes): formed by multiple sheets
coaxially wound one on the other.

The high ratio between the length and diameter of carbon nanotubes gives them mechanical
properties that are superior to those of other construction materials. When CNTs are added to
bituminous binder mixtures with a sufficient percentage (>1% by bitumen weight), they can have
significant effects on their rheological properties [21,40]. With the addition of CNTs to asphalt, an
increase in adhesive strength was noted as well as increased susceptibility to moisture [41]. Moreover,
the addition of CNTS produces positive effects on fatigue and rutting resistance compared to the
not-additivated bituminous binders. [42,43]. Furthermore, the susceptibility to thermal cracking [35]
and oxidative aging is reduced in bituminous mixtures [22].

3.1.4. Graphene Nanoplatelets

Graphene nanoplatelets (GNPs) consist of stacks of graphene sheets (Figure 1) (material consisting
of a monoatomic layer of hexagonally arranged carbon atoms) that can be characterized by diameter of
sub-micrometers and thickness of the order of nanometers. Graphene nanoplatelets exhibit superior
mechanical properties if compared to nanoclay and nanosilica. They have the advantage of having a
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lower cost compared to CNTs. Having regard to cement mortar, GNP could effectively improve the
electrical conductivity and reduce the critical pore diameter of cement mortars [44] with a significant
impact on its durability [44]. Experiments have also shown that the addition of GNP would increase
mechanical performances of cement mortars and contribute to the self-healing properties of bituminous
mixtures [44,45].

Figure 1. Graphene nanoplatelet (GNP) sheet.

3.1.5. Nano-Oxides

This category includes a wide variety of spherical or aggregate forms of nanoparticles. It includes
metal oxides, semiconductors, and ultrafine inorganic compounds, produced through various chemical
processes or through pyrolytic processes and the recovery of combustion waste in industrial processes.
It is a type of particle whose dimensions are quite variable, particularly suitable for production in large
quantities and on an industrial scale compared to other types [46].

Nano-oxides have greater thermal and chemical resistance and mechanical stability; greater
resistance to atmospheric agents and greater resistance to aging.

In the infrastructure sector, mainly calcium oxide and titanium dioxide are used.

Nano-Calcium Oxide (CaO)

According to recent studies [47,48], the addition of nano-calcium oxide (CaO) in bituminous
binder produces:

• A reduction of the penetration value by 7%, which directly relates to resistance to high
temperature [47];

• An increase of softening point’s value by 45% with resilience modulus value increased by 1.7
times that of neat bitumen [47];

• An improvement of bitumen’s characteristics in colder regions to avoid thermal cracking when
added at 4% and 6% of weight of bitumen [48].

Nano-Titanium Dioxide (TiO2)

According to recent studies [49–51], the addition of titanium dioxide (TiO2) to a bituminous
binder can:

• improve fatigue resistance, permanent deformation, and oxidative aging of the binder [49–51];
• in association with other modifiers, such as polymers, it can improve the softening point and the

ductility of the binder [52];
• have the ability to remove air pollutants [53];
• degrade most pollutants from automobile exhaust [54];
• improve creep comportment and prevent vertical cracks (added in 5% of bitumen mass) [49];
• improve fatigue life and flexural stiffness [55].
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3.2. Methods

In the literature, the presented additives have been added to a bituminous base compliant with
AASHTO M 320 [56]. The added percentage by weight of bitumen varies between 0.1% and 1% for
CNTs and GNP, and between 3% and 6% for nanoclays and nanosilica; in any case dosage of nanoclays
and nanosilica is higher than that of CNTs [22,57–60]. The added percentage by weight of bitumen
varies between 4% and 6% for nano-calcium oxide [47] and between 1% and 7% for nano-titanium
dioxide. In the latter case, for many authors the optimum content of TiO2 is 5% of binder mass [61].

Both the dosage of added nano-additive and the mixing techniques used for preparing the mixture
influence the bitumen’s behavior [62,63].

3.2.1. Mixing Techniques

Usually two mixing techniques are used:

• The first is based on a simple shear mixing procedure [22,57,64,65] and consists of two phases. In
the first phase, the nano-additives are manually added to the bitumen. A second phase follows
this (pre-mixing) one; a mechanical stirrer (Figure 2) with heating mixes at 1550 rpm and a
constant temperature of 150 ◦C the additivated bitumen for 90 min. This technique is not only
the most convenient to use in laboratory, but is easily transferable on industrial scale in hot-mix
asphalt plants.

Figure 2. Mechanical stirrer.

• The second mixing procedure consists of three phases: a third phase (i.e., ultrasonic sonication)
is added to those of the first procedure. In one research project [63], a UP 200S ultrasonic
homogenizer (200 W and 24 kHz) equipped with a titanium cylindrical sonotrode (7 mm diameter)
was used. When it was immersed in the fluid mixture at a constant temperature of 150 ◦C,
the generated ultrasounds propagated inside the material. The transmitted compression waves
allowed separation of individual nanoparticles from the existing agglomerations and ensured a
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greater homogeneity of dispersion [60]. In order to improve the dispersion, several researchers
tested duration and amplitude of the waves during sonication [27,66,67]. Finally, the effects of
sonication on the distribution of nanoparticles were evaluated directly by microscope or indirectly
through rheometric methods. Particularly, the storage modulus was sensitive to dispersion of
nanoparticles: it increases with increasing energy spent during homogenization (both sonication
duration and wave amplitude [68]).

The rotation rate and the power of the mixer were varied for high shear, mechanical, and ultrasonic
mixers (Figure 3) [69].

Figure 3. Alternative mixing techniques reproduced from [69].

3.2.2. Testing Program

To study the distribution of the various nanocomposites in the bituminous matrix, researchers
have commonly used atomic force microscopy (AFM), X-ray diffraction spectroscopy (XRD), scanning
electron microscopy (SEM), and tunneling electron microscopy (TEM). These tests are also useful to
understand the effect of nanocomposites on the mechanical and rheological properties of the modified
bitumen [70].

Having regard to the three critical phases in bitumen life (i.e., storage and transport; mixture
production and laying, and aging), laboratory tests analyzed non-aged short-lived and long-lasting
specimens [71,72]. The carried out laboratory tests concerned:

1. Viscosity tests according to AASHTO T316-04 [73].
2. Through the use of the DSR (dynamic shear rheometer), OSL (oscillatory shear loading) and

MSCR (multiple stress creep recovering) tests were carried out, increasing stresses from 0.1 to
3.2 kPa and different temperature values according to AASHTO TP 70-10 [74]. By applying a
shear stress, the equipment measures the binder’s response in shear-cut terminations. Through
the relationship between the applied cutting force and the obtained deformation, the rheometer
allows us to obtain the following parameters:

• G* (complex modulus);
• δ (phase angle);
• G*/sinδ (parameter correlated to rutting);
• G* sinδ (parameter correlated to fatigue).

3. Fatigue tests according to AASHTO T 315 [75].
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4. Self-repair tests performed by means of cyclic load tests of the time sweep type interrupted by
multiple rest periods; the test ends when a reduction in initial dissipation energy of 5%, 10%, 30%,
and 50% is reached.

4. Conclusions

This document presents a review of the nano-additives most commonly used to modify bitumen:
it analyzes and compares their mixing conditions and their influence on the mechanical characteristics
of the binder. Performances of bitumen additivated with nanoclays, nanosilica, carbon nanotubes,
graphene nanoplatelets, and nano-oxides were considered having regard to different distresses (i.e.,
fatigue resistance, rutting, and self-healing processes).

Given the results in the literature, simple shear mixing technique is potentially more easily
transferable to the industrial production of hot bituminous mixes, while the dispersion of nanoparticles
in the bituminous matrix improves through the ultrasonic mixing technique.

In fact, with reference to storage modulus that is highly sensitive to nanoparticle dispersion
and interfacial interaction, by increasing the energy input for homogenization, either by extending
sonication duration or by expanding wave amplitude, the storage modulus increases. It can be seen
that similar trends were recorded regardless of the considered additive type. This is also supported
by the results obtained under the microscope and by other characterization techniques such as AFM,
TEM, SEM [68–70].

The addition of a sufficient amount of CNTs (>0.5% by weight of bitumen) significantly increases
the stiffness and elasticity of the bituminous base at low frequencies and high temperatures: it could
result in a potential improvement in resistance to bending. Binders containing CNT have revealed a
high sensitivity to the level of damage. In addition, there is a different fatigue behavior depending on
the mixing technique adopted to disperse the CNTs in the bituminous matrix; an improvement is noted
with the increase in sonication times or with the modification of the amplitude of the ultrasonic waves.

As indicated by the upward displacement of the corresponding curves τ–NDERmax [59], the
mixtures with NC have shown better performance in terms of fatigue than net bitumen in the entire
spectrum of loading and damage conditions simulated in laboratory [76–79].

CNT helps in improving tensile strength, flexural strength, and rutting resistance, and reduces
thermal cracking.

In terms of self-repair, the recoverable damage component depends on both the load history and
the type of bitumen considered. By increasing the degree of damage suffered by the sample, the repair
potential tends to decrease; on the other hand, materials containing nano-additives show a higher
recovery component than that of net bitumen.

In particular, the higher viscosity of the admixed mixtures can delay the process of formation of
the surface cracks which represents the initial step for the self-repair process [64,65,80].

While NCs improve the self-repairing ability of net bitumen when limited damage occurs, CNTs
make an even more significant contribution after high-load levels.

Nano-TiO2/SiO2 have also been reported to be used as an additive to improve the rheological
properties of conventional bitumen [4]. The nano-modified bitumen showed improved adhesive
bonding of aggregate, better interlock between aggregates, reduced deformation, improved fatigue
life of pavement, low phase angle value, high complex modulus value at low temperatures, and high
rutting resistance [4].

The test results indicate that modified asphalt binders show an increase in the complex modulus
and a decrease in the phase angle compared to unmodified asphalt binders.

The phase angles of both unmodified and nano-modified asphalt increase as the
temperature increases.

In comparison, the nano-modified asphalt was less sensitive to temperature changes. In other
words, the modified asphalt binders demonstrate a higher ability to maintain elastic/viscous capability
than the unmodified asphalt [4].

64



Sustainability 2020, 12, 8044

Bitumen composites synthesized with nano-additives exhibit improved properties in hotter and
colder regions [70].

In conclusion, the efficacy as bitumen modifiers of additives of nanometric dimensions strongly
depends both on the volume within the mixtures (due to a simple filling effect) and on the interactions
that can arise with the continuous bituminous matrix (depending on the surface specification
and compatibility).

The use of nano-additives for bituminous binders promises a series of advantages, with particular
attention to bitumen durability. But their use in bituminous mixes still has many aspects to be clarified
and optimized. The first problem is the lack of univocal procedures that makes it difficult to compare
data coming from different laboratories [81].

Moreover, according to the opinion of several researchers, the interactions at nanoscale can lead
to a new generation of bituminous nanocomposites with tailored chemical–physical properties.

Other specific aspects of binder behavior should be subjected to analysis, possibly by introducing in
the evaluation a cost–benefit analysis in order to stimulate applications at the industrial scale. In addition,
the possibility of creating a bituminous binder with nano-additives and 100% recycled aggregates
should be considered in order to obtain high-performance mixtures and reduce environmental impacts
and maintenance costs.
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Abstract: In road construction, it can happen that, for different reasons, the time between hot-mix
asphalt (HMA) production and paving is extended to some hours. This can be reflected in several
problems such as mix cooling and temperature segregation, but also in an extremely severe bitumen
ageing due to its prolonged exposure to high temperatures. This paper deals with the investigation
of these phenomena both in the laboratory and on site. In particular, the first part of the research
aimed at observing the influence of the conditioning time, when the loose HMA is kept in the oven
at a high temperature, on the mix properties. The second part focused on the ageing/cooling that
happens on site during HMA hauling, as a function of time and type of truck. Temperatures were
monitored using a thermal camera and different probes, and gyratory compactor specimens were
produced by sampling some HMA from the trucks every 1 h for 3 h. The results showed that HMA
stiffness rises if the time when the loose mix stays in the laboratory oven before compaction increases.
However, on site, the HMA volumetric and mechanical properties do not change with hauling time
up to 3 h, probably because the external material in the truck bed protects the HMA core from the
access of oxygen, hindering bitumen oxidation and loss of volatiles. The temperature monitoring
highlighted that temperature segregation, after 3 h hauling, can be higher than 30 ◦C but it can be
reduced using insulated truck beds.

Keywords: hot-mix asphalt; ageing; cooling; temperature segregation; hauling; insulated truck; re-heating

1. Introduction

(HMA) is a composite material used extensively worldwide for the construction of pavements and
it consists of aggregates and bitumen. The nature of the components and the production procedure of
HMA, as well as the construction techniques and the environmental conditions during hauling and
paving, influence the volumetric and mechanical properties of flexible layers and, hence, the pavement
service life [1,2].

One of the factors that mainly affect HMA performance is bitumen ageing. At a chemical level,
two mechanisms mainly govern the ageing process of bitumen: oxidation reaction and loss of
volatiles [3–5]. The oxidation reaction refers to the introduction of oxygen-rich functional groups on
the asphaltene molecules, determining the generation of strong intermolecular interactions and the
formation of asphaltene clusters [6–8]. The loss of volatiles entails the decrease in the bitumen aromatic
content, which causes the destabilization of the asphaltenes and intensifies their agglomeration [9–11].
In the components saturates, aromatics, resins and asphaltenes (SARA), these phenomena determine,
in percentage, the reduction in the aromatics and the increase in the resins (which in turn generate
asphaltenes), whereas saturates basically do not change, because of their poor reactivity [12]. As bitumen
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viscosity is strictly related to the asphaltene content, the effect of oxidation clearly reflects on the stiff and
hard behavior, the low adhesive properties and the poor coating ability [13–15]. From an engineering
point of view, two steps can be identified in the ageing process, namely the short-term ageing, which
happens during the HMA production and paving, and long-term ageing, which gradually happens
during pavement service life.

Temperature plays a fundamental role in bitumen ageing, as it can accelerate the chemical
modifications. This is particularly important in the short-term step [16]. For this reason, during HMA
manufacturing, it is fundamental to avoid bitumen overheating, which means containing the
temperatures in the bitumen storage silo and inside the drum.

Moreover, both in the laboratory and in real road construction, HMA is sometimes kept at a high
temperature for a long time. On site, this issue is typically associated with long hauling distances
or to logistical problems during paving operations (paver running and HMA supply can be badly
synchronized). In the laboratory, this happens, for example, when big HMA batches need to be heated
(large volumes require a long time for the heat to reach the inner part of the material) or when many
specimens have to be compacted from the same HMA batch (the material for the last specimen stays
in the oven for a longer time compared to the first). If the HMA stays at a high temperature for an
extended time, this can be reflected in a more severe short-term ageing [17,18]. The phenomenon is
even more magnified if the HMA is left cooling and later reheated [19]. Kidd et al. [20] observed that
the reheating of loose asphalt mixture results in changes to mix properties, particularly in the linear
viscoelastic field (resilient and flexural modulus). Daniel [21] compared HMA specimens compacted
at the plant or in the laboratory (after reheating) and noted that the latter have a significantly higher
stiffness and brittleness, as a result of the double short-term ageing.

For HMA hauling, two types of truck can be used, equipped with ordinary or insulated beds [22].
In the ordinary truck, heat is transferred to the surrounding environment by convection and radiation,
thus the HMA temperature decreases, particularly in correspondence with the material surface
(generating a cool thin crust) and on the bed edges and corners. Conversely, insulated trucks have
a protected bed that prevents heat loss and are typically used when HMA has to be delivered to far
away paving locations. The most common insulating materials used for the protection of the truck bed
are rock wool, plywood or wood of a different nature [22,23].

Therefore, in the case of ordinary trucks, the main concern that must be managed is represented
by HMA cooling, which can interest the entire material volume in the truck bed or only some parts
(the so-called temperature segregation) [24]. Several researchers demonstrated that temperature
decreases determine a significant reduction in HMA compactability during paving operations [25–28].
In particular, it is essential to complete the compaction process before the temperature of HMA falls
below a certain point known as cessation temperature, or a further increase in HMA density cannot
be achieved despite repetitive passes of rollers [29,30]. This is reflected in a higher risk of moisture
damage, raveling, rutting and cracking [24,31,32].

In the case of insulated trucks, the main issue is the extended time during which the material is
kept at a high temperature, which can determine an extra short-term ageing. This can also cause a lack
of HMA compactability, because of the increased bitumen viscosity, but in particular it determines
high stiffness and brittleness, leading to premature fatigue and thermal cracking [33].

In light of these matters, the present research investigates the influence of the time during
which HMA is kept at high temperature, both in the truck bed or in the laboratory oven, and the
influence of the truck type on HMA ageing (or cooling). The aim is to help the scientific community to
understand the beneficial (temperature preservation and reduction in segregation?) and detrimental
(extra-ageing?) effects related to the use of insulated trucks, in comparison with the ordinary trucks
and the lab-simulated conditions.
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2. Objectives and Experimental Program

2.1. Research Purposes

The purposes of this research program were multiple. The first part of the experimentation was
carried out in the laboratory and aimed to study the evolution of the HMA volumetric and mechanical
characteristics with a growing conditioning time of the loose mixture in the oven. Four HMAs were
investigated in particular, including different amounts of Reclaimed Asphalt Pavement—RAP (0%,
25% and 40%) and produced through different rejuvenating techniques (indicated with the codes R1
and R2). After mixing, the HMAs were left in the oven at 180 ◦C (which is the typical temperature of
HMA with a polymer-modified binder when exiting from the production plant) for different times
(from 30 to 180 min) before specimen compaction in order to observe the influence of conditioning
time on air voids content and indirect tensile stiffness modulus. Table 1 summarizes the tested mixes.

Table 1. Experimental program for the evaluation of the thermal conditioning in the oven.

Mix RAP Content [%]
Rejuvenating

Technique
Conditioning

Time [min]
Conditioning

Temperature [◦C]

0RAP 0 - 30, 60, 90, 120, 180 180
25RAP-R1 25 R1 30, 60, 90 180
25RAP-R2 25 R2 30, 60, 90 180
40RAP-R2 40 R2 30, 60, 90 180

The second part of the experimental program, including field and laboratory tests, had a
two-fold objective:

(1) investigating the ageing that happens during HMA hauling as a function of time and type of
truck and

(2) highlighting the issues related to temperature segregation of HMA during paving operations.

Four different batch plants (A, B, C and D) operating in the Autonomous Province of Bolzano
(northern Italy) were selected to produce HMA with polymer-modified bitumen (PMB). The loose
mixtures were dumped into two different kinds of trucks (normal and insulated) which had travelled
around the nearby roads for 3 h, in order to simulate the hauling phase. Every 1 h, they came back to
the plant and the temperature of the HMA was evaluated using probe and infrared thermometers.
In addition, an infrared thermal camera was used to check the temperature segregation on the surface
of the loose mixture inside the truck bed (Figure 1a). During each stop, some HMA was sampled from
the truck bed at a depth of 50 cm and compacted using a shear gyratory compactor (SGC) providing
a 100 mm diameter and 100 revolutions according to EN 12697-31 [34]. Finally, the HMA was laid
down using a paving machine (Figure 1b). During this phase, temperatures were checked in order
to evaluate any temperature segregation in the road surface. After a few days, cores were taken
out from the pavement for laboratory testing. For plant A, the loose mix was also sampled during
paving, left cooling, re-heated in the laboratory at 170 ◦C for 150 min (heating the loose mix for 60 min,
separating it into 1200 g samples and further heating for 90 min) and compacted using SGC. Table 2
reports the dataset available for each batch plant. On the specimens and cores, air voids content, indirect
tensile stiffness modulus, indirect tensile strength and cracking tolerance index were determined.
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Table 2. Dataset available for each hot-mix asphalt (HMA) plant.

Plant A Plant B Plant C Plant D

Truck
Normal X X X X

Insulated X X

Specimens compacted
on site

After 0 h hauling X X X X

After 1 h hauling X X X X

After 2 h hauling X X X X

After 3 h hauling X X X X

Cores X X X

Specimens compacted in the lab after reheating X

  
(a) (b) 

Figure 1. Pictures from the field investigation: (a) temperature measurement; (b) HMA delivery to
the paver.

2.2. Test Methods

2.2.1. Volumetric Analysis

The volumetric characteristics of the HMA mixtures were evaluated in terms of air voids content
according to EN 12697-8 [35]. In particular, the air voids content vm was calculated through Equation (1).

vm[%] = 100× ρm − ρb

ρm
(1)

where ρm is the maximum density and ρb is the bulk density. The maximum density ρm was calculated
according to the EN 12697-5—mathematic method [36], considering the real aggregate and bitumen
percentage contents (measured through bitumen extraction) and assuming the densities of 2.70 mg/m3

and 1.02 mg/m3 for aggregate and bitumen, respectively. The bulk density ρb was measured according
to EN 12697-6, Procedure C—sealed specimen [37], by weighting the sealed specimen in air and
in water.

2.2.2. Indirect Tensile Stiffness Modulus Test

The indirect tensile stiffness modulus (ITSM) is the most popular form of non-destructive
stress-strain measurement used to evaluate the elastic properties of bituminous mixtures and it is
considered a very important performance parameter in pavement design [38]. European Norm EN
12697-26—Annex C [39] defines the ITSM (MPa) according to Equation (2).

ISTM =
F× (ν+ 0.27)

(z + h)
(2)
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where F (N) is the peak value of the applied vertical load, z (mm) is the amplitude of the horizontal
deformation obtained during the load cycle, h (mm) is the mean thickness of the test specimen and
v is the Poisson’s ratio, here assumed to be 0.35 [40]. The test was performed in control-horizontal
displacement configuration using a servo-pneumatic device. The system adjusted the magnitude of
the vertical force during the first ten conditioning pulses, such that the specified target-peak transient
horizontal displacement of 3 μm was achieved. During testing, the rise time, which is the time when
the applied load increases from zero to the maximum value, was set at 124 ms. The test was performed
at 20 ◦C.

2.2.3. Temperature Monitoring

On site, the HMA temperature was determined by using both infrared and probe thermometers.
The first uses the amount of infrared energy emitted by the HMA and its emissivity to evaluate,
within a certain range, its actual temperature. They are sometimes called non-contact thermometers or
temperature guns, to describe the device’s ability to measure temperature from a distance. The second is
a thermometer that has a pointy metal stem that can be inserted into the loose mixture. The temperature
probe was introduced into the loose mixture, orthogonally to the surface, to a depth of about 2 cm.
This kind of measurement requires approximately 2 min to reach the thermal equilibrium and obtain a
consistent value of the mix temperature.

In addition, a thermographic camera was used to investigate the temperature variation of the
mixtures in the truck and during the paving operations. The electromagnetic spectrum encompasses
radiation from gamma rays, X-rays, ultraviolet, a thin region of visible light, infrared, terahertz waves,
microwaves, and radio waves. All objects emit a certain amount of black body radiation as a function of
their temperature. The higher the object’s temperature, the more infrared radiation (with wavelengths
approximately between 1000 nm and 14,000 nm) is emitted as black body radiation. The thermographic
camera can detect this radiation in a way similar to the way in which an ordinary camera detects the
visible light.

The contemporary use of multiple devices for temperature monitoring allowed the analysis of
different aspects: the infrared and probe thermometers recorded the mix temperature in specific points
and gave information of the local behavior, while the thermographic camera showed the temperature
of the entire construction site, highlighting the dissimilarities between different areas of the truck bed
and the pavement surface.

2.2.4. Indirect Tensile Strength Test

The mechanical resistance of HMA specimens and cores was determined in terms of indirect
tensile strength (ITS), according to EN 12697-23 [41]. In the ITS test, cylindrical samples were subjected
to a compressive load acting parallel to the vertical diametral plane using a universal hydraulic press.
This type of loading produced a relatively uniform tensile stress in perpendicular direction and the
sample usually failed by splitting along the loaded plane. The ITS (MPa) was calculated through the
following Equation (3).

ITS =
2× F
π× L×D

(3)

where F (N) is the peak value of the applied vertical load, L (mm) is the mean thickness of the test
sample and D (mm) is the sample diameter. The test was carried out at 25 ◦C and adopting a constant
rate of vertical displacement of 50 mm/min.
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2.2.5. Determination of Cracking Tolerance Index

In order to investigate the material resistance to cracking, the Cracking Tolerance index (CTindex) was
determined according to ASTM D8225-19 [42]. CTindex was calculated from the load-vs-displacement
curve of ITS tests by means of Equation (4).

CTindex =
L
62
× l75

D
× G f

|m75| × 106 (4)

where l75 is the displacement (mm) when the load is 75% of the peak value after the failure, |m75| is the
absolute value of the post-peak slope of the load-vs-displacement curve (N/m) when the load is 75%
of the peak value after the failure and Gf is the failure energy (J/m2), i.e., the ratio between the area
of the load-vs-displacement curve and the specimen section (D ∗ L). It has to be specified that |m75|,
as suggested by Zhou et al. [43], was determined from Equation (5).

|m75| =
∣∣∣∣∣F85 − F65

l85 − l65

∣∣∣∣∣ (5)

where (l85, F85) and (l65, F65) are the points of the load-vs-displacement curve when the load is 85%
and 65% of the peak value after the failure, respectively.

3. Effect of Conditioning Time in the Oven on Lab-Mixed HMA

3.1. Materials and Specimen Preparation

Porphyry gravel (in two fractions, with dimensions between 4 and 8 mm, respectively, and
between 8 and 12 mm), coarse RAP (particles with dimensions between 8 and 16 mm), limestone sand
and limestone filler were used. With the RAP content fixed, the virgin aggregate proportions were
optimized to build a gradation curve for surface layers within the reference envelope [44]. For the
RAP, the “white” gradation, i.e., that of the solid particles after binder extraction, was considered.
The bitumen content in the RAP was 4.73% by mix weight. Figure 2 shows the gradation curves of
the mixtures.

Figure 2. Particle size distribution for the mixes produced in the lab.

The 0RAP and 25RAP-R1 mixtures were produced using Styrene-Butadiene-Styrene (SBS) polymer
modified bitumen (PMB) with penetration 50/70 (classified as PMB 45/80-70 according to EN 14023 [45])
and polymer content of 5% by weight (hard modification). The 25RAP-R1 mix included an oil-based
rejuvenator, sprayed on the cold RAP before heating, with a dosage of 6% by RAP binder weight.
For 25RAP-R2 and 40RAP-R2 mixtures a specific binder, engineered for hot-recycling applications
(consisting of a base bitumen with penetration 70/100 modified with SBS and including rejuvenator),
was used. In the mix design, a complete blending between RAP and the virgin binder was assumed.
All the mixtures had a total bitumen content equal to 6% by mix weight.
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According to the EN 12697-35 [46], the laboratory mixing procedure provided the heating at 180 ◦C
of the components (aggregate, RAP and virgin bitumen) and the mixing for 30 s. The loose HMA was
conditioned in the oven at 180 ◦C for different times, from 30 to 180 min. Then, cylindrical specimens
with 100 mm diameter and approximately 67 mm height were compacted with 100 revolutions of SGC.

3.2. Results and Discussion from the Lab Investigation

Figure 3 shows the average air voids content (Vm) of the specimens (a) and the trend of the
voids content with the conditioning time in the oven (b). All the mixes were able to meet the Italian
Specifications (3–6%), except for 40RAP + R2 that had an air voids content lower than the limit.
The mixtures contained RAP achieved a greater density than the 0RAP, probably related to the
lubricating and fluidifying effect of the rejuvenating techniques. In addition, no significant variation of
the air voids content with the conditioning time was observed. This indicated that, even if the bitumen
experienced a more severe ageing due to the prolonged conditioning at high temperature, this did not
affect the compactability of the mixtures.

 
(a) (b) 

Figure 3. Air voids content Vm of the mixes produced in the laboratory: (a) average values; (b) Vm as a
function of the conditioning time.

Figure 4 shows the ITSM values as a function of conditioning time in the oven, for the different
mixtures. The data were interpolated with a linear trend, whose slope (reported in the table within
Figure 4) represented a kind of speed of bitumen hardening: the greater the slope, the greater the
sensitivity to ageing of the HMA.

Figure 4. Indirect tensile stiffness modulus (ITSM) of the mixes produced in the laboratory as a function
of the conditioning time.

It is very interesting to observe that all the mixtures tested showed a rising trend of stiffness when
the conditioning time was increased. In particular, the 0RAP mix showed the lowest ITSM values for
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short conditioning times (3000 MPa for the conditioning time of 30 min). However, the growth rate
for this mix was one of the highest, leading it to reach, after 180 min, an ITSM of 7000 MPa (+125%).
The 25RAP + R1 mix resulted in the stiffest (ITSM approximately between 6500 MPa and 8500 MPa) and
the most sensitive to the conditioning time in the oven. Probably, the rejuvenator had a low effectiveness
in reducing the bitumen hardness, or it was subjected to evaporation during the conditioning at high
temperature. The rejuvenation technique 2 (through a softer PMB including rejuvenator) was able to
limit the mix stiffness. In fact, 25RAP + R2 specimens were almost as stiff as 0RAP specimens (ITSM
approximately between 4000 MPa and 5000 MPa), while the ITSM of 40RAP + R2 specimens was
slightly higher (approximately between 5500 MPa and 6500 MPa). In addition, the slope of the trends
was significantly lower, denoting a lower tendency to ageing. This result is in agreement with other
studies [21,33], according to which, the already-aged binder from RAP experiences a less severe ageing
than virgin bitumen.

4. Effect of Hauling Time and Truck Type on Plant-Mixed HMA

Once the ageing and stiffening of the loose HMA conditioned in the oven were assessed,
field studies were carried out in order to check if the same behavior also occurs on site during the
hauling phase. At the same time, the study aimed at verifying whether any temperature segregation
happens as a function of truck bed type, when the lay-down site is far from the plant.

4.1. Mix Properties

All the mixtures were produced using the same binder, classified as PMB 45/80-70 according
to EN 14023 [45]. The binder content of the mixtures produced in each plant is reported in Table 3,
while Figure 5 shows the aggregate distribution compared to the gradation limits for a surface layer
defined by the local specifications [44].

Table 3. Binder content of the mixes produced at the plant.

Plant A B C D

Binder content [% by mix] 6.10 6.45 6.60 5.55

All the gradation curves were collocated near the upper curve of the specifications; this means
that every plant produced a mixture slightly finer than expected.

Figure 5. Particle size distribution for the mixes produced in the different HMA plants.
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4.2. Result and Discussion from the Site Investigation

4.2.1. Evaluation of Temperatures during Hauling and Paving

The trials in the plants A, B, C and D were carried out between October 2018 and April 2019.
In the chosen days, the average air temperature measured during the experimentation was about 15 ◦C
and the weather was sunny.

Table 4 shows, for each system, the hours when the loose mixtures were produced and sampled
from the truck bed, and the average temperatures measured on the top corner (C), inside the truck
bed (B) and on the loose mixture sampled from the truck body at 50 cm depth (L). The average
temperatures measured during the paving phases are shown in Table 5. Moreover, the time elapsed
between the production of the mixtures and their lay-down is reported. In the table, the codes “N” and
“I”, respectively, indicate the normal and the insulated trucks.

Table 4. Temperatures measured during production and loose mix sampling.

Plant Truck Production
1st

Sampling
2nd

Sampling
3rd

Sampling
4th

Sampling

A

Normal

Hours 9:00 9:12 10:08 11:04 11:27

T [◦C]

C - 146 121 98 87

B - 184 175 171 168

L - 165 160 152 146

Insulated

Hours 9:00 9:40 10:37 11:33 12:27

T [◦C]

C - 143 124 105 101

B - 178 182 170 165

L - 165 160 163 154

B

Normal

Hours 8:45 8:52 9:59 10:56 12:30

T [◦C]

C - 152 112 100 94

B - 181 186 184 175

L - 150 138 131 110

Insulated

Hours 8:45 9:21 10:25 11:25 12:30

T [◦C]

C - 133 106 92 96

B - 182 185 180 172

L - 165 151 131 111

C Normal

Hours 9:00 9:15 10:08 11:13 12:18

T [◦C]

C - 135 101 90 87

B - 185 183 178 174

L - 147 160 137 117

D Normal

Hours 8:00 8:15 9:22 10:24 11:18

T [◦C]

C - 151 109 97 85

B - 188 188 186 182

L - 169 130 129 109
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Table 5. Temperatures measured during paving operations.

A B C D

N I N I N N

Time elapsed between production and lay-down [min] 210 242 203 230 242 196

Temperature of the loose mix in the paver [◦C] - - 180 172 121 170

Surface HMA temperature after lay-down (probe) [◦C] - - 161 140 106 152

Surface HMA temperature after lay-down (infrared) [◦C] - - 146 181 142 171

Temperature of outside of the truck bed [◦C] - - 62 155 55 62

Temperature of bottom of the truck bed [◦C] - - 55 - 75 81

The data in Table 4 show that the cooling of the mix inside the truck bed (B) was very low
(10 ◦C after about 3 h). Moreover, there was no significant difference between the normal and the
insulated trucks. Probably, the tarpaulin which protected the top of the normal truck bed allowed the
cooling on the material surface to be avoided, similar to the case of the insulated truck. Conversely,
the temperatures on the top corner (C) and those measured on the loose mix (L) considerably decreased
(up to 66 ◦C and 60 ◦C, respectively). For plant A, the insulated truck was proved to reduce the heat
loss, particularly in the truck corner. However, for plant B, the lower precision in the measurement did
not allow confirmation of this assumption.

From Table 5 it can be noted that the mix produced at plant B showed a comparable temperature
in the paver if hauled with a normal or insulated truck. Some temperature differences between the
different truck types were observed after the laying. As both the probe and infrared thermometers
measured the temperature in localized positions of the road surface, this result was probably related
to thermal segregation of the material during hauling. It was difficult to evaluate the influence of
the truck type from the temperature determined on the pavement surface. However, the noticeably
different temperature outside the truck bed was a sign of the insulated truck’s ability to preserve the
HMA heat during the 3 h from production to paving.

4.2.2. Thermal Image Analysis

The pictures taken with the infrared camera were of considerable interest. Figures 6 and 7 show
the most significant images for the evaluation of HMA cooling and temperature segregation during
hauling phase.

  
(a) (b) 

Figure 6. Pictures of the bed corner taken with infrared camera 3 h after production: (a) Normal truck;
(b) Insulated truck.
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Figure 7. Picture taken with infrared camera showing the paver laying the HMA from plant A hauled
with a normal truck.

The strong external cooling compared to the almost zero cooling of the HMA batch determined a
huge temperature segregation at the paving site, as evidenced by the measurements with the probe and
infrared thermometers and by the photos with the thermal imaging camera. In particular, Figure 6a
highlights that 3 h after mix production, near the corner of the normal truck, the loose HMA cooled
rather quickly, showing a large temperature difference (approximately 30 ◦C) between the material in
contact with the edge and that in the center of the truck bed. Conversely, in the case of insulated truck
(Figure 6b), this temperature segregation was less severe (temperature variation of about 10 ◦C).

Figure 7 shows that, during the paving, there was a huge difference in the HMA temperature on
the pavement surface (higher than 30 ◦C). This was probably due to the inability of the paving machine
to re-mix the loose HMA and disperse the colder parts among the warmer mass. The temperature
segregation can negatively affect the HMA compaction, especially in the construction of thin layers
(i.e., surface layers) where the colder portions can hardly be heated by the surrounding material,
even if much warmer. If the temperature of the colder parts drops below the minimum temperature
necessary for a good compaction (typically about 130–140 ◦C for HMA with polymer modified
bitumen), high porosity areas which are more susceptible to rapid degradation (cracking and raveling
in particular), can occur.

4.2.3. Laboratory Tests

Figures 8–11 show the average values of Vm, ITSM, ITS and CTindex measured for the specimens
compacted in the plant (immediately after the sampling of the loose asphalt), in the laboratory
(after re-heating) and for the cores.

The bar-chart in Figure 8 shows that there was no significant difference in the voids contents of
the specimens from the HMA produced in plant A, B and C. In particular, the air voids content of
these samples, compacted with SGC in the plant, was about 2–3%, independently from sampling time
and truck type. Conversely, the specimens from the HMA produced in plant D showed a higher Vm,
approximately 4–5%, but also in this case the influence of sampling time was not very high. This result
indicates that the eventual increase in binder viscosity achieved in the truck, due to bitumen ageing or
cooling, did not affect the mix compactability, as observed for the HMA produced in the laboratory
(Figure 3). The specimens compacted after re-heating showed a higher air voids content (4.2% on
average), indicating a certain decrease in mix workability.

The Vm values of the cores showed different trends for the plants A–D: for plants A and B the
air voids content of the cores was higher than that of the specimens, for plant C it was comparable,
while for plant D it was lower. Moreover, for the HMA produced in plant A there was a significant
difference in Vm as a function of the truck type (8% for a normal truck, 5.5% for an insulated truck),
while for the mix produced in plant B, the truck type had no influence on Vm (about 4.5%). As the voids
content of each core represents the condition of the pavement in the exact place where the cores were
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taken, the absence of a clear trend and the higher data dispersion probably reflected the temperature
segregation and localized cooling observed with the thermal camera.

Figure 9 shows that, for all the plants, the ITSM values of the specimens compacted on site were
always about 4000 MPa, independently from the truck type and time spent in the truck during the
hauling phase (the only exception is represented by the specimens from plant C, whose ITSM slightly
increased as a function of the sampling time). It is very interesting to note that this result was opposite
to what was observed in the mix produced in the laboratory (Figure 4), where ITSM increased as a
function of the conditioning time in the oven at 180 ◦C.

Figure 12 allows a better comparison between the mixes conditioned in the laboratory oven and
the mixes kept in the truck bed. The graph shows the normalized ITSM as a function of the time
between HMA mixing and compaction, where the normalized ITSM was calculated as the ratio of the
ITSM measured at the different conditioning time with the ITSM measured at the lowest conditioning
time for each mixture. It can be observed that the red lines, which represent the mixes produced at the
plant and kept in the truck bed, always have a lower slope than the blue lines, which represent the
mixes produced in the laboratory and conditioned in the oven. This clearly indicates a less marked
effect of the ageing for the HMA kept in the truck bed. The reason for this is probably in the fact that, in
the laboratory, the small amount of HMA in the oven (some kilograms) allowed oxygen to come into
contact with most of the loose mix, favoring binder oxidation and loss of volatiles. On site, the HMA
was taken out from the truck bed at 50 cm depth from the batch surface, where the temperature
remained almost constant and the material was repaired by the one above. In such conditions, the batch
surface was exposed to external conditions, but the core was basically isolated and neither oxidation
nor loss of volatility could occur, hindering the ageing of the HMA.

Additionally, ITS (Figure 10) and CTIndex (Figure 11) were approximately constant with sampling
time, even if a slight variability between the mixes produced in the different plants was observed.
In order to assess whether the groups of data were statistically comparable or different, analysis of
variance (ANOVA) was carried out. Table 6 shows the significance values obtained in the comparison
between the different data (Vm, ITSM, ITS or CTIndex) for each examined variable (type of truck,
sampling time and HMA manufacturing plant): for values lower than 5% (in bold characters) the null
hypothesis is rejected, meaning that the groups of data are statistically different. The significance values
obtained through the ANOVA test showed that all the measured properties (Vm, ITSM, ITS or CTIndex)
were not dependent from the truck type, i.e., the voids, stiffness, strength and cracking tolerance were
comparable for the specimens from the normal and insulated truck bed. The properties Vm, ITSM and
ITS were also independent from the sampling time (significance values higher than 0.05), indicating that
there was not any correlation between the different quantities and the time between HMA mixing
and compaction. This is also valid for CTIndex, even if the significance value was lower than 0.05,
because the statistically different data groups did not set a monotonic (increasing or decreasing) trend.
Finally, the very low significance values obtained for the data from the different plants indicate that the
volumetric and mechanical properties of the HMA specimens varied according to the plant where they
had been mixed.

From Figures 8–11 it can be noted that the cores had lower ITSM and ITS and higher CTindex with
respect to the specimens from the same plant, compacted on site, probably related to different air voids
content. Instead, for the HMA compacted in the laboratory after re-heating at 170 ◦C, the stiffness
modulus considerably increased (growth greater than 100%). At the same time, ITS noticeably increased
(up to 2.1 MPa) and CTIndex fell (lower than 30). This result confirms that a severe ageing happened
during the HMA re-heating in the oven.
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Figure 8. Vm of the mixes produced at the plants: field- and lab-compacted specimens and cores.

Figure 9. ITSM of the mixes produced at the plants: field- and lab-compacted specimens and cores.

Figure 10. ITS of the mixes produced at the plants: field- and lab-compacted specimens and cores.

Figure 11. Cracking Tolerance index (CTIndex) of the mixes produced at the plants: field- and
lab-compacted specimens and cores.
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Figure 12. Normalized ITSM of the mixes conditioned in the laboratory oven or in the truck bed as a
function of the time between HMA mixing and compaction.

Table 6. Analysis of variance (ANOVA) of the Vm, ITSM, ITS and CTIndex data: significance values.

Variable

Property Truck Type Sampling Time HMA Manufacturing Plant

Vm 0.438 0.235 7.0 × 10−25

ITSM 0.552 0.615 9.7 × 10−22

ITS 0.266 0.655 6.9 × 10−27

CTIndex 0.967 0.032 5.0 × 10−7

5. Conclusions

The present research aimed at determining the influence of the conditioning time, when the loose
HMA is kept in the oven at a high temperature, on the mix properties. Moreover, the ageing/cooling
that happens on site during HMA hauling, as a function of time and type of truck, was investigated.
Temperatures were monitored using a thermal camera and different probes, and gyratory compactor
specimens were produced after sampling some HMA from the trucks every 1 h for a total of 3 h.
Air voids content, ITSM, ITS and CTIndex were measured on the specimens compacted on site, on the
cores taken from the pavement and on the loose HMA, re-heated and compacted in the laboratory.

In light of the results obtained, the following conclusions can be drawn:

• the compactability of the HMA was not influenced by the time during which the material is
conditioned in the oven before compaction. Conversely, all the mixtures tested showed a rising
trend of stiffness when the conditioning time was increased. The growing rate was higher for
the mix with no RAP (22.1 MPa/min) with respect to those including RAP and a special bitumen
engineered for hot recycling applications (12.2 and 10.6 MPa/min respectively for the mix with
25% RAP and 40% RAP);

• the temperature monitoring proved that the mix inside the truck bed did not significantly cool
after 3 h of hauling (temperature decrease between 6 ◦C and 16 ◦C), while the temperatures on the
top corner of the truck and those measured on the sampled loose mix considerably decreased
(approximately 60 ◦C cooling);

• the thermal camera images highlighted a large temperature segregation at the paving site,
with discrepancies higher than 30 ◦C both on the truck bed (normal truck) and on the road
surface after paving. However, in the case of the insulated truck the severity of this phenomenon
was reduced;
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• HMA compactability, stiffness, strength and cracking tolerance did not change when hauling time
increased. Inversely from the laboratory oven (where most of the HMA volume was exposed
to air), the core of the HMA in the truck bed was basically isolated by the surface material and
neither oxidation nor loss of volatility could occur, hindering the ageing of the HMA;

• the cores showed lower ITSM (−39% on average) and ITS (−37% on average) and higher CTindex
(about 2.5 times on average) with respect to the specimens compacted on site, probably due to a
higher air voids content;

• when the loose HMA was re-heated and compacted in the laboratory, ITSM and ITS (+150% and
+50%, respectively) considerably increased, whereas CTIndex decreased (−84%), denoting that a
severe ageing happened through this specimen preparation procedure.

The research demonstrated that HMA handling in the laboratory, during quality assurance and
quality controls, is extremely important, since keeping the material in the oven for a prolonged time
or re-heating it may significantly affect the test results. However, when the HMA is in the truck bed
it does not experience as much severe ageing, even if it stays at a high temperature for a long time.
Differently, the plant trial showed that on site cooling and temperature segregation represent a higher
risk for HMA than ageing. Therefore, the use of insulated trucks (to avoid temperature segregation)
and remixing material transfer vehicles is recommended in the case of long hauling distances.
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Abstract: In this work, to analyse the changing characteristics of contact stresses in the tyre–pavement
interface and the functional relationship between rolling resistance and the working conditions of
truck-bus tyres, a three-dimensional tyre–pavement model is established and used to predict the
distribution of contact stresses and rolling resistance under different working conditions of the tyre,
comprising various tyre loads, inflation pressures, and velocities. Results show that the magnitude
relationship between transverse and longitudinal contact stresses is related to rolling conditions,
and overload and low tyre pressure are important contributors to the wear of the tyre shoulder.
In addition, the proposed exponential equation presents a method that can be used to forecast rolling
resistance related to the working conditions of the truck-bus tyre, and a similar method can be used
to predict the rolling resistances of other types of tyres.

Keywords: contact stresses; rolling resistance; braking; free rolling; load; inflation pressure; speed

1. Introduction

Different simulation studies [1,2] and experimental results [3,4] have shown that contact stresses
between tyre and pavement not only have a great influence on vehicle handling and stability but also
significantly affect the prediction of pavement responses and performance [5–9]. Regardless of the
type of tyre or pavement, the contact stresses or forces in the tyre–pavement interface can be resolved
into three orthogonal directions, namely, longitudinal (X), lateral (Y), and vertical (Z) contact stress
or force distributions [10], as shown in Figure 1. The directions of the coordinate systems adopted
by different countries and professions may be different. In this paper, the orientation of these contact
stresses is defined according to the Society of Automotive Engineers’ (SAE) coordinate system [11],
or in accordance with the right-hand rule. In addition, the tyre rolling resistance (RR) is responsible for
20% of the fuel consumption of truck tyres [12], and RR predictions generate better estimations of fuel
consumption and greenhouse gas emissions [13].

Previous studies have demonstrated that the vertical contact stress of the tyre–road interface
has a non-uniform distribution, and horizontal contact stress are developed [14]. Some studies
have regarded vertical contact stress as uniformly distributed [15–17], some have only considered
non-uniformly distributed vertical stress and ignored tangential stress [18–20], and some have obtained
the distribution of the three orthogonal contact stresses under both static and vehicle manoeuvring
conditions [21–23]. However, the change trends of contact stresses during rolling conditions have
not been studied and depend on many factors, including the tyre structure (geometry, tread pattern,
rubber constitutive model and reinforcement), pavement surface conditions, tyre working conditions
(tyre load, inflation pressure, and speed) and rolling state (accelerating, free rolling, braking). Cho [24]
predicted the RR of a patterned tyre (205/60R15) from a passenger car by utilising static tyre contact
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analysis. Aldhufairi [25] investigated the RR of a radial passenger-car tyre (225/55R17) based on material
viscoelasticity. Rafei [26] implemented a simulation of the RR of a passenger-car tyre (185/65R14) using
the finite element method. Ghost [12] analysed the RRs of truck-bus tyres with a carbon black tread as
well as a silica tread under rated conditions. However, variation of the RR of truck-bus tyres under
different working conditions and the functional relationship between RR and tyre working conditions
have not been studied.

Figure 1. Three orthogonal directions of contact stresses.

Some scholars have used experimental equipment to measure contact stresses and RR. For example,
Anghelache et al. [27] used 30 strain gauged sensing elements to measure the tri-axial stress distribution
of a 205/55R16 tyre of a passenger car with a 240 kPa inflation pressure at a speed of 0.54 km/h.
Anghelache et al. [28] used the same measuring device to measure the stress distribution of a 11R22.5
truck tyre with a 780 kPa inflation pressure at a speed of 3.2 km/h. De Beer and Fisher [29] applied
63 strain measurement channels to capture the tri-axial tyre-road interaction, and the working conditions
of the 12R22.5 truck tyre were 20 and 25 kN vertical loads with a 520 kPa inflation pressure at a
free rolling speed of 1.08 km/h. Chen [30] applied a pressure-sensitive film to determine the contact
region and stress distribution between a 215/75R15 tyre of a light vehicle and asphalt pavement
under static conditions. Ghost [12] investigated the RR values of three tyres in drum-type RR testing
equipment, and a good correlation between the simulated and measured RR values was observed.
However, the cost of experimental equipment is high, the installation is complex and time-consuming,
and substantial amounts of manpower and material resources are required. In addition, many factors
affect the accuracy and reliability of the experimental test results, including sensor aspects (the number,
direction, and arrangement), tyre aspects (the type, structure, materials, working conditions, and rolling
state), and the road aspect. During the testing process, due to the different combinations of measured
variables and because the actual driving conditions of a tyre are difficult to achieve, it is very challenging
to take into account all the working conditions of the tyre and achieve different driving conditions.

Based on preceding analysis, this study primarily develops a theoretical methodology for the
prediction of the contact stresses and RR of the truck-bus radial tyre (275/70R22.5) under rolling
conditions and explores the change rule of tri-axial contact stresses and the functional relationship
between RR and tyre working conditions. The findings provide valuable information about the
distribution of contact stresses, the location of tyre wear, and the functional expression of tyre RR,
especially in terms of tyre and pavement contact mechanics and fuel-economic tyre production/design.

2. Establishment and Verification of Tyre–Pavement Finite Element Model

Two-dimensional (2D) and three-dimensional (3D) tyre models can be used to solve tyre dynamics
issues. Simplified 2D models have been used in tyre dynamics analysis to forecast the characteristics
and handling stability of a tyre [31]. For example, the classical point contact model can simplify the
tyre into a spring-damping system to analyse the vertical forces acting on the tyre [32]. Although 2D
tyre models can solve many problems in tyre mechanics and have some successful applications,
these simplified models are not suitable for the prediction and calculation of the contact stresses
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between the tyre and pavement. They also cannot be used to analyse the complex composition of
each part of the tyre in detail or the nonlinear characteristics of tyre materials [22]. In this study,
a complete 3D tyre model that considers the actual dimensions and nonlinear characteristics of the tyre
is established with the assistance of ABAQUS software.

2.1. The Constitutive Model of Rubber Material

Rubber material has a hyperelastic property that exhibits an obvious nonlinear response, and the
rubber constitutive model is expressed in terms of the strain potential energy. The general expression
of this model is as follows:

U =
N∑

i+ j=1

Cij(I1 − 3)i(I2 − 3) j +
N∑

i=1

1
Di

(J − 1)2i (1)

where U is strain energy, Cij is the constant of material properties, N is the polynomial order, I1 and I2 are
the distortion measurement of materials, Di is the material parameter that introduces the compression
feature, and J is the bulk modulus.

When N = 1, Equation (1) is rewritten as:

U = C10(I1 − 3) + C01(I2 − 3) +
1

D1
(J − 1)2 (2)

Equation (2) is the Mooney–Rivlin material model. When C01 = 0, the Mooney–Rivlin material
model is transformed into the Neo-Hookean model, namely:

U = C10(I1 − 3) +
1

D1
(J − 1)2 (3)

The Neo-Hookean material model can predict both the moderate and small strain of rubber
material and is characterised by good reliability and stability. Therefore, Equation (3) is applied to
analyse the hyperelasticity characteristics of rubber material. In addition, rubber material also has
viscoelastic properties, which are usually expressed by Prony series parameters.

2.2. Rolling Resistance of the Tyre

The RR is equal to the energy loss per revolution of rolling divided by the distance of each
revolution [33]. The energy loss of each element volume of tyre material in each cycle is described by
Equation (4).

ΔW = π·E′·ε2
0· tan δ (4)

tan δ =
E′′

E′ (5)

The rolling energy loss of the tyre in each cycle is then as follows:

ELoss =
∑

i

ΔWi·vi (6)

Finally, the calculation expression of the RR is as follows:

RR =
ELoss

2πr
=

∑
i

ΔWi·vi

2πr
(7)

where ΔW represents the energy loss of each element, E′′ and E′ represent storage and loss moluli,
ε0 represents strain amplitude, tan δ represents the loss factor, vi represents the volume of element i of
tyre material, ELoss represents total energy loss, and r represents the tyre rolling radius.
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2.3. Development of a Complete 3D Tyre Model

Figure 2 presents the tyre–pavement contact model and the components of a complex radial
tyre (275/70R22.5), namely a truck-bus radial tyre containing four longitudinal grooves, and each
tyre component is distinguished by a different colour. The outer diameter is 958 mm, the cross-
sectional width is 276 mm, and steel-belt-1 and steel-belt-2 have orientation angles of 20◦and −20◦,
respectively. The length of the mesh is 16 mm, and the width is 9 mm in the contact area. Steel- belt-1
and steel-belt-2 are located approximately 15 and 17 mm away from the outer surface of the tread,
respectively. To optimise computational efficiency and ensure better convergence, the tread of the tyre
in contact with the road surface is selected as a dense mesh, and the other non-contact locations of the
tyre are selected as a sparse mesh. The material parameters of the tyre composition are based on the
authors’ previous study [34].

    
(a) (b) (c) (d) 

   
(e) (f) (g) (h) 

Figure 2. Meshes of tyre components. (a) Tread with four longitudinal grooves; (b) sidewall;
(c) steel-belt-1; (d) steel-belt-2; (e) bead; (f) carcass; (g) full tyre; (h) the contact model of tyre–pavement.

2.4. Modelling Tyre-Pavement Contact

Complex, non-linear contact problems must be considered in the study of tyre–pavement contact.
There are many factors that prevent successful modelling of tyre–pavement contact; for example,
some challenges that arise when modelling with a two-solid mode include the non-linear contact
characteristics of the tyre–pavement, material characteristics of the tyre, fast moving conditions,
great deformation of the tyre, and the nonlinear frictional relationship between the friction coefficient
and velocity [35]. It is clear that dealing with the tyre–pavement problem with a two-solid mode is
not sufficient. In this study, when the tyre was in contact with the road surface, the degree of the
deflection of the tyre was much larger than that of the pavement. It can be presumed that the pavement
is a non-deformable rigid surface to achieve better astringency and stability, and the accuracy and
reliability of contact stresses analysis can still be guaranteed. In previous research, the pavement has
been considered as a rigid surface that can successfully capture contact stresses [22,36–38]. The 3D
model of tyre–pavement contact is shown in Figure 2h.
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2.5. Validation of the 3D Contact Model

The tyre–pavement interaction model can be validated by the tyre load–displacement relationship
in a static condition. Figure 3 presents the calculation comparisons of tyre deflections at a tyre load
of 25 kN and different inflation pressures. When the tyre load was constant, the lower the tyre
inflation pressure, the greater the displacement. The tyre loaded measurement system is presented
in Figure 4a and was used to measure the deformation data of tyres with different loads. Figure 4b
shows comparisons between calculated and measured tyre displacements at different tyre loads and
an inflation pressure of 530 kPa. When the inflation pressure was constant, the larger the tyre load,
the larger the displacement. Figure 4c shows comparisons at different tyre loads and an inflation
pressure of 730 kPa. Figure 4 reveals that good consistency was achieved between the calculated and
tested displacements at various tyre loads and inflation pressures.

 
(a) (b) 

Figure 3. Comparisons of deflections at a tyre load of 25 kN and inflation pressures of (a) 530 kPa and
(b) 730 kPa.

 
(a) 

  
(b) (c) 

Figure 4. (a) Tyre static loaded test. (b) Comparisons between calculated and measured tyre
displacements at different tyre loads and inflation pressures of 530 kPa and (c) 730 kPa.
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3. Effects of Tyre Working Conditions on Contact Stresses

3.1. Simulation Condition Design of Tyre–Pavement Contact

For a two-wheel group, an axle load of 100 kN is the Chinese standard in the design of asphalt
and town pavement [39]; thus, in the simulation, the vertical load (F) of each tyre was 25 kN in
accordance with the standard axle load, and the vertical overloads of 30% and 60% were 32.5 and
40 kN, respectively. The rated inflation pressure (P) for a 275/70R22.5 tyre was 730 kPa [40], and the
inflation pressures of 530 and 930 kPa respectively correspond to low and high inflation pressures.
In addition, the friction coefficient between the tyre and road surface was 0.6 [34].

3.2. Realisation of the Steady Rolling State

Analysis of contact stresses requires not only detailed information about tyre materials and
components but also knowledge of non-linear characteristics and dynamic analysis. When the tyre is
in the breaking state, the direction of braking torque (T) is opposite to the orientation of tyre rolling,
as shown in Figure 5. When the tyre is in a free-rolling state, there is no braking torque. Figure 6
shows the longitudinal reaction force at different angular velocities for a linear velocity of V = 15 km/h.
At the moment, the angular velocity of the free-rolling tyre corresponds to the angular velocity at
zero torque. When the tyre is in the breaking state, the braking torque is transmitted to the tyre,
and the angular velocity is less than that in the free-rolling condition, as shown in Figure 6. When the
longitudinal reaction force has a positive value, it means that the tyre is in the braking state. When the
longitudinal reaction force is basically constant, it means that the tyre is under full-braking conditions.
Because the braking and acceleration forces are similar, this study focuses on comparing the change
characteristics of the contact stresses and contact area with basic working conditions under free-rolling
and full-braking conditions. The basic working condition was a tyre load of 25 kN, an inflation pressure
of 730 kPa, and a speed of 15 km/h. Based on the described research method and results, the functional
relationship between RR and tyre working conditions are explored.

Figure 5. Tyre force diagram during braking.

Figure 6. Longitudinal force at different angular velocities for a linear velocity of V = 15 km/h.
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3.3. Effect of Tyre Load on the Change Characteristics of Contact Stresses

The inflation pressure of 730 kPa and a tyre speed of 15 km/h were considered to be invariant,
while the tyre load was varied to examine the effect of tyre load on tyre–pavement contact stresses.
Figure 7 shows the vertical contact stresses (CPRESS) under free rolling and full braking with tyre
loads of 25 and 40 kN. With the gradual increase of the tyre load under the condition of steady rolling,
the shape of the contact region was found to transition from approximately circular to rectangular,
and the contact area also gradually increased. Regardless of whether the tyre was in the free-rolling or
full-braking condition, the vertical stress at the tread of the tyre was found to change only slightly.
However, the vertical stress was found to increase at the tyre shoulder. When the tyre load was small,
the maximum value of vertical contact stress was near the centre of the tread, whereas when the
load became large, the maximum value of vertical contact stress moved toward the tyre shoulder.
Under different load conditions, the vertical stress was found to be greater under the full-braking
condition than under the free-rolling condition. When the tyre load changed from 25 to 40 kN,
the vertical stress of the free-rolling tyre increased from 1145 to 1425 kPa, an increase of 24.5%, while the
vertical stress during full braking increased from 1243 to 1642 kPa, an increase of 32.1%. It is evident
that once the overload is excessive during full braking, the maximum value of vertical stress occurring
at the tyre shoulder will increase the damage to the tyre.

 
(a) (b) 

 
(c) (d) 

Figure 7. Vertical contact stresses under the free-rolling condition with tyre loads of (a) 25 kN and (b) 40
kN; vertical contact stresses under the full-braking condition with tyre loads of (c) 25 kN and (d) 40 kN.

Figure 8 shows the longitudinal contact stresses (CSHEAR1) in the free-rolling and full-braking
conditions with tyre loads of 25 and 40 kN. The shapes of the contact region under free-rolling and
full-braking conditions were very different. When the longitudinal contact stress was calculated under
the full-braking condition, the contact area shape and stress distribution were similar to those when the
vertical stress was calculated. However, when the longitudinal contact stress was calculated under the
free-rolling condition, the shape of the contact region and stress distribution varied greatly from when
the vertical stress was calculated. According to Figure 8a,b, the longitudinal contact stress had positive
and negative values during free rolling, and the positive and negative values were relatively close;
this is mainly because the torque applied to the tyre was 0. It can be seen from Figure 8c,d that the
longitudinal contact stress during full braking was positive. With the increase of load, the longitudinal
contact stress gradually increased, and the position at which the maximum value of longitudinal stress
occurred also moved from near the centre of the tread to the tyre shoulder, which was similar to the
trend of vertical stress. As the tyre load increased, the difference between longitudinal stress during
full braking and that during free rolling became increasingly larger. This illustrates that overload under
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in the braking condition not only does great harm to the tyre but can also accelerate the emergence of
ruts and cracks in the pavement.

 
(a) (b) 

 
(c) (d) 

Figure 8. Longitudinal contact stresses under the free-rolling condition with tyre loads of (a) 25 kN and
(b) 40 kN; longitudinal contact stresses under the full-braking condition with tyre loads of (c) 25 kN
and (d) 40 kN.

Figure 9 shows the lateral contact stresses (CSHEAR2) under free-rolling and full braking
conditions with tyre loads of 25 and 40 kN. The shape of the contact region for calculating transverse
stress was different from those for calculating vertical and longitudinal contact stresses under the two
working conditions. Transverse contact stress had positive and negative values that were close to each
other under the two working conditions. This is mainly because during the longitudinal movement
process of the tyre, the tyre did not undergo sideslip, and the transverse force of the tyre was close to
the equilibrium state. When the tyre load was 25 kN, the lateral contact stress during free rolling was
greater than that during full braking. When the load continued to increase, the lateral contact stresses
during free rolling and full braking were closer, and the difference between them became smaller.

 
(a) (b) 

 
(c) (d) 

Figure 9. Lateral contact stresses under the free-rolling condition with tyre loads of (a) 25 kN and (b)
40 kN; lateral contact stresses under the full-braking condition with tyre loads of (c) 25 kN and (d)
40 kN.
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Taking the tyre load of 32.5 kN as an example, the spatial distribution of contact stresses under
the free-rolling condition is shown in Figure 10. As presented in Figure 10b, longitudinal contact stress
under the free-rolling condition was symmetrically distributed in a longitudinal direction, whereas,
as presented in Figure 10c, the lateral contact stress exhibited an almost antisymmetric distribution in a
longitudinal direction. The longitudinal contact stress was negative at the front end of the contact area
and positive at the back end, and the distribution area of the negative value of the contact area was
smaller than that of the positive value.

  

(a) (b) 

 
(c) 

Figure 10. Spatial distribution characteristics of (a) vertical, (b) longitudinal, and (c) transverse contact
stresses under the free-rolling condition with the load of 32.5 kN.

3.4. Effect of Inflation Pressure on the Change Characteristics of Contact Stresses

The tyre load of 25 kN and the speed of 15 km/h were considered to be invariant, while the inflation
pressure was varied to examine the effect of inflation pressure on tyre–pavement contact stresses.
Table 1 presents maximum contact stresses under different inflation pressures under free-rolling and
full-braking conditions.

Table 1. Comparison of maximum contact stresses under different inflation pressures.

Inflation
Pressure

(kPa)

Maximum Contact Stress during Free
Rolling (kPa)

Maximum Contact Stress during Full
Braking (kPa)

Vertical Longitudinal Lateral Vertical Longitudinal Lateral

530 931 194 240 1052 631 40
730 1145 142 303 1243 745 52
930 1386 86 381 1495 896 66
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As the tyre inflation pressure was increased, the contact area decreased, and the vertical stress
increased. Regardless of whether the tyres were in the free-rolling or full-braking condition, the vertical
stress was positive, indicating that the direction of stress was downward. It also indicates that the
tyre tread was compressed and therefore bore compressive stress. To clearly observe the change
trend, Figure 11 exhibits maximum contact stresses under different inflation pressures in the form of a
colour histogram.

  
(a) (b) 

Figure 11. Maximum contact stresses under different inflation pressures during (a) free rolling and (b)
full braking.

When the inflation pressure was 530 kPa, the maximum vertical stress was located in the tyre
shoulder. As the inflation pressure increased from 730 to 930 kPa, the maximum vertical stress under
the free-rolling condition increased from 1145 to 1386 kPa, an increase of 21.0%. The maximum
vertical stress under the full-braking condition increased from 1243 to 1495 kPa, an increase of 20.3%,
and the position of the maximum values moved from the tyre shoulder to the crown. Under different
inflation pressures, the contact area during the free-rolling condition was similar for different tyre
loads. When the inflation pressure was high, the magnitude of the positive value of longitudinal stress
was slightly less than that of the negative value. With the increase of inflation pressure, longitudinal
stress decreased, and lateral stress increased. Under the full-braking condition, the lateral stress also
increased with the increase in tyre pressure, but it was not obvious.

Taking the tyre pressure of 930 kPa as an example, the contact stress value of the node in the
contact area under the full-braking condition was extracted, and the spatial distribution characteristics
of the complex contact stresses under a high tyre pressure are exhibited in Figure 12. The vertical
stress under a high tyre pressure was greater than that under the basic working condition, and the
spatial distribution was large in the middle and small on both sides. Longitudinal contact stresses
under the full-braking condition were symmetrically distributed in a longitudinal direction, while
the lateral contact stress presented an almost antisymmetric distribution in a longitudinal direction.
In addition, the front end of the vertical and longitudinal stresses was greater than the back end,
which was determined by the motion state of the tyre. Overall, the lateral contact stress was less than
100 kPa and therefore could almost be ignored.
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(a) (b) 

 

(c) 

Figure 12. Spatial distribution characteristics of (a) vertical, (b) longitudinal, and (c) transverse contact
stresses under the full braking condition with inflation pressure of 930 kPa.

3.5. Effect of the Tyre Speed on the Change Characteristics of Contact Stresses

The tyre load of 25 kN and the inflation pressure of 730 kPa were considered to be invariant,
while the speed was varied to examine the effect of speed on tyre–pavement contact stresses. Table 2
presents the maximum contact stresses under different speeds during free rolling and full braking.
To clearly observe the change characteristics, Figure 13 shows the maximum contact stresses under
different inflation pressures, in the form of a colour histogram. As the speed increased, the vertical
and longitudinal stresses gradually decreased under the free-rolling condition, but the reduction was
very small. The lateral stress remained essentially unchanged. Under the full-braking condition,
vertical stress increased slightly. The longitudinal stress remained basically unchanged, and the
transverse stress gradually increased, but the value of transverse stress was negligible compared with
the value of vertical stress. Compared with the tyre load and inflation pressure, the impact of tyre
speed on the maximum contact stresses is relatively weak.

Table 2. Comparison of maximum contact stresses under different speeds.

Speed
(km/h)

Maximum Contact Stress During Free
Rolling (kPa)

Maximum Contact Stress During Full
Braking (kPa)

Vertical Longitudinal Lateral Vertical Longitudinal Lateral

15 1145 142 303 1243 745 52
45 1120 116 308 1254 752 82
90 1117 87 315 1256 753 175
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(a) (b) 

Figure 13. Maximum contact stresses under different speeds during (a) free rolling and (b) full braking.

4. Effects of Tyre Working Conditions on Rolling Resistance

Due to the viscoelasticity of tyre rubber material, the processes of compression and rebound are
not the same in the rolling process, and therefore the sum of external forces on the tyre i.e., the RR, is not
0 [41]. Figure 14 presents changes in RR with the tyre load, inflation pressure, and speed. Figure 14a
shows the change in RR with the tyre load when the inflation pressure (P) was 730 kPa, and the speed
(V) was 45 km/h. With the increase in tyre load, tyre deformation increased significantly, and the overall
RR presented an upward trend, which would cause the vehicle to consume more fuel. Figure 14b
shows the change in RR with the pressure when the tyre load (F) was 25 kN and the speed (V) was
45 km/h. With the increase in pressure, tyre stiffness increased, and deformation decreased under
the same load; thus, the overall RR presented a downward trend, which would result in the vehicle
consuming less fuel. Figure 14c shows the change in RR with the tyre load and speed when the pressure
(P) was 730 kPa, and it was found that the increased tyre load led to increased RR. Moreover, as the
speed increased, the loss factor of tyre rolling and deformation decreased [42]. However, the increased
value of RR was greater than the decreased value, so the overall RR still increased.

 
(a) (b) 

Figure 14. Cont.
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(c) 

Figure 14. Rolling resistance (RR) changes with (a) tyre load, (b) inflation pressure, and (c) tyre load
and speed.

The exponential Equation (8) is used to fit the functional relationship between RR and tyre load,
inflation pressure, and speed parameters, and variable combinations were considered, as shown in
Figure 14. The exponential equation is as follows:

RR = (a + b·V + c·V2)·Fm·Pn (8)

where a, b, and c are velocity correlation coefficients, m is the tyre load exponent, and n is the inflation
pressure exponent. According to these sets of variable combinations, the following relationship is
obtained by fitting the functional relationship:

RR = (0.13153− 0.00211·V + 0.00001·V2)·F1.13258·P−0.28753 (9)

The international standard unit was adopted for the unit of each parameter in the process of fitting.
The parameters in Equation (9) are different for different types of tyres, but Equation (9) describes a
method that can calculate the RR related to tyre working conditions. The tyre studied in this article
is one of the most commonly used truck-bus tyres in China. Therefore, Equation (9) can be used to
forecast the RR of the tyre studied in this article in any combination of working conditions, and a
similar method can be used to forecast the RRs of other types of tyres.

5. Conclusions

The tyre-pavement contact model developed in this work shows the potential to predict contact
stresses and rolling resistance under different rolling conditions. Based on the preceding analysis,
the following conclusions can be made and provide valuable suggestions and viewpoints for
tyre–pavement contact mechanics and fuel-economic tyre production/design.

(1) The maximum value of the transverse contact stress is greater than the longitudinal contact stress
under the free-rolling condition. However, the situation under the full-braking condition is
the opposite.

(2) Longitudinal contact stresses under the free-rolling and full-braking conditions were symmetrically
distributed in a longitudinal direction, while the lateral contact stress presented an almost
antisymmetric distribution in a longitudinal direction. Under the full-braking condition,
longitudinal stress is the main component of the horizontal contact stresses.

(3) The tyre load and inflation pressure have significant impacts on contact stresses. Overload and
low tyre pressure are important contributors to the wear of the tyre shoulder. Properly increasing
the inflation pressure can effectively relieve damage to the tyre shoulder caused by overloading.

101



Sustainability 2020, 12, 10603

Additionally, compared with the tyre load and inflation pressure, the impact of tyre speed on
contact stress is relatively weak.

(4) The proposed exponential equation describes a method that can forecast the RR related to the
working conditions of truck-bus tyres, and a similar method can be used to predict the RRs of
other types of tyres.

It is evident from the full analysis presented in this study that the change rules of contact
stresses and RR are significantly affected by tyre working conditions under different rolling conditions.
Conventional methods focus on the RR of patterned tyres of passenger cars or on the adoption of
special materials to reduce the RR of truck tyres. Our new approach considers the different working
conditions of the tyre by investigating changes in contact stresses (forces) to pinpoint the functional
relationship between the RR and working conditions of the truck-bus tyre. The proposed exponential
equation method can be usefully applied to predict the RR, and better estimations of fuel consumption
and greenhouse gas emissions can then be made.
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Abstract: The purpose of this study is to identify the differences in porosity and permeability
coefficients when the mixing ratio of aggregates is different and to present the mixing ratio satisfying
the strength requirement of compressive specified in a specification of Korea. Three mix ratios were
suggested by considering various aggregate sizes and three cylinders were made for each ratio.
The porosities of those cylinders were evaluated through the compression and water permeability
test, measuring the weight of specimens in underwater and analysis of the pictured Computed
Tomography (CT) image. Experiments have shown that it is best to mix 50% for 5–10 mm aggregates,
45% for 2–5 mm aggregates, and 5% for sand in terms of strength and permeability. In addition,
as the proportion of fine aggregates increased, the porosity and permeability decreased. Moreover,
the effectiveness of maintenance method was also examined in this study.

Keywords: porosity; permeability coefficients; mixing ratio; aggregate size; compressive strength;
computed tomography (CT) image

1. Introduction

Recently, the area of buildings and roads has increased due to the rapid industrial
development, which has reduced the permeable area of surface runoff during heavy rains.
As a result, the flow of rainwater that has evaporated or flowed into the groundwater in the
past has now changed to flow into the stream through the drainage system or accumulated
on the surface of the road. Therefore, the flooding damage of cities is increasing, the ground-
water level is lowered due to the decrease of the surface penetration of rainwater, and the
environmental problems such as heat island phenomenon in urban areas are generated.
As such, the amount of damage caused by heavy rains in the last five years (2013–2017) in
Korea has been about 439 billion won ($0.37 billion), which is 52% of the total damage of
8,486 billion won ($7.07 billion) in five years related to the disaster [1]. One of the solutions
to this problem is to increase the permeable pavement area of urban ground and restore
the reduced drainage performance.

Pervious concrete, known as no-fines concrete or permeable concrete, is an envi-
ronmentally friendly paving material, which has been well recognized as one of the key
elements of low-impact sustainable development [2]. In general, it consists of cement,
water, uniform/single-sized coarse aggregate, and little or no fine aggregate, resulting in
a large, open pore structure. As a result, pervious concrete shows better permeability
than conventional impermeable pavements due to the porosity between aggregates [3].
Generally, the permeability of pervious concrete is due to its macropore structure. However,
as the use of pavement concrete becomes longer, the pores of pervious concrete are easily
clogged by various small particles [4–7]. The permeability of pervious concrete helps to
reduce heat island phenomena, traffic noise, and provides better condition for recharging
the underground water source. In addition, it has the advantage of ensuring the driver’s
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safety by preventing water splash and reducing/eliminating the water film phenomenon
on driving surfaces [8]. However, when the sediments, such as leaves, soil, and dust,
penetrate the pores, it can be easily noticed that the pores may be blocked and the water
permeability decreases. Therefore, continuous or regular maintenance of the pervious
concrete is necessary to maintain the permeability performance [9,10].

One of the methods to solve the pore blockage in pervious concrete is the optimum
design using the appropriate size aggregate [11–13]. Accumulation of the fine particles in
the pores of the pervious pavement causes blockages and deposits, which are mainly related
to the size of the clogging particles [4,10,11,14]. Although a series of studies [4,7,14,15]
on the particle size have been conducted, there is little literature associated with the
combined influence of particle size and pore size on clogging because it is difficult to
accurately measure the pore size of pervious concrete. In order to solve this problem,
recently, research has been conducted to determine the pore blockage of pervious concrete
using the CT scanning method [16–19].

The purpose of this study is to compare and analyze the differences between porosity
and permeability coefficient by varying the aggregate mixing ratio of pervious concrete,
and to present a mixing ratio that meets the criterion of compressive strength and secures
permeability as well. Moreover, in order to investigate the effect of blocking materials to
the permeability, experiments on the maintenance of pervious concrete and recovery of
permeation performance are carried out by conducting experiments on the pore blocking
phenomenon. In addition, pores were identified using the CT scanning method and
compared with experimental results.

2. Experiment

2.1. Mixture of Test Specimen

The pervious concrete was designed with a water-to-cement ratio (w/c) of 0.3, the Or-
dinary Portland cement was used as a binder and a poly-carboxylate high-range water-
reducing admixture (AD) was applied in this research. The mix ratios of concrete consid-
ered in this study for finding the optimum pores and compressive strength using impact
crush type aggregates are shown in Table 1. Three mix ratios were suggested by considering
various aggregate sizes: 100% aggregate (D5–10) (Mix 1); 80% aggregate (D5–10) + 15% ag-
gregate (D2–5) + 5% sand (Mix 2); and 50% aggregate (D5–10) + 45% aggregate (D2–5) + 5%
sand (Mix 3). When manufacturing test specimens, the component materials were mixed in
order of aggregate (D5–10), aggregate (D2–5), sand, AD, cement, and water. Three cylinder
specimens with φ 100 mm × 200 mm were manufactured for each mixing ratio, and their
permeability and compressive strength were measured. For Mix 1, one more cylinder was
made for CT scanning and three block specimens with 200 mm × 200 mm × 150 mm for
blockage testing. The specimen preparation procedures and their shapes are shown in
Figure 1.

Table 1. Mixing ratio of pervious concrete.

Mix Case
Unit Weight (kg/m3)

Cement Water
Aggregate

(D5–10)
Aggregate

(D2–5)
Sand

Mix 1 358 107 1595 - -

Mix 2 431 129 1222 229 76

Mix 3 431 129 764 687 76
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 1. Specimen preparation procedure and their shapes. (a) cylinder fabrication; (b) block speci-
men fabrication; (c) block specimens; (d) mix 1 specimens; (e) mix 2 specimens; (f) mix 3 specimens.

Immediately after the end of compaction and surface finishing process, the concrete
cylinders were covered with a plastic layer to prevent moisture loss and cured in the room
under a temperature of 20–25 ◦C and a relative humidity of 50–60% within 24 hours. Then,
after removing the mold, the cylinders were cured in the water environment of 20–25 ◦C
during 14 days and in air under experimental room conditions during the rest period as
mentioned above.

2.2. Test for Measuring Void Content of Hardened Pervious Concrete

The void content for each cylinder specimen was measured at 21 days of age by using
the volume displacement method: the underwater mass and the dry mass of concrete were
measured in accordance with ASTM C1754/C1754M-12 [20] as shown in Figure 2, and the
void ratio was calculated by using Equation (1):

VCR =

(
1 −

[
K × (A − B)
ρw × D2 × L

])
× 100 (1)

where VCR is Void content ratio (%), K is 1,273,240 ((mm3·kg)/(m3·g)), A and B are dry
mass and underwater mass of specimen (g), respectively, ρw is density of water (kg/m3),
D and L are average diameter and length of specimen (mm), respectively.
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(a) (b) 

Figure 2. Measurement of mass in underwater and dry conditions. (a) in underwater; (b) in
dry condition.

2.3. Evaluation of Void Content of Hardened Concrete by CT Scan

It is worth noting that detailed capture and measurement of internal component,
such as porosity, is often vital for quality control, failure analysis, and material research.
The measurement method of void ratio using underwater mass has the disadvantage of not
being able to identify the void ratio isolated inside the test specimen. Therefore, CT scans
were conducted to evaluate pores more accurately. Figure 3a shows the specimens for the
CT scan after cutting the cylinder specimen to a height of 50 mm, making it into three
specimens at the age of 21 days. Figure 3b,c represent the equipment for CT scan and CT
imaging process, respectively. Figure 4 is a representation of the CT-taped image, with the
center portion of the specimen cut to 50 mm designated as 0 mm and the position above
+5 mm, +10 mm, +15 mm, +20 mm, +25 mm, −5 mm, −10 mm, −15 mm, −20 mm, and
−25 mm below. To obtain the void content of each image, the pixel of the area where the
void portion was deleted was calculated through Photoshop program and converted to
the entire void. For the evaluation of CT scan results, a void content test was performed
on the CT scan specimen at the age of 21 days by using the ASTM C1754/C1754M-12 [20]
method, and the results were compared with CT results.

   
(a) (b) (c) 

Figure 3. Truncated specimens and CT imaging. (a) truncated specimen; (b) CT imaging equipment; (c) CT imaging process.
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 4. Images with removed void from CT imaging. (a) Center; (b) +5 mm; (c) −5 mm; (d) + 10 mm; (e) –10 mm;
(f) +15 mm; (g) −15 mm; (h) +20 mm; (i) −20 mm.

2.4. Water Permeability Test

The water permeability test is an experiment to obtain the permeability coefficient
of pervious concrete. In accordance with the ASTM C1701/1701M-17a [21] infiltration
test for pervious concrete, the sides of the specimens were wrapped with tape and rubber
packing to block the water flowing out of the specimens, and the specimens were fixed on
the pipe top in Figure 5a. The experiment was carried out while keeping the water of 1.2 L
constant at a height of 10–15 mm at the age of 28 days. In this process, the total time of
1.2 L water passing through the specimen was measured, and the permeability coefficient
was calculated by substituting this in Equation (2).

I =
KM

D2 × t
(2)

where I is the infiltration ratio (mm/h), M is the mass of infiltrated water (kg), D is the
inside diameter of infiltration ring (mm), t is time required for measured amount of water
to infiltrate the concrete (s), K is 4,583,666,000 ((mm3·s)/(kg·h)).
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(a) (b) 

Figure 5. Equipment and progress for the permeability test. (a) device for test; (b) test process.

2.5. Compressive Strength Test

In order to know the compressive strength of the pervious concrete for each mix case,
the cylinder specimens of ∅100 mm × 200 mm size were cured for 28 days and then tested
according to the KS F 2405-2005 [22] test method for cylindrical concrete specimens. In the
compression test, the surface of the specimen was polished to be the same load condition
for each test specimen, and the test was carried out by padding rubber un-bonded caps on
the top and bottom. Figure 6 shows the rubber pad used in the test and the compressive
strength test.

  
(a) (b) 

Figure 6. Compressive strength test. (a) rubber pad; (b) test setup.

2.6. Void Clogging Test

In pervious concrete, “pore blockages” occur in which pores are blocked by deposits
such as leaves, sand, and dust on the road. In this study, to verify the effectiveness of
the maintenance method of pervious concrete, permeability tests were carried out by
accumulating 8.3 g/L of contaminant substance of 0.15 mm or less four times assuming
the sandy soils at the age of 56 days as shown in (a) and (b) of Figure 7. After that,
high pressure water and vacuum cleaning were performed as shown in (c) and (d) of
Figure 7 to recover the permeability. This process was repeated three times to examine the
permeability coefficient of the pervious concrete block.
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(a) (b) 

 

(c) (d) 

Figure 7. Void clogging test. (a) application of the blocking material; (b) after water penetration;
(c) high pressure watering; (d) vacuum cleaning.

3. Test Results

3.1. Porosity of Hardened Pervious Concrete

Table 2 shows the information and calculated results for each specimen measured
to calculate the porosity. The average void content for Mixes 1, 2, and 3 was measured
at approximately 22.2%, 13.7%, and 11.6%, respectively. As a result of measuring the
porosity of specimens by mass in water, it was observed that the porosity decreased as the
proportion of fine aggregates increased. The reason for this is that, when the amount of fine
aggregate increases, the surface area in which the aggregates contact each other increases.
Figure 8 shows the porosity graph for each position obtained by analyzing CT images
of Mix 1 case. At locations +25 mm and −25 mm, the breaking of concrete was serious
once cutting so the results were not included. As a result of analyzing, the porosity after
photographing specimens, the porosity ranged from 17.62% to 21.94% and the average
was 19.57%. Before the CT measurement as mentioned previously, the void content test
for the specimen was also performed by [20]. The porosity obtained from the test was
17.1%, which is 87% of the CT scan result. The reason for this difference is that isolated
pores inside the specimen, which could not be measured in the underwater mass, can be
identified by CT scan.
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Table 2. Measurement results of porosity.

Mix Case
ρω

(kg/m3)
A

(g)
B

(g)

Porosity
Ratio
(%)

Mix 1

1
999.26

(14.2 ◦C)

2555 1600 22.2

2 2493 1556 22.3

3 2515 1564 22.0

Avg. 2521 1573 22.2

Mix 2

1
997.44

(23.4 ◦C)

2589 1557 13.3

2 2683 1614 13.5

3 2609 1571 14.2

Avg. 2627 1581 13.7

Mix 3

1
997.51

(23.1 ◦C)

2716 1662 11.6

2 2724 1670 11.4

3 2724 1668 11.7

Avg. 2721 1667 11.6

Figure 8. Void ratio at each truncated section from CT image.

3.2. Water Permeability Coefficient of Pervious Concrete

Table 3 shows the permeability coefficients obtained by substituting the results ob-
tained from the water permeability tests of three specimens for each mixing ratio into
Equation (2). The diameter of infiltration pipe and weight of infiltrated water for all
specimens were 100 mm and 1.2 kg, respectively.
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Table 3. Permeability coefficients calculated by Equation (2) using water permeability test results.

No. of
Specimen No. of Tests

Mix 1 Mix 2 Mix 3

Time
(s)

Permeability
Coefficient

(mm/s)

Time
(s)

Permeability
Coefficient

(mm/s)

Time
(s)

Permeability
Coefficient

(mm/s)

1
1 94.5 1.62 183.7 0.83 183.7 0.15

2 88.8 1.72 172 0.89 172 0.18

2
1 36 4.13 225.4 0.68 225.4 0.10

2 37 4.23 219.4 0.70 219.4 0.09

3
1 63.3 2.41 147.5 1.04 147.5 0.22

2 61.4 2.19 155.5 0.98 155.5 0.23

Average permeability
coefficient 2.72 mm/s 0.85 mm/s 0.16 mm/s

The average permeability coefficient for each mix case is 2.72 mm/s for Mix 1,
0.85 mm/s for Mix 2, and 0.16 mm/s for Mix 3, respectively. It can be seen that all
the mix ratios satisfy the permeability coefficient of 0.1 mm/s or more according to Guide
Specifications of Korea Land & Housing Corporation [23]. However, despite the same
porosity, there was a difference in the permeability coefficient. This is because the perme-
ability coefficient is affected when the voids in the specimens are not connected smoothly
or are isolated by themselves. In other words, the infiltration rate of pervious concrete
depends on pore connectivity rather than porosity [24]. In addition, as the proportion of
fine aggregates increased, the porosity and permeability decreased. It can be explained that,
when the blended aggregates of different sizes were used in pervious concrete mixture,
the initial porosity between aggregates after compaction is smaller than that of single size
due to the particle packing effect. As a result, the total void content for pervious con-
crete with an appropriate aggregate mix is to be lower. Therefore, the water permeability
coefficient decreases.

3.3. Compressive Strength

Table 4 shows the results of 28-day compressive strength of specimens. The average
compressive strengths of Mix 1, Mix 2, and Mix 3 were 11.0 MPa, 13.3 MPa, and 18.4 MPa,
respectively. Among them, the average compressive strength of the specimens of Mix 3
satisfied 18 MPa that can be applied to sidewalks, bicycle roads, and other civil facilities
without considering the traffic loads [23]. It can be seen that, when the porosity increases,
the compressive strength of pervious concrete decreases. In this study, different aggre-
gate mixing ratios significantly influence the void content and thus affect the strength of
hardened pervious concrete. By substituting smaller and appropriate-sized aggregates in
blended aggregate system, it is believed that the void content becomes lower due to further
particle contacting effect, resulting in higher compressive strengths. Similar result was also
observed and well-explained in another research [25].
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Table 4. Compressive strength results of specimens.

Mix Case No.
Porosity

Ratio
(%)

Density
(kg/m3)

Load
(N)

Compressive
Strength

(MPa)

Mix 1

1 22.2 2078 81,200 10.3

2 22.3 2065 84,000 10.7

3 22.0 2060 93,200 11.9

Average 22.2 2068 86,133 11.0

Mix 2

1 13.3 2170 102,400 13.0

2 13.5 2167 114,200 14.5

3 14.2 2152 97,200 12.4

Average 13.7 2163 104,600 13.3

Mix 3

1 11.6 2272 163,000 20.8

2 11.4 2284 138,000 17.6

3 11.7 2271 132,800 16.9

Average 11.6 2276 144,600 18.4

3.4. Void Clogging Test Results

Table 5 and Figure 9 represent the void clogging test results. The average permeability
coefficient, which was 1.72 mm/s before the test without blocking materials, decreased to
0.77 mm/s after one cycle, and recovered 1.11 mm/s after the internal cleaning; the coef-
ficient is reduced by 55% compared to before the test in the first cycle. After completing
the second and third cycles, the permeability coefficients were 0.65 and 0.68, respectively.
These values represent 38% and 40%, respectively, as ratios of the permeability coefficient
drawn from the permeability test without blocking materials. The experimental results
show that the vacuum cleaning and high pressure watering methods are effective in the
recovery of permeability. Similar results were also observed in [9,10]. However, further ex-
periments will be needed to restore the exact limit life, maintenance cycle, and permeability
of pervious concrete.

Table 5. Variation of permeability coefficient corresponding to accumulation of blocking material.

Test Cycle
No. of Test

1 2 3 4 5

First cycle
Permeability

coefficient (mm/s) 1.72 * 1.42 1.21 0.93 0.77

Ratio (%) 100 83 70 54 45

Second cycle
Permeability

coefficient (mm/s) 1.11 + 0.93 0.83 0.73 0.65

Ratio (%) 65 54 48 42 38

Third cycle
Permeability

coefficient (mm/s) 0.98 + 0.81 0.78 0.72 0.68

Ratio (%) 57 47 45 42 40
* Before adding blocking material; + After cleaning the blocking materials of previous cycle.

114



Sustainability 2021, 13, 426

Figure 9. Permeability corresponding to accumulation of blocking material.

4. Conclusions

An experimental investigation is conducted to examine the influence of blended aggre-
gate and blocking materials on the mechanical and permeability characteristics of pervious
concrete in this study. The void ratio, density, compressive strength, water permeabil-
ity coefficient, and the pore clogging phenomenon of pervious concrete are investigated.
This contribution will support the introduction and popularization of permeable concrete
technology to sustainable development, minimizing the adverse effects of heavy rainfall
and urban heat island. Based on observed data in this study, the following conclusions
have been drawn:

1. The mixing ratio of pervious concrete Mix 3 (kg/m3), which contains 431 kg of cement,
129 kg of water, 764 kg of D5–10 mm aggregate (50%), 687 kg of D2–5 mm aggregate
(45%), and 76 kg sand (5%), was considered as the most appropriate ratio that can
satisfy the permeability coefficient of 0.1 mm/s, the porosity of 8%, and the strength
of 18 MPa.

2. Comparing the porosity through the experiment of mass underwater and the CT
image analysis, it can be seen that the porosity by the CT image is to be 115% higher.
This is because it is difficult to measure the voids isolated inside in the case of the test
of underwater mass, but it is possible to measure all the voids inside in the case of
CT imaging.

3. From the permeability test results, it was shown that the permeability coefficient
is about 2.72 mm/s for Mix 1 with an average porosity of 22.2%, 0.85 mm/s for
Mix 2 with an average porosity of 13.7%, and 0.16 mm/s for Mix 3 with an average
porosity of 11.6%. From the above results, it can be concluded that, by blending
smaller and appropriate-sized aggregates into concrete mix, the porosity of hardened
concrete decreases resulting in the reduction of the water permeability coefficient
of pervious concrete. As a result of the compressive strength test, it was found that
the compressive strength increased as the porosity decreased. This is because the
specific surface and adhesion area between aggregates and cement paste increase
as the aggregate size gets smaller, which is beneficial to the compressive strength of
pervious concrete.

4. Analyzing the results of laboratory research conducted within this study on the pore
clogging experiment presented in Section 3.4 and in Table 5, it can be concluded that
the water infiltration rate of pervious concrete was restored at a constant rate when
the permeation performance was reduced and then cleaned by vacuum cleaning
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and high pressure spraying. However, it was not possible to restore the original
permeability performance. Further experimentation and research are needed.
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Abstract: The aim of this evaluation is to verify the telling value of the Cost and Benefits Analysis
(CBA) of regional roads modernisation based on an ex-post evaluation of the investments and their
impacts on the incidence of traffic accidents. A set of 144 projects were the subject of evaluation.
The analysis of the actual investment costs confirmed the assumption that the majority of projects
were planned with a sufficient provision. When compared with the costs foreseen for the entire set of
projects, the total reduction of actual costs spent was over 11%. The investigation of project impacts
on traffic accidents was based on an analysis done prior to and after construction by using the Czech
Police database. The measurement results show only minimum changes in the incidence of traffic
accidents in the scenario prior to and after project completion. This however strongly contradicts the
project goals declared, because the projects were anticipating almost zero accidents with a fatality and
a 50% reduction of accidents with health consequences. However, a slight increase in road fatalities
and in light and serious injuries was measured. These facts have a significant impact on the Net
Present Value (NPV) and the weighted profitability index for the entire set of projects dropped from
16.7% to −2.8%. The key recommendation is to eliminate the impact on traffic accidents in the case of
project evaluations processed ex-ante for projects focused only on a reconstruction or modernisation
of existing roads.

Keywords: ex-post CBA; road modernisation; incidence of traffic accidents; decision-making process

1. Introduction

Ex-post evaluation of projects in the public sector does not currently enjoy much
popularity. The money was spent and any possible discrepancy between the project impacts
declared and quantified and the reality can have a negative impact on the institutions
(or individuals) responsible for project preparation and implementation. When making
decisions about whether a project, supported by a CBA, shall be implemented or not, there
is actually no argument against the verification of costs and benefits even through ex-post
CBA. Boardman, Mallery and Vining state that the primary benefit of an ex-post CBA is
the possibility of defining the actual socio-economic value of the project evaluated and the
benefits of major experience for the evaluation of similar projects [1].

Odeck and Kjerkreit mention a systematic approach to ex-post project evaluation
in the UK (referred to as POPE—Post Opening Project Evaluation) or New Zealand [2].
Ex-post evaluation based on a sample of large projects has been also adopted by the
European Commission [3]. A systematic approach to ex-post project evaluation is presently
lacking in the Czech Republic. The assessment of project impacts is almost always based on
the monitoring of compliance with project indicators (programmes) for projects financed
from European Structural and Investment Funds (particularly the European Regional
Development Fund (ERDF) and the Cohesion Fund (CF)) in the sustainability phase
(usually five years since formal project completion).

CBA ex-ante evaluations are however often an integral part of the decision-making
process on whether to implement a project or not. Integrating the CBA into the decision-
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making process for the spending of public or private resources only makes sense if its results
are highly reliable. This evaluation shall assess whether (and how) CBA results change and
whether this fact should affect the decision-making process regarding relevant projects.

The analysis rests upon a relatively homogeneous set of regional road modernisation
projects in the Czech Republic. All ex-ante evaluations were prepared in the uniform
programme environment eCBA 1.0 [4]. The investment volume, residual value, operating
cash flow gap and anticipated socio-economic impacts including their valuation are among
key inputs for the evaluation.

In ex-ante evaluations investments are usually entered based on the civil design and
itemised budget and/or building volume, construction budget and other related expendi-
ture. Ex-post verification of investment volumes is usually quite easy, because sufficient
data is available for projects financed from operational programmes. The costs actually
spent are usually part of the final report of any project. On the contrary, it is problematic
to determine the residual value already for ex-ante project applications. The linear loss
of value method and/or estimation of operating cash flow since evaluation completion
until the end of the service life are usually adopted [5]. Ex-post analyses after several years
of operation can improve the precision in determining the residual value only to a very
limited degree. The ability to verify the operating cash flow usually depends on the type
of the project. If a new civic amenities project is to be measured (e.g., construction of a
new school building, sports stadium, etc.), the ex-post identification of operating income
and expenses is usually easy, because the investor monitors the income and expenses in
detail. It is however problematic to identify operating expenses in such projects as road
infrastructure modernisation and this requires a detailed identification of the costs spent
on the respective road sections.

Time savings, lower costs for vehicle owners and fewer external negative factors in
transport are among the key inputs for the socio-economic analysis of road infrastructure
modernisation projects (particularly less noise, lower emissions and higher safety). The ex-
post verification of most such inputs is very problematic. Time measurements prior
to construction and other road traffic data, allowing for speed measurements prior to
modernisation, are not easy to obtain. Speed can have a significant impact on the incidence
of traffic accidents, because the higher the speed the faster the driver must react to a risk
stimulus. The central traffic intensity and flows monitoring system based on “floating
car data” is only now being introduced in the Czech Republic. The use of other systems
(e.g., data from navigation service providers or mobile phone operators could not be
obtained due to the higher number of projects investigated, start of construction of the first
projects dating back to 2008 and 2009 and construction only on regional roads) cannot be
achieved. Similarly, accurate measurements of emissions from transport and noise are not
available. Given the specifics of the pool of projects evaluated (modernisation of regional
road infrastructure during the period 2008–2015) in the Czech Republic, the only impact
that can be at least partly qualified is the change in the incidence of traffic accidents.

These facts define the objective of this article. The main aim of this evaluation is to
verify the impacts of the road infrastructure modernisation projects on the incidence of
traffic accidents. And subsequently together with the ex-post verification of the investment
cost to analyse the impact on CBA results. The findings should be helpful to decision-
making process concerning the regional road maintenance and modernisation.

The importance of ex-post evaluations of investments has been repeatedly stressed in
the applicable literature. Boardman says that without an ex-post evaluation the benefits
of the CBA for the decision-making process cannot be evaluated either [1]. The ability
to verify whether the benefits declared actually materialised answers many important
questions regarding the telling value of the CBA. He uses the example of the Coquihalla
Highway to demonstrate the size of the deviation in the resulting evaluation from ex-
pected development and highlights assumptions that can significantly affect preliminary
evaluation results.
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Anguera followed up on Boardman’s study with an ex-post economic assessment
of the Channel Tunnel connecting France with the UK and says that the British economy
would be doing better without the tunnel than with the tunnel [6]. He says that the total
cost invested in the tunnel is higher than the benefits arising from the tunnel’s operation.
He identifies lower transport demand, which does not correspond to the rather optimistic
assumptions when making the decision about the infrastructure project, as one of the main
causes. Other ex-post evaluations stated in the literature include the Stockholm metro
analysis where—contrary to the previous example—it is little surprise that significant
socio-economic benefits were demonstrated, including urbanisation impacts [7].

The significance of the ex-post evaluation for the decision-making process is also
confirmed by Odeck and Krejkreit [2]. They perform an ex-post analysis of a set of 27 road
infrastructure projects in Norway. He then benchmarks the results of ex-post analyses done
after five years since the opening date against the ex-ante results used for decision-making.
The comparison shows an undervaluation of the NPV results by an average of more than
50% in absolute terms and 0.14% on the profitability index level. i.e., the Net Present Value
constituting the investment unit. Traffic intensity and the traffic intensity growth index
were among the undervaluated inputs. The positive impact of growing traffic volumes on
CBA indicators was partly compensated by higher investment costs, but this effect was
low enough not to significantly affect the undervaluation of the preliminary NPV.

An ex-post evaluation of a set of 10 projects financed from ERDF and CF resources
was carried out by Jong, Vignetti and Pancotti [8]. The aim of this evaluation was to
verify the investment costs and to estimate the demand and expected benefits. The largest
deviations were identified mostly in monetised benefits. One half of the projects had to
be marked as underachieving, but none of the projects dropped below the failure level.
The study brought an interesting proposal: to categorise projects based on the ex-ante and
ex-post comparison in six classes bearing the name of an object in space—from clear stars
to black holes.

Besides the impacts of CBA, Welde also introduces other factors that affect the decision-
making process in project selection [9]. Besides inaccuracies and deviations from inputs,
he also mentions the limited capabilities of the CBA in covering key impacts (monetised
or non-monetised) that must be taken into account in decision-making. The effectiveness
in reaching the goals declared can be more important than the economic efficiency of the
projects evaluated. What he sees as a separate item in ex-post evaluations is also the cost
performance comparing investment cost estimations with actual, real-world compliance.
Long-term project impacts are taken into account as strategic success, composed of the
Relevance criterion (project impact on economic development and national trends in the
incidence of traffic accidents), the Other Impacts criterion (e.g., insufficiently monetised
negative traffic impacts on the environment) and the Sustainability criterion (robust infras-
tructure with respect to future transport volumes). Welde and Meunier & Welde also adopt
this method [10,11].

Nicolaisen and Driscoll mention the absence of a uniform approach to ex-post eval-
uations of transportation projects [12]. According to these findings, a missing standard
methodology for retrospective evaluations is the major issue making it hard to draw mutual
comparisons of results and having negative impacts on feedback for future evaluations.

2. Materials and Methods

To ensure a correct evaluation, the aspects leading to correct quantification and ac-
counting for a change in the incidence of traffic accidents in the CBA must be correctly
defined as well. This includes the definition of a reference scenario and estimated incre-
ments/changes resulting from project implementation (or planned project), consideration
of time impacts and valuation (quantification) of impacts on the incidence of traffic acci-
dents based on shadow prices.

It is also important to note that negative CBA results (both ex-post and ex-ante) do
not automatically mean that the projects implemented are bad projects and/or that their
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costs are not compensated by possible socio-economic benefits. This analysis does not aim
to question the decision-making process as such. According to Sudiana the possible loss of
trust of the public in the decision-making process in the public sector can invalidate this
process for the future [13]. Therefore, the analysis aims to improve the telling value of the
costs and benefits.

The crucial data for the evaluation is the list of the projects collected in the eCBA
1.0 system and the database of the accidents in the Czech Republic [4,14]. The accident
database makes it possible to verify the change in accidents on modernized sections of
regional roads and to determine the mean percentage error. Subsequently, using the
standard methodology for project evaluation, it is possible to calculate the impact on the
CBA results.

2.1. Identification of Reference Scenario and Impact Value Estimation

The reference scenario (zero variant—no project implemented) was defined in accor-
dance with the considerations of Florio et al. and the European Commission as “business
as usual” [5,15]. The change in the number of traffic accidents was observed by comparing
the situation prior to and after project opening. The statistics of Czech Police, summarised
in the Uniform Traffic Vector Map, were used to determine the number of accidents [14].
Due to data availability, 1 January 2007 was set as the starting point for the measurements.
The monitoring period prior to project implementation is also limited from the other side
by the date directly preceding the commencement of physical construction (i.e., usually the
site handover day) for each individual project. The incidence of traffic accidents during
construction is not followed. The incidence of traffic accidents after project implementation,
i.e., since the day directly following the day of construction completion (site handover
day) until the present (namely data processing as of 31 December 2019) is determined in a
similar manner. Figures 1 and 2 show the incidence of traffic accidents of a selected project.

Figure 1. Example of the incidence of traffic accidents prior to construction (II/421 Bořetice through
road—Kobylí, 1 January 2007 until 28 February 2012). Inputs from Czech Republic Police map and
data [14], the authors’ own method.
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Figure 2. Example of the incidence of traffic accidents after construction (II/421 Bořetice through
road—Kobylí, 1 September 2015 until 31 December 2019). Inputs from Czech Republic Police map
and data [14], the authors’ own method.

The inputs allow—besides the incidence of traffic accidents—the identification of
fatalities (within 24 h), seriously injured persons (within 24 h) and lightly injured persons
(within 24 h). Given the usual issues with statistics tracking the incidence of traffic accidents
and the potential impact of external and internal factors, for example Lord and Mannering
say that this method is highly simplified [16]. But when considering the goal followed (i.e.,
to identify the deviation in NPV estimation), it appears to be acceptable. For the sake of
complexity, the national trend in the development of road accidents and their impacts was
identified (Figure 3).

Figure 3. National trend of traffic accidents (2007 = 100%). Input data from Czech Republic Police [17],
authors’ own method.

According to the statistics of the Czech Republic the general trend in road fatalities,
seriously and lightly injured persons has been positive, i.e., declining, since 2007 [17].
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According to the Czech Statistical Office ČSÚ the following are the main factors causing the
positive traffic accident trends in the Czech Republic: gradual car fleet improvements, more
safety features in vehicles, development of transport infrastructure, traffic education and
awareness campaigns in media, demographic changes (significant demographic groups
become more responsible) and introduction of the penalty-points system [18].

The national component goes in the same direction as the projects evaluated (less
injured and fewer fatalities). An adjustment for the national trend is theoretically possible,
e.g., based on the shift-share analysis [19,20], but highly problematic due to a change
in the traffic-accident reporting methodology. Also Figure 3 shows a significant drop in
traffic accidence between 2008 and 2009, caused by the change in legislation and reporting
since 1 January 2009. This drop is therefore probably only formal. Also with regard to
these conclusions (minimum impact of the projects investigated on the incidence of traffic
accidents), the shift-share analysis is not applied on the data measured.

2.2. Inaccuracy Measurement

To measure the inaccuracy of the estimation, the percentage error (PE) is used, express-
ing the percentage deviation of the estimation from the reality measured as of the ex-post
analysis date. The mean percentage error (MPE) and mean absolute percentage error
(MAPE) are also defined on the entire pool of projects. Indicators were defined according
to Odeck and Kjerkerit [2].

PErelevant indicator =

(
relevant indicatorex−post − relevant indicatorex−ante

)
relevant indicatorex−ante

× 100 (1)

MPE = 1/n ∑n
i=1 PEi (2)

MAPE = 1/n ∑n
i=1|PEi| (3)

To determine the deviation of the variables followed (number of accidents and change
in investment costs), their impacts on NPV changes must be identified. The variables
followed track the change in investment costs and incidence of traffic accidents (fewer
fatalities, seriously and slightly injured persons and lower material damage). The resulting
impact on NPV changes can be defined as follows.

ΔNPV = NPVex−ante − ΔNPV(I) + ΔNPV(accidents) (4)

The data from the set of projects however contain the investment value prior to con-
struction and after completion. To duly calculate ΔNPV(I), its spreading in time (in years)
must be defined as well. The taxable supply date on invoices issued during construction is
the main criterion of investment classification in time. As these data are not available for the
set of projects, the investment was equally spread in time during construction depending
on the number of days of construction during the different calendar years. The change in
investment (i.e., difference between ex-post and ex-ante) in a year (t) is therefore calculated
according to the formula shown below.

ΔIt =
ΔI(total)

p (costruction days total)
× q (construction days in the year t) (5)

If we know the investment during the different years, we can calculate, i.e., measure
the change in the NPV (ex-ante vs. ex-post) in a standard manner.

NPV(ΔI) = ∑s
t=0 It × 1/(1 + r)t (6)

To determine the impact of the incidence deviation on the change of the NPV in
the project, shadow prices must be defined, making it possible to determine their socio-
economic value in money. The ex-ante evaluation was based on unit prices on the 2008
price level and no changes in prices were assumed for the 2007–2015 period. All evaluations
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were counting with real prices valid at the time of the evaluation (2008–2013) and prepared
by valuating impacts on the incidence on the 2008 price level. Given that there were
only marginal changes in prices during this period, the method appears to be acceptable.
Identical valuation as in the case of the ex-ante evaluation was used for the ex-post evalua-
tion. For a comparison, the current method used in the Czech Republic for infrastructure
project evaluations was applied for the change in incidence [21]. The valuation available
in the current methodology was converted (for the sake of comparison with the ex-ante
methodology) to the 2008 price level (Table 1).

Table 1. Valuation of impacts on the incidence of traffic accidents Data [4,21,22], authors’ own
method.

Ex-Ante Method Current Method Current Method

price level 2008 2017 2008
material damage 48,500 344,900 282,973

fatalities 9,662,427 20,790,000 17,057,114
serious injury 3,243,737 5,033,600 4,129,807

light injury 364,577 649,800 533,127

The evaluation parameters primarily involving the discount date (r), evaluation
period and conversions of price levels are preserved in line with the ex-ante evaluation.
The discount rate is determined in real terms as 5.5% p.a. and the valuation period is
25 years. No testing of changes to the discount rate was applied [14]. Conversion factors
were not used for the ex-ante and ex-post evaluations.

All projects with a positive NPV (i.e., when the net present value of benefits exceeds
the net present value of costs) are suitable for implementation and, if a choice shall be made,
such a combination of projects shall be chosen which maximises net benefits [22]. Since
the CBA is not perfect (impact valuation, non-quantifiable impacts), this principle and
potential externalities (e.g., political will) are not always reflected in practice. The projects
were supported from the resources of the European Structural and Investment Funds
(ESIF) under the Regional Operational Programme South-East. The CBA results were
taken into account in the evaluation criteria in the section dealing with project quality in
terms of benefits and adequacy in the criterion “adequacy of the investment in terms of the
outputs achieved, the socio-economic outputs and the standard situation”. The criterion
was defined as a point criterion (possible gain: 0 to 12 points out of 100) and negative
NPV led to a zero point gain in this criterion [23]. The influence of the ex-post change in
NPV was therefore only investigated based on whether NPV drops below zero tolerance
where the non-quantifiable benefits associated with implementation must be proven [24].
The actual change in points with regards to the limited number of authorised applicants
in this field of support (only two regional road administration units) had only a marginal
impact on project selection.

2.3. Set of Projects Evaluated

A set of 144 projects implemented between 2008 and 2015 within the regions of South
Moravia and Vysočina in the Czech Republic with the support of resources from the
Regional Operational Programme South-East was processed. All projects apply to category
II and III roads and primarily involved the reconstruction and modernisation of the road
surface, increase in load-bearing capacity, restoration of horizontal and vertical traffic
signs, road shoulder adjustments, drainage, bridge and turn-off lane upgrades. Adjacent
pedestrian pavements, bus stops, safety islands, parking and long-term parking areas
and other local road connections were also usually built as part of these project activities.
The direction and elevation of the road changed only in very few projects. Roads were
relocated only in exceptional cases (only four projects). In some projects (mostly in the
Vysočina region) the road was widened, usually to category S9.5. The total length of the
sections modernised was 564.6 km and the total investment was CZK 8.1 billion (actual
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costs spent). Given the marginal representation of new roads (relocated roads) in the set of
projects, no conclusions can be made regarding the impact of new construction on a change
in the incidence of traffic accidents.

Higher safety and smoother traffic, time savings, less noise and dust and lower
emissions, higher travel convenience and lower operating costs (lower fuel consumption
and slower wear) are among the most frequent project goals. A project list can be found in
Appendix A.

3. Results

When considering the arguments mentioned in this analysis, the ex-post evaluation
aims at a change of investment costs, project impacts on the incidence of traffic accidents
and their impacts on evaluation results.

3.1. Ex-Post Evaluation of Investment Costs

The main source of data for the ex-post identification of investment costs are final
reports on project implementation and sustainability control reports and/or summary of
data from investors in the system of the control body of the programme [25]. Ex-ante values
come from eCBA 1.0 [4]. The project units were evaluated—due to system deployment
only during 2008—only in the final phase of construction. The minimum 0.0% deviation is
also from this period when investment costs were entered in the economic evaluation only
after signing the contract with the contractor and the financial limit of the contract was met
without any changes.

The results (Table 2) indicate a relatively large drop in investment costs during tender-
ing and construction. The average size of the project decreased from CZK 63.1 million to
CZK 56.1 million after implementation, which corresponds to a decrease of approximately
11.2%. The average value decreased from CZK 54.5 million to CZK 45.9 million, the maxi-
mum size of the project increased slightly from CZK 199.7 million to CZK 201.4 million.

Table 2. Investment cost deviation (amounts in million CZK).

Ex-Ante Ex-Post MPE(I) MAPE(I)

average 63.08 56.13 −11.19% 17.40%
median 54.46 45.84 −2.25% 8.55%

min 5.83 3.88 −60.97% 0.00%
max 199.66 201.38 46.10% 60.97%

reference
deviation 43.13 42.73 22.91% 18.62%

projects in total 144 144 144 144
cost increase 53
cost decrease 91

3.2. Ex-Post Evaluation of the Incidence of Traffic Accidents

Increased safety was one of the major decision-making factors. The ex-ante evaluation
quantified a positive impact on safety in 123 projects (86%) and fewer injuries were quanti-
fied in 4 projects (63%). No negative impact on safety was mentioned for any of the projects
evaluated. A reduction in fatalities in traffic accidents of 5.9 persons p.a., a reduction in the
number of seriously injured of 15.0 persons p.a., a reduction in the number of light injuries
of 100.2 persons p.a. and a reduction in the number of traffic accidents total of 300.7 were
assumed for the entire pool of projects. The ex-ante estimates were verified based on Czech
Republic Police data [14] and measurements done prior to project commencement and after
project completion. The average incidence monitoring period prior to project commence-
ment was 1795 days (i.e., 4.9 years) and the average incidence monitoring period after
project completion was 2573 days (i.e., 7.0 years). The average monitoring time therefore
exceeded the time (3 years) recommended by Ambros for determining the long-term mean
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value [26]. Separate analyses were done for the reduction of fatalities, serious injuries, light
injuries and incidence of traffic accidents as such. The results are shown in Table 3.

Table 3. Summary values prior to and after project and ex-ante target values (all figures are p.a.).

Traced Prior to
Project (Number)

Traced after Project
Completion
(Number)

Change
(Num-

ber)

Change
(%)

Ex-Ante
Goal

(Number)

Deviation
(Number)

PE

accidents total 658.6 590.0 −68.7 −10.4% 358.0 −300.7 64.8%
light injuries 235.3 277.1 41.8 17.8% 135.1 −100.2 105.2%

serious injuries 30.7 30.6 −0.1 −0.4% 15.7 −15.0 94.6%
fatalities 6.6 6.9 0.3 4.8% 0.7 −5.9 921.6%

The analyses show no significant impact on the incidence of traffic accidents. The av-
erage annual number of accidents total dropped by 10.4%, but when taking the change in
the reporting method in 2009 into account (see above), the change is absolutely marginal.
The number of fatalities and heavy injuries remained unchanged. The slight growth in
fatalities by 4.8% and decrease in serious injuries by 0.4% (comparison of all annual values)
lies within statistical errors. The total number of light injuries saw a more distinct growth
by 17.8%. It is obvious based on the summary data that ex-ante target values regarding
lower incidence of traffic accidents as a result of project implementation could not be
reached. The CBAs assumed almost complete elimination of fatalities, but this did not
happen—their number has not changed after project completion. The deviation in the
original estimation therefore reaches 900%. The target value in serious and light injuries
was about one half of the original volume. Even this goal was missed, because the number
of serious injuries did not change and now there are even more light injuries than before.
The deviation in estimation was therefore 94.6% for heavy injuries and 105.2% for light in-
juries. The reduction in the number of traffic accidents did not materialise, even with a big
help in the form of the change in accident reporting methodology. The status quo or even a
slight increase of the existing numbers shall be assumed without the methodical impacts.

A breakdown of the comparison of ex-ante estimates and ex-post measurements for
light injuries, serious injuries an fatalities is shown in Figures 4–6. There is a graphic
representation of ex-ante estimates and ex-post measurements (actual values recorded).
Axis (x) shows the anticipated decrease in the number of injuries/fatalities after project
completion. The estimation of the reduction of injuries for all projects was negative, i.e.,
all projects sit to the left from axis (y). The actual changes, as measured (i.e., difference
between injuries prior to project commencement and after project completion), often go to
negative values, i.e., the number of injuries/fatalities go up rather than down after project
completion. These projects are shown in the figures below the line representing positive
impact on incidence of traffic accidents, i.e., below axis (x). The portion of projects where
injuries grew at least little when compared with the original situation exceeds 55%, 32% for
serious injuries and 20% for fatalities.

The correlation between ex-ante estimate and ex-post measurement is shown in the
so-called “matching line”. Projects lying close to this line show no or minimum deviations,
meaning that the original estimate was accurate. Projects lying below this line show
how overstated the expected positive impact on the incidence was (75% of the projects
evaluated). In projects lying above this line the expected positive impact on light injuries
was understated (20% of the projects evaluated). The evaluation for serious injuries
(Figure 5) and fatalities (Figure 6) is represented in the same manner.
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Figure 4. Comparison of ex-ante and ex-post values representing the reduction in the number of light injuries (p.a. values).

Figure 5. Comparison of ex-ante and ex-post values representing the reduction in the number of serious injuries (p.a. values).
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Figure 6. Comparison of ex-ante and ex-post values representing the reduction in the number of deadly injuries (p.a. values).

3.3. Impact on NPV and Decision-Making about Project Implementation

The positive NPV as a criterion was only a part of the decision-making process—it
was not a pre-condition for project delivery. The total net present value (ex-ante) of all
projects was CZK 1081.2 million and the profitability index (weighted average according to
investment volume) reached 16.7% (Table 4). One half of the projects (50.0%) achieved pos-
itive NPV. The other half reached negative NPV values. As required for this methodology,
the investment volume and impact on incidence of traffic accidents according to reality
were corrected.

Table 4. NPV error.

Ex-Ante
(Million CZK)

Ex-Post
(Million CZK)

MPE(NPV) MAPE(NPV)

average 7.51 −1.70 3.8% 267.2%
median −0.30 −5.67 −3.1% 58.8%

min −145.17 −237.97 −5521.2% 0.2%
max 333.44 303.20 5261.7% 5521.2%

reference
deviation 65.06 74.32 763.7% 715.5%

number of
projects 144 144 − −

total 1081.2 −245.0 − −

The ex-post correction of the NPV calculation resulted in significantly worse results
of all projects. The NPV total for all projects dropped below zero to CZK −256 million.
The summary profitability index (weighted average for the entire set) dropped below
zero to −2.8%. The average positive NPV in the amount of CZK 7.5 million dropped to
−1.7 million. The mean percentage error (MEP) of the NPV is 3.8%. Very high values
of minimum and maximum changes were mostly observed in projects with an ex-ante
NPV close to zero (i.e., even a small change in NPV can lead to huge changes in the
percentage indicator).

The comparison of ex-ante and ex-post NPV shows that the revision of the investment
volume and of the negative impact on the incidence of accidents according to reality
(and/or ex-post data) had no significant impact on 52 projects (i.e., 36%)—their NPV
remained positive. The NPV revision had a critical impact only on 20 projects (14%) where
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NPV dropped below zero. These projects were partly compensated by 15 projects (10%)
where negative NPV increased to positive NPV and their positive impact on the society
could be proven only ex-post. Most projects remained in negative values (40%).

The correlation between the ex-ante and ex-post evaluation is represented in the
Figure 7 where the profitability index was applied (social rate of return per one investment
unit). Projects meeting the conditions of a positive evaluation in the design phase and
after construction are shown in the top-right segment (to the right of axis y and at the
same time above axis x). Projects where their positive impact on the society could only
be proven ex-post lie in the bottom-left segment (to the left of axis y and at the same time
above axis x). For projects below axis x, no positive CBA results were proven through
quantification (valuation).

Figure 7. Comparison of ex-ante and ex-post profitability index (NPV/I).

The change in NPV (and/or the profitability index) would therefore have an impact
on project evaluation. Contrary to the NPV/I shift towards the bottom, the points rating
grew. The average point gain per one project increased from 3.3 to 3.8 points (Table 5). This
fact was due to the way the point system is set up: projects with negative NPV/I results
gain zero points (except for a few ratings assigned manually). In the 0–100% range the
evaluation is linear and projects with NPV/I over 100% are already evaluated equally, with
the same full rating.
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Table 5. Change in NPV results and the points rating.

Compliance with
Criterion NPV > 0

Number of Projects Share (%) Ex-Ante Points Average Ex-Post Points Average

prior to = yes, after = yes 52 36.1% 6.6 8.8
prior to = yes, after = no 20 13.9% 4.9 0.0
prior to = no, after = yes 15 10.4% 0.0 5.7
prior to = no, after = no 57 39.6% 0.5 0.0

total 144 100.0% 3.3 3.8

4. Discussion

The obtained results clearly demonstrate the importance of ex-post CBA for the decision-
making process in accordance with the experience described in the literature [1–3,6–12]. The re-
sults of the evaluation indicate a reduction in investment costs, a slight negative impact on
the incidence of traffic accidents, especially in the number of light and severe injuries and
fatalities. The most significant impact on the NPV values is presented by the unfulfilled
ex-ante expectations of the reduction of the injuries and fatalities in the traffic accidents.

The average decrease in investment costs by 11.2% contradicts the results published
earlier. In Odeck and Kjerkreit an average cost increase of 9.3% on a set of 27 transportation
projects in Norway was given, past investigations in Norway showed an average increase of
7.9% [2,27]. Odeck further introduces a meta-analysis of 21 studies investigating the change
in investment costs and none of them comes to a negative change (i.e., no investment cost
saving) [28]. Flyvbjerg investigated the correlation between the cost increase depending
on the size and time of construction and the type of investor [29]. This dependence was
confirmed only for construction duration: every year that passed between the moment
of decision to build the project and the actual construction increased the investment
by 4.64%. On the contrary, Subramani sees the cause of the investment cost increase
primarily in project management [30]. The likely cause of the drop in investment costs
is corresponding control by the investor and control bodies and/or the impact of the
economic cycle (a considerable portion of the projects were tendered at a time when supply
was exceeding demand on the building market between 2010 and 2012), as indicated by
the negative trend in construction work prices [21,31].

Huge ex-ante expectations of reduction in the number injuries and fatalities remained
unfulfilled. The reason can be found in the sense of the modernization. After modern-
ization, the road has a homogenized width dimensions, in many cases the road has been
widened. The new pavement is designed with corresponding centripetal cross fall and skid
resistance. As part of the modernization, the sight distance is improved, e.g., by reducing
road vegetation. The new traffic signs and road marking have a higher retroreflection and
are complemented by delineator posts. These facts create a feeling of greater comfort and
safety in the drivers, which leads to smoother traffic, but also an increase in average speed.
It is the higher speed that brings a higher risk of an accident and it probably compensates
the construction benefits. Another factor that could have affected the incidence of traffic
accidents may be the increase of traffic volume due to the induction effect, when a newer,
higher quality route of the road takes vehicles from the surrounding network. Unfortu-
nately, we are not able to verify this for the evaluated sample of regional roads, because the
ongoing data of traffic volume are available in the Czech Republic only for the superior
network (highways).

However, we can say that if the incidence of traffic accidents remained the same after
project completion but traffic is now more smooth, the project would have a positive impact.
The fact that speed/smooth traffic can have an impact on the number of accidents prior to
and after project completion can be seen in the different values of the mean incidence values
p.a. where the numbers are broken down into rural areas (undeveloped land) and urban
areas (developed land). The number of accidents decreased in urban areas by 1.74 p.a.,
while it grew by 0.6 in out-of-town areas.
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These findings can be supported by the evaluation of correlation between relative
number of The Figure 8 shows the positive effect of modernized crossroads on the number
of people with injuries. A parameter of the number of crossroads per 1 km was created for
each modernized road. It is obvious that in sections with a larger number of crossroads
there is a reduction in the number of injuries and fatalities.

Figure 8. Reduction in number of injuries and fatalities in correlation to relative number of crossroads.

In accordance with the study results, positive impact on the incidence of traffic acci-
dents should not be used as a general argument for the implementation of regional road
modernization projects. The consideration of the anticipated accident reduction in the
assessment (CBA) should be conditional on a safety audit of a specific section, including a
specific assessment of the possible effects on incidence of traffic accidents and taking into
account the real conditions at the site. In general, it can be assumed that a positive effect on
incidence of traffic accidents can be expected mainly in connection with the elimination of
the spot defects (unsatisfactory crossroads etc.).

A similar study conducted on a set of 27 road projects in Norway shows an opposite
trend in the incidence of traffic accidents [2]. This fact is probably due to the structure of
projects. While the evaluated set only includes projects for the modernization of regional
roads, the study in Norway included mainly large road projects such as sub-sea tunnels,
bypasses and trunk roads. This question may be further investigated. Further investigation
should focus on the changes in the incidence of traffic accidents in connection with the
implementation of the modernization of the national roads and highways. Alternatively, it
would be relevant to make a comparison with the construction of new roads.

5. Conclusions

The ex-post CBA was prepared for a set of 144 regional road modernisation projects
in the Czech Republic. The main objective of the evaluation was to verify the real impact of
the implemented projects in comparison to its ex-ante goals. The verification was aimed at
the investment costs and the incidence of traffic accidents. The ex-post data was used to
rectify the ex-ante CBA results. The purpose of the study is to improve the decision-making
process concerning the regional roads maintenance and modernisation.

The ex-post verification of the incidence of traffic accidents was performed with use
of the Czech Republic Police database and was based on an analysis prior to and after
project completion. Ex-post values of injuries and fatalities were measured slightly higher

132



Sustainability 2021, 13, 1849

prior to project completion, although the aim of the project was to increase the degree
of safety. The improvement of the technical condition of the infrastructure may result in
increase in speed with negative effects on incidence of traffic accidents. This argument is
also supported by the results of evaluation depending on the implementation of projects
in urban and rural areas and the results of projects evaluation in relation to the relative
number of crossroads in the individual projects. The goals declared for the project were an
almost complete elimination of all accidents with a fatality and accidents with serious or
light injuries, but these goals were missed.

The ex-post verification of investment costs brought very surprising results, and these
results were different than in past investigations. Contrary to all expectations, the actual
investment cost was lower in total terms by 11%.

The impact on the CBA result is significant, the weighted profitability index for
the entire set of projects dropped from 16.7% to −2.8%. However NPV did not change
dramatically in 75% of the projects. The results bring a clear recommendation for the
reconstruction and modernisation of existing regional roads: impact on the incidence of
traffic accidents shall not be taken into account in the CBA. The exceptions should be fully
justified by safety audit or similar assessment.

In general, the results demonstrate the importance of ex-post evaluation of projects
in order to improve the decision-making process in the future. At the application level, it
was not possible to prove the positive effect of the modermisation of regional roads on the
reduction of accidents, although this impact was ex-ante widely expected.

The potential users of the evaluation results are mainly local and regional authorities
responsible for the maintenance and modernisation of the regional roads. An important
group of users of the results of the evaluation are also the managing authorities respon-
sible for the implementation of national and international resources in the field of road
infrastructure development or regional development in general. The methodology could
also be adapted for the evaluation at the national level and can provide a stimulus for
further research on the correlation between road infrastructure modernization and number
of accidents. The research could be applied in the national or general methodologies for the
evaluation of investment projects in the field of transport infrastructure. The findings can
improve the telling value of CBAs, make the decision-making process easier and improve
the efficiency of road maintenance and modernisation cost.
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Table A1. List of projects evaluated.

Project
Section

Length (km)

NPV, Ex Ante
(CZK

Million)

NPV, Ex-Post
(CZK

Million)
MPE (NPV) MAPE (NPV)

III/3657 Letovice, bridge 3657-3 0.01 0.0 −1.9 −5521.2% 5521.2%
III/4135 Rybníky bridge 4135-3 0.01 −11.7 −12.9 10.6% 10.6%

II/379 Lipůvka—Blansko, bridge 379-023 0.03 −29.7 −18.8 −36.7% 36.7%
III/3771 Předklášteří bridge 3771-3 0.03 −42.3 −42.5 0.4% 0.4%
II/129 Humpolec—bridge 129-011 0.06 52.5 55.4 5.5% 5.5%
III/4206 Pouzdřany, bridge 4206-2 0.07 −43.5 −10.8 −75.1% 75.1%

II/408 roundabout Kuchařovice II/399 0.10 2.2 9.8 355.8% 355.8%
II/397 and III/3974, roundabout Čejkovice 0.10 34.4 21.4 −37.7% 37.7%

II/130 Miletín—bridge 130-011 0.10 14.5 21.2 46.5% 46.5%
III/13035 Hořice—bridge 13035-2 0.10 −13.9 −3.4 −75.2% 75.2%

II/398 Horní Dunajovice, bridge 398-009 0.12 −7.9 −9.8 24.7% 24.7%
III/3993 Naloučany—bridge 0.14 −10.1 −5.3 −47.4% 47.4%

III/15280 Modřice bridge 0.18 −74.5 −34.7 −53.4% 53.4%
II/421 Zaječí bridge 421-010 0.25 −47.8 −40.1 −16.2% 16.2%

III/00221 Ladná, bridge 00221-2 0.26 −16.1 −13.3 −17.5% 17.5%
II/430 Vyškov through road, bridge 430-017 0.27 −2.5 −8.8 253.6% 253.6%

II/391 Žd’árec bridges 391-003, 391-004 0.28 −8.9 2.2 −124.8% 124.8%
II/399 Stropešín—bridge 399-002 0.30 −47.7 −103.0 116.1% 116.1%

II/380 Sokolnice roundabout 0.33 −9.8 4.5 −145.9% 145.9%
II/602 hr.kraje—Pelhřimov, 5. phase 0.35 −64.0 −68.7 7.4% 7.4%

II/409 Panské Dubenky—bridge 409-016 0.38 14.9 6.7 −55.2% 55.2%
II/602 Veselka roundabout 0.40 −18.5 −19.0 3.1% 3.1%
II/430 Podolí, roundabout 0.47 35.2 44.3 26.0% 26.0%

II/373 Ochoz through road 2. phase 0.49 3.5 4.7 33.8% 33.8%
III/03810 Hesov—bridges 03810-006, 007, 008 0.53 136.6 134.9 −1.2% 1.2%

II/374 Cetkovice through road 0.55 −5.0 4.4 −187.6% 187.6%
II/379 Lipůvka through road 0.56 −5.4 0.7 −112.4% 112.4%

II/408 Dyje through road 0.57 −8.1 7.8 −196.4% 196.4%
II/387 Bořínov—Nedvědice, border

bridge 387-012 0.65 −30.3 −35.6 17.7% 17.7%

II/399 Tavíkovice bridge 399-006 0.66 −18.6 −19.1 2.8% 2.8%
II/400 Chlupice bridge 400-007 0.66 −14.7 −16.1 9.6% 9.6%

Lužice through road IV. and V. phase 0.77 30.3 12.7 −58.1% 58.1%
II/413 Prosiměřice bridge 413-014 0.80 −19.5 −0.6 −97.2% 97.2%

II/412 Znojmo, bridge 412-001, 412-002 0.85 −55.2 −43.7 −20.9% 20.9%
II/431 Vyškov—through road 0.92 9.4 22.1 133.8% 133.8%

II/422 Čejkovice through road III. phase 0.94 4.3 3.5 −18.7% 18.7%
II/377 Brt’ov through road 0.94 −15.3 −21.4 40.1% 40.1%

II/602 Domašov bridge 602-013 0.97 −33.4 −20.6 −38.2% 38.2%
Connection I/38 Znojmo 1.11 25.6 41.7 62.9% 62.9%

III/37418 Boskovice, Chrudichromská 1.12 1.4 −11.4 −909.5% 909.5%
II/427 Moravský Písek II. and III. phase 1.15 −33.9 −53.2 57.2% 57.2%

III/4133 Moravský Krumlov through road 1.17 −22.2 35.5 −260.3% 260.3%
II/394 Neslovice through road 1.19 27.7 12.9 −53.5% 53.5%
II/405 Zašovice—through road 1.26 0.6 −7.5 −1355.1% 1355.1%

II/394 Tetčice through road 1.28 1.6 18.1 1059.7% 1059.7%
II/422 Čejkovice—through road, phase 1 1.40 7.2 7.9 9.8% 9.8%

Reconstruction of road III/4301
Bukovany—through road 1.46 15.1 4.5 −70.5% 70.5%
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Table A1. Cont.

Project
Section

Length (km)

NPV, Ex Ante
(CZK

Million)

NPV, Ex-Post
(CZK

Million)
MPE (NPV) MAPE (NPV)

II/398 Vranov nad Dyjí through road—Onšov 1.55 81.0 −42.2 −152.1% 152.1%
II/393 Oslavany—II. and IV. phase 1.60 19.2 29.5 53.6% 53.6%
II/416, 417 Křenovice through road 1.61 −18.6 −39.4 111.5% 111.5%

II/602 Ostrovačice 1. phase 1.62 36.0 −20.0 −155.6% 155.6%
II/381 Velké Němčice through road 1.65 12.0 26.9 124.1% 124.1%

II/432 Ratíškovice through road 1.66 12.5 12.5 0.2% 0.2%
II/421 Kobylí through road 1.70 9.0 7.8 −12.7% 12.7%

II/408 Dyjákovice through road 1.73 −40.6 −20.2 −50.4% 50.4%
III/01926, III/01928, III/01929 in

Nová Cerekev 1.75 −46.3 −45.9 −0.9% 0.9%

II/400 Hostěradice—Višňové, I. phase 1.76 9.7 −10.2 −205.5% 205.5%
II/360 Štěpánovice—Vacenovice 1.78 6.4 −10.6 −266.1% 266.1%

II/425 Nosislav through road 1.78 −6.9 13.9 −301.0% 301.0%
II/152 Jamolice—border of the

region Vysočina 1.79 −3.8 −7.7 102.7% 102.7%

II/398 Mikulovice through road 1.80 −51.9 −53.5 3.0% 3.0%
II/150 Havlíčkův Brod—Okrouhlice 1.81 7.2 22.5 213.5% 213.5%

II/405 Zašovice—Okříšky 1.85 −124.9 −138.0 10.5% 10.5%
II/383 Pozořice—Sivice 1.88 −15.9 −22.3 39.9% 39.9%

II/360 ul. Rafaelova—Pocoucov 1.88 −60.3 −62.4 3.5% 3.5%
II/379 Tišnov—Lipůvka, section

Nuzířov—Lipůvka 1.90 −0.6 −34.4 5261.7% 5261.7%

II/405 Příseka—Brtnice 1.92 −48.8 −142.9 193.1% 193.1%
II/385 Kuřim through road 1.92 102.8 111.0 7.9% 7.9%

II/152 Jamolice—Polánka up to
crossroad III/15250 2.00 −10.6 −12.5 17.7% 17.7%

II/353 D1—Rytířsko—Jamné, 2. phase 2.02 22.7 11.2 −50.5% 50.5%
II/422 Svatobořice—Mistřín, phase 1 2.07 56.7 83.8 47.7% 47.7%

II/602 Říčany-Říčky 2.10 0.5 15.8 3231.4% 3231.4%
II/432 Hodonín roundabout 2.18 29.5 13.1 −55.7% 55.7%

III/42117 Bulhary through road 2.19 −6.8 35.4 −620.9% 620.9%
II/422 Svatobořice—Mistřín through road,

II. phase 2.20 3.0 42.6 1311.0% 1311.0%

II/416 Pohořelice through road 2.21 65.4 54.6 −16.6% 16.6%
III/4194 Vážany n/Litavou—Hrušky 2.26 −30.4 −27.9 −8.3% 8.3%

II/345 Chotěboř—through road, 2. phase 2.28 17.7 −6.1 −134.3% 134.3%
II/374 Blansko through road 2.30 283.6 303.2 6.9% 6.9%
II/379 Lažánky through road 2.41 80.7 70.9 −12.1% 12.1%

II/431, III/4301 Ždánice, Nechvalín
through roads

2.55 −20.4 29.8 −246.5% 246.5%

II/380 Těšany through road 2.87 14.8 80.7 444.7% 444.7%
III/3773 Brumov—Bedřichov, bridge 3773-17 2.88 −18.3 −10.8 −40.7% 40.7%

III/40819 Hradiště through road 2.89 −15.2 −46.6 206.0% 206.0%
II/425 Hustopeče through road, roundabout 3.00 142.3 135.1 −5.1% 5.1%

II/405 Příseka bypass 3.09 60.4 63.4 4.9% 4.9%
II/421 Bořetice through road—Kobylí 3.34 1.6 27.0 1599.1% 1599.1%

II/400 Přeskače—through road 3.36 −15.5 15.7 −201.3% 201.3%
II/152 Modřice bridges 3.53 55.2 72.1 30.5% 30.5%

II/395 Zastávka u Brna—border of the region,
III. section 3.58 4.8 15.1 212.6% 212.6%

II/422 Čejč—Čejkovice 3.67 −18.4 −72.3 293.9% 293.9%
II/377 Rájec—Bořitov 3.76 −34.3 −52.3 52.5% 52.5%

II/347 Světlá n. S.—D1, 2. phase, section 1 3.76 −69.2 −54.9 −20.7% 20.7%
II/395 Odrovice through road 3.84 9.0 3.7 −58.5% 58.5%
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Table A1. Cont.

Project
Section

Length (km)

NPV, Ex Ante
(CZK

Million)

NPV, Ex-Post
(CZK

Million)
MPE (NPV) MAPE (NPV)

II/425, III/4217
Hustopeče—Horní Bojanovice 3.96 −16.7 80.2 −579.3% 579.3%

II/425 Hustopeče
roundabout—Horní Bojanovice 3.96 5.2 40.3 673.1% 673.1%

II/602 border of the region—Pelhřimov, 4.
phase, section 1 4.08 −88.6 −105.2 18.7% 18.7%

II/602 border of the region—Pelhřimov, 7.
phase, section 1 4.09 45.5 −102.0 −323.8% 323.8%

II/385 Tišnov—Hradčany—Čebín 4.10 165.1 182.0 10.2% 10.2%
II/420 Hustopeče—Kurdějov 4.15 −18.2 10.9 −160.0% 160.0%

II/432 Ratíškovice—Hodonín, I/55 rural area 4.28 31.6 −15.6 −149.5% 149.5%
II/365 Letovice—Horní Poříčí, residential area 4.45 −10.1 14.5 −242.8% 242.8%
III/39613 crossroad Pasohlávky—Drnholec 4.49 −29.5 −12.1 −59.1% 59.1%

II/402 Třešt’—crossroad I/38 4.50 3.1 −28.8 −1019.0% 1019.0%
III/4301 Ždánice—Bukovany, phase 1 4.77 −35.7 −25.6 −28.3% 28.3%

II/602 border of the region—Pelhřimov, 6.
phase 4.89 −57.6 −45.5 −20.9% 20.9%

II/347 Světlá n. S.—D1, 1. stavba 5.00 −145.2 −203.2 39.9% 39.9%
II/602 Popůvky—Ostrovačice 5.03 64.1 84.5 31.9% 31.9%

II/408 Suchohrdly u
Znojma—Přímětice—I/38 (rural areas) 5.07 21.4 20.3 −5.3% 5.3%

II/152 Ivančice—Polánka 5.26 66.6 67.4 1.2% 1.2%
II/398 Podmyče—Šafov 5.36 −21.6 −29.2 35.5% 35.5%
II/402 Batelov—Třešt’ 5.50 −9.8 −33.9 245.7% 245.7%

II/365 Horní Poříčí—Letovice, rural areas 5.55 13.1 −28.2 −315.1% 315.1%
II/430 Rousínov—Tučapy 5.55 169.3 202.0 19.4% 19.4%

II/373, III/37357 Benešov—Žd’árná rural area 5.69 7.3 −33.0 −552.4% 552.4%
III/3783 Holštejn, bridge 3783-1 5.73 −10.8 29.1 −370.4% 370.4%

II/408 Vranov nad Dyjí—Znojmo, rural area 5.87 14.3 −158.6 −1211.5% 1211.5%
II/425 Rajhrad—Židlochovice 5.97 28.5 150.6 427.7% 427.7%

II/374 Adamov—Bílovice nad Svitavou 6.97 −25.1 −60.4 140.5% 140.5%
II/413 Prosiměřice—Suchohrdly, extravilány 7.23 17.0 −49.9 −393.4% 393.4%

II/422 Čejkovice—Velké Bílovice 7.35 −42.8 −45.9 7.3% 7.3%
II/339 Ledeč nad Sázavou—border of

the region 7.61 12.7 −13.4 −205.3% 205.3%

II/380 Těšany—Borkovany—Kašnice 7.89 126.8 143.6 13.3% 13.3%
II/602 hr. kraje—Pelhřimov, 3. phase 7.91 −66.3 −143.0 115.6% 115.6%
II/150 Boskovice—Valchov—Žd’árná 8.13 37.7 −21.8 −157.8% 157.8%

II/424 Mor.Nová Ves—Tvrdonice—Lanžhot 8.53 4.2 28.0 572.2% 572.2%
II/523 Jihlava—Větrný Jeníkov 9.19 −32.5 −238.0 632.7% 632.7%

II/348, II/131
Štoky—Petrovice—Větrný Jeníkov 9.40 231.0 11.8 −94.9% 94.9%

II/523 Větrný Jeníkov—Humpolec 9.95 −36.9 7.1 −119.4% 119.4%
II/398 Horní

Dunajovice—Mikulovice—Pavlice rural zone 10.66 −53.6 −82.0 52.8% 52.8%

II/425 Nosislav—Velké Němčice—Starovičky 10.73 210.7 169.3 −19.6% 19.6%
II/411 Moravské Budějovice—border of

the region 10.94 −12.5 −52.4 320.1% 320.1%

III/03810 Havlíčkův Brod—Přibyslav 11.36 23.4 28.5 21.6% 21.6%
II/430 Vyškov through road 11.41 333.4 276.3 −17.1% 17.1%

II/152 Jaroměřice—Hrotovice 11.58 −65.3 −111.7 71.0% 71.0%
II/410 from I/23—Želetava 12.60 −48.5 −89.3 84.2% 84.2%

II/639 Horní Cerekev—Kostelec 12.95 81.1 50.3 −38.1% 38.1%
II/133 Horní Cerekev—crossroad II/602 14.59 −67.3 −85.8 27.5% 27.5%

II/151, III/15113 from
I/38—Budeč+Štěpkov-Budkov 15.81 −48.9 −9.7 −80.1% 80.1%

II/379 Podomí—Drnovice 16.16 73.7 61.9 −16.0% 16.0%
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Table A1. Cont.

Project
Section

Length (km)

NPV, Ex Ante
(CZK

Million)

NPV, Ex-Post
(CZK

Million)
MPE (NPV) MAPE (NPV)

II/354 Nové Město na Moravě—Svratka 16.51 29.6 −26.2 −188.7% 188.7%
II/129 Cetoraz—Jiřičky 19.71 −77.1 −143.7 86.3% 86.3%

II/351 from II/602—Třebíč 22.88 68.0 −126.0 −285.2% 285.2%
II/360 Jimramov—Moravec 23.76 24.3 −2.8 −111.7% 111.7%

total 564.62 1081.2 −245.0 3.8% 267.2%
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Abstract: Roads with low traffic volume link rural settlements together and connect them with urban
centres, mobilising goods and agricultural products, and facilitating the transportation of people. In
Colombia, most of these roads are in poor conditions, causing social, economic, and environmental
problems, and significantly affecting the mobility, security, and economic progress of the country and
its inhabitants. Therefore, it is essential to implement strategies to improve such roads, keeping in
mind technical, economic, and environmental criteria. This article shows the results of the application
of the environmental life cycle assessment—LCA—to sections of two low-traffic roads located in two
different sites in Colombia: one in the Urrao area (Antioquia), located in the centre of the country;
and another in La Paz (Cesar), located in the northeast of the country. Each segment was stabilised
with alternative materials such as brick dust, fly ash, sulfonated oil, and polymer. The analysis
was carried out in three stages: the first was the manufacture of the stabiliser; the second included
preliminary actions that ranged from the search for the material to its placement on site; and the third
was the stabilisation process, which included the entire application process, from the stabiliser to
the road. The environmental impacts are mainly found in the manufacture of stabilisers (60% of the
total), for sulfonated oil or polymer, due to the different compounds used during production, before
their use as stabilisers. The impact categories with the greatest influence were abiotic depletion
potential (ADP), global warming potential (GWP) and terrestrial ecotoxicity potential (TETP). For the
stabilisation stage (impact between 40% and 99%), ash and brick dust have the highest impacts. The
impact categories most influenced in this stage were: acidification potential (AP), freshwater aquatic
ecotoxicity potential (FAETP), human toxicity potential (HTP), marine aquatic ecotoxicity potential
(MAETP) and photochemical ozone creation potential (POCP).

Keywords: life cycle assessment; waste management; circular economy; alternative materials;
construction; road stabilisation

1. Introduction

1.1. Low Traffic Roads in Colombia and Its Stabilisation

The Colombian road network has 204,855 km, of which approximately 70% corre-
sponds to tertiary roads [1]. They are essential to facilitate the integration of rural areas
with their respective urban headwaters, and boost the economy through the development
of agricultural, mining and tourism activities [2]. About 96% of tertiary roads are in bad
condition [3]. High levels of deterioration are found, consistent with the great topographic
variability, soil susceptibility and hydrological regime to which they are exposed, hindering
their proper functioning, especially in rainy seasons [4]. This fact, added to the financial
impossibility of paving the entire tertiary network of the country, implies a need for reha-
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bilitation and maintenance, implementing techniques that contribute to its stability and
proper functioning.

In Colombia, the stabilisation of tertiary roads includes the use of materials such
as lime, Portland cement, rock dust, colloidal transport materials, and organic bases,
with procedures governed mainly by the Urban Development Institute of Bogotá (IDU),
collected in its guide of design and construction of structural layers of pavements through
chemical processes [5].

Traditionally, the implementation of soil stabilisation activities for roads includes the
use of materials such as cement and lime. Some studies have found improvements in the
mechanical properties of the soil under the addition of such materials [6–10].

The general specifications for road construction of the National Institute of Roads [11] also
establish guidelines for road soil stabilisation, by using cement or lime as stabilising materials.

1.2. Assessing Environmental Impacts and Life Cycle Assessment (LCA)

The extensive use of traditional materials in roads stabilisation, such as natural ag-
gregates, cement, and lime, is causing a gradual depletion of natural resources [12,13]. At
the same time, the industry sector produces large quantities of different types of waste,
which have to be managed, with the consequent environmental impacts [14]. Following
the circular economy principles [15], some of this waste may become alternative materials
to be reused in road stabilisation, as a means to (partially) solve both problems described
above: resource depletion and environmental impacts.

Of course, there is a need to objectively quantify these improvements in terms of envi-
ronmental impact. The LCA methodology is known as an objective assessment tool [16],
and its results may facilitate the decision-making process [17–22]. In our case, LCA may al-
low builders and government decision-makers to measure the consumption and emissions
generated during the life cycle of low traffic roads stabilised with alternative materials.

Since 2001, different applications have been developed for the use of the LCA method-
ology to assess the impacts of construction in general [23], to communicate them through
environmental product declarations [24], and specifically to apply them for different ma-
terials in the construction of roads. Mroueh et al. [25] found that the use of fly ash, steel
slag, and crushed concrete, as substitutes for natural aggregates in road construction in
Finland, reduces the contributions for some impact categories. In the U.S., Rajendran &
Gambatese [26] developed a life cycle-based comparative analysis of energy consump-
tion and the generation of solid waste associated with concrete and asphalt pavements.
Birgisdóttir et al [27] analysed, in Denmark, the environmental impacts associated with
road construction and the use of ash produced by municipal waste incineration. Chowd-
hury et al. [20], in the United States, compared by-products, such as fly ash and recycled
asphalt (RAP), against natural aggregates by evaluating some impacts, such as energy
consumption, acidification potential and toxicity potentials.

Celauro et al. [28] developed a study in Italy, in which different percentages of RAP
were applied both to the asphalt and to the base layers, and the stabilisation of clay soil
was performed with lime. They showed a reduction in energy consumption and emissions
thanks to the avoided use and transport of traditional materials. In addition, the use of lime
in the stabilisation and a greater amount of RAP lead to a significant reduction in CO2 by
48.79%, CO by 41.11% and human toxicity potential (cancer) by 36.97%. Finally, in Paraguay,
the environmental impacts of using clay–lime mixtures on soil stabilisation were analysed.
They used different doses, which enabled the obtaining of different levels of stiffness and
resistance. This guaranteed the desirable mechanical properties of the soil. In this study,
lime production represented more than 75% of the total energy consumption, greenhouse
gas emissions and photochemical oxidation for each of the analysed mixtures [12].

A literature review [29] has shown that not much research has been done related to
LCA on low-traffic roads in developing countries, nor to stabilizing agents, nor to other
more simplified life-cycle-based indicators that other sectors are using, such as the carbon
footprint [30,31] or energy demand [32]. The aim of this paper is to present the results of
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a pilot study in which different stabilising agents coming from waste streams have been
technically tested in segments of low traffic roads in Colombia, and for which an LCA has
been performed to compare their environmental impact and to show if they perform better
than traditional virgin materials.

2. Materials and Methods

2.1. Roads Being Studied

The experimentation was performed in two different tertiary towns of Colombia.
At the international level, roads that are known as tertiary in Colombia are associated
with low traffic volumes and are called low volume roads (LVR). Low volume roads are
characterised by not being paved and having an average daily traffic equivalent of fewer
than 200 vehicles, as well as slow modes of travel that are mostly made up of pedestrians
and non-motorised traffic [33].

The first town was Urrao, which is located in the southwest sub-region of Antioquia;
and the second town was La Paz, which is located in Cesar region (between San José
de Oriente and Filomachete region), in the northwest of Colombia (see Figure 1a), and
close to the border with Venezuela (see Figure 1b). The reason to choose them was the
relationship between those towns, their administrations, and their participation in the
Red Innovial. The Red Innovial was a network that joined different public and private
institutions in Colombia, such as universities and state organisations to investigate and
perform new materials and constructive techniques for low traffic roads taking into account
lower environmental impact and technical and economic viability.

 

(a) (b) 

Figure 1. Location of the roads and cross section.

These regions soils have clay (Urrao) and sandy-clay (La Paz) characteristics. Table 1
provides an overview of the characteristics of the studied soils considering the standards
defined by the National Institute of Roads in Colombia (INVIAS). The dimensions of each
road were: width 5.0 m, length 1 km and thickness 0.20 m. The tests were performed by
the authors within Red Innovial during 2016 (See Figure 2).
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Table 1. Characterisation of the soils under study.

Properties Standard Urrao La Paz

Type of soil Lime Sandy-clay
Unified Soil Classification

System (USCS)
MH 1 SC 2

AASHTO classification A-7-5 A-6
Natural humidity (%) INV E 3-122 27 9
Specific gravity (Gs) INV E-128 2.71 2.70

Liquid limit (%) INV E-25 66 36
Plastic limit (%) INV E-126 48 20
Plastic index (%) INV E-126 18 16

Maximum size of particle (mm) 19 9.5
Clay (%) 23 14

Dry unit weight (kN/m3)
INV E-142

14.8 19.5
Optimal humidity (%) 25.8 11.8

Source: INVIAS (2012).1 Unified Soil Classification System (USCS): MH means lime type; 2 Unified Soil Classi-
fication System (USCS): MH means Sandy-clay type 3 INV E: Test Standard of the National Highway Institute
(INVIAS) of Colombia.

Figure 2. Cross section.

The process of extraction of a soil sample in Urrao, the process of stabilisation, and
the different testing methods descriptions may be found in the literature for different
configurations of fly ash as stabilising material [34]. The methods used for the La Paz
region were the same as those described for Urrao.

2.2. Stabilising Materials

As explained above, roads must be stabilised to correctly perform their function. This
is required because of the characteristics of the current soil properties existing on the
locations considered (see Table 1). This can be performed using natural aggregates or, as an
alternative, some types of waste.

Four alternative waste materials have been tested, some of them needing a pre-
treatment in order to be able to act as a stabilising agent (see Table 2). Before developing
the LCA, laboratory tests were performed for each waste. Leaching potential was analysed;
in the case of presenting any level of concentration in the soil it was discarded, being a
decision criterion for application as stabilisers on the selected roads. Material 1 was fly
ash waste from the combustion of coal in a thermoelectric process of a Colombian textile
company located in Medellin city. The ash must follow an activation process with lime to
become a stabilising agent. The description of this process and the testing methods are
described in a previous paper [34].
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Table 2. Design of the stabilising mixture.

Material
Quantity of Material

for Urrao (t/m3)

Quantity of Soil for
Stabilisation Urrao

(t/m3)

Quantity of Material
for La Paz (t/m3)

Quantity of Soil for
Stabilisation La Paz

(t/m3)

Fly ash 97.4
997.6

155
1272.8Lime (Fly ash) 65 51.8

Brick dust 113
1049.2

162
1272.8Lime (brick dust) 534 45.6

Sulphonated oil 0.426 1280 1.12 1480
Polymer 33.3 1280 50 1480

Material 2 was brick dust, which comes from the waste generated in the process of
making bricks cooked at temperatures of 950 ◦C, and collected when emptying the storage
wagons that are inside the brickyard. This material must follow, as described for the ash,
an activation process with lime in order to become a stabilising agent [31].

Material 3 was a waste oil, which had a chemical transformation (a sulphonation
process). This oil is a catalyst agent that produces ion exchange. Chemically, it is an organic
compound derived from combined sulphides and acids. The most important function of
this stabiliser is the reduction in the water contained between the soil particles, increasing
the number of voids that allow the rearrangement of the particles, by attraction among
them or by compaction [35]. The main effects of sulphonated oil on clay-clad soils are
a reduction in interstitial spaces, reduction in permeability, increase in sedimentation,
improvement of the response to compaction, and increase in the soil density. The studies
carried out with sulphonated oils and the evidence obtained through field tests showed
that the electrochemical stabilisation system is a competitive alternative to reduce the
expansive potential of clay soils [36].

Finally, Material 4 was a polymer waste used as an emulsion. Polymer emulsions are
a dispersed system in which the phases are immiscible or partially miscible liquids, one
of which is dispersed in the other and whose structure is stabilised by a surfactant called
an emulsifier.

2.3. LCA Methodology

The environmental assessment was made by using the LCA methodology follow-
ing the ISO 14040 and ISO14044 standards [37,38] which involve four phases: “(i) goal
and scope definition, (ii) inventory analysis, (iii) impact assessment, and (iv) interpre-
tation”. The software used was GaBi version 6.115 and most databases were also from
thinkstep GaBi.

The scope of the study was restricted to cradle-to-gate, collecting data up to the
stabilisers. This scope consideration is common in the construction sector, where environ-
mental product declarations (EPDs) are widely used following the EN 15804 standard. In
addition, because this is a first pilot scale study, technical environmental data collection is a
challenge and data will have a high uncertainty. However, a simplified LCA is considered
a better option than any other type of environmental assessment. ISO 14044 states that
“The scope, including system boundary and level of detail, of an LCA depends on the
subject and the intended use of the study. The depth and the breadth of LCA can differ
considerably depending on the goal of a particular LCA.” Knowing the limitations in
obtaining environmental information from this pilot system, it is not the intention of the
study to advance further than a simplified LCA.

A complete LCA is not always needed to identify where the main impacts could be,
and practice suggests different ways of applying the LCA methodology [39]. For instance,
LCA is used to find the items (stages, processes, materials, etc.) which account for most
of the impact in a system under an environmental product declaration programme [40]
and it is recommended by the UNEP/SETAC life cycle initiative to help perform hot-spot
analyses [41]. Depending on the goal of the environmental analysis, a simplified LCA
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can be used and a selective assessment may be performed, taking into consideration only
generic data and/or covering the life cycle in a restricted way (e.g., from cradle to gate), but
without abandoning rigour [16,30]. The European Commission [42] introduced life cycle
thinking (not only LCA) as essential to the sustainable use of resources. Some examples of
this may be found in the literature [43].

The impact assessment method of CML [44], updated to 2016, was applied to evaluate
the impacts, as recommended by the “Building Research Establishment Product Category
Rules (PCR)” of construction products [12,44,45]. CML 2001 is an impact assessment
method which restricts quantitative modelling to early stages in the cause–effect chain
to limit uncertainties. Results are grouped in midpoint categories according to common
mechanisms (e.g., climate change) or commonly accepted groupings (e.g., ecotoxicity) [44].
It is recommended because it restricts quantitative modelling to the early stages of the
cause–effect chain to reduce uncertainties. As in other studies [34,39,46–49] the analysed
impact categories were: abiotic depletion potential (both ADP elements and ADP fossil),
acidification potential (AP), eutrophication potential (EP), freshwater aquatic ecotoxicity
(FAETP), global warming potential (GWP 100 years) excluding biogenic carbon, human
toxicity potential (HTP), marine aquatic ecotoxicity potential (MAETP), ozone depletion
potential (ODP), photochemical ozone creation potential (POCP), and terrestrial ecotoxicity
potential (TETP).

3. Life Cycle Assessment Methodology

3.1. Goal and Scope Definition

The functional unit was chosen as: “1 km of low traffic road”.
This functional unit enabled the assessment of environmental impact values and their

comparison with other LCA studies applied to roads [28,50–52].
The scope of the study was defined as from cradle to gate. Therefore, according to CEN

15804 (2012) [45], a better naming might be “reference unit” instead of “functional unit”, but
we will keep the latter, more commonly used. The scope included the following processes:

- The transformation of the polymer and sulphonated oil into stabilisers.
- The ash and brick dust taken as delivered by the industrial facility where they were

produced as waste, without any additional processing of the material. Lime was used
as an alkali activator in both cases, during stabilisation process.

- The preliminary activities stage included all the necessary processes before the sta-
bilisation process. Among these activities, we included the transport of machinery
and materials necessary for the stabilisation of the road, identifying its origin, time (in
hours) and distances travelled (in km) from its origin to the study area.

- In the stabilisation process, the following activities are considered: scarification,
stabiliser application, compaction, wetting, and curing depending on the case; as well
as diesel consumption by each machine that was used in the process (see Figure 3).

Other processes were not included, considered as outside the limits of the system:

- Machinery manufacture, because the impact assigned to the time used for this system
is very small in relation to the useful life of the machines.

- The maintenance stage, because it was beyond the scope of the Red Innovial, and is a
stage that takes longer to be performed and evaluated than the duration of the project.
As indicated above, this is an LCA from “cradle to gate” and, therefore, the use stage
was not considered.

- The “end of life” stage, because no significant types or quantities of waste were
generated during the whole process, as equally considered in previous studies [25,28].
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Figure 3. Flow chart of the stabilisation of the roads.

3.2. Inventory Analysis: Inputs and Outputs
3.2.1. Stabilisers

The following assumptions were taken:

- The “cut-off rule” [38] was applied and, therefore, wastes such as ash and brick dust
entered the system with no environmental impact other than their transformation, if
needed, and their transport to site.

- The polymer and the sulphonated oil were of waste origin, but they were mixed
with virgin chemical compounds to be transformed into stabilisers. For instance,
for the sulphonated oil manufacture, the following processes were used to model
the substances used and obtained from the GaBi database. The needed amounts are
presented in Table 3.

� Silicone–resin plaster; technology mix; production mix, at plant; based on
mineral fillers and a silicone bonding agent (en) from Germany; 100 mL;

� Deionised water; highly pure, via ion exchange, from hydrochloric acid and
caustic soda; single route, at plant from the U.S.; 1 kg/L (en);

� Phenol; hock process, oxidation of cumene; single route, at plant; 1.07 g/cm3,
94 g/mol (en) from Germany;

� Propylene glycol; via Propylene oxide (PO)-hydrogenation; single route, at
plant; 1.04 g/cm3, 76.10 g/mol (en) from Germany;

� Polyvinyl alcohol (from vinyl acetate) (PVAL); technology mix; production
mix, at plant; without additives from the U.S.;

� Antistatic agent (quaternary ammonium compound); technology mix; produc-
tion mix, at plant; quaternary ammonium compound (en) Global;

� Sulphuric acid aq. (96%); concentrated, sulphur dioxide route; single route, at
plant; 96%, 1.84 g/cm3 (en) from the U.S.

- On the other hand, the environmental data for the chemical products added to the
polymer were obtained from the GaBi database of the United States, and the processes
for the compounds used in the production of the stabiliser are mentioned below (see
Table 4 for quantities):

� Acrylic acid (Propene); oxidation of propene; production mix, at plant; 1.05 g/cm3,
72.06 g/mol (en; Dipropylene glycol by product propylene glycol via PO hy-
drogenation; hydration of propylene oxide; single route, at plant; 1.02 g/cm3,
134 g/mol (en);

� Dipropylene glycol by product propylene glycol via PO hydrogenation; hydra-
tion of propylene oxide; single route, at plant; 1.02 g/cm3, 134 g/mol (en) from
the U.S.;
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� Polycarbonate–acrylonitrile–butadiene–styrene compound (80% PC, 20% ABS);
mixing, pelletising and compounding; single route, at plant; 80% polycarbon-
ate, 20% acrylonitrile–butadiene–styrene (en);

� Ethylene vinylacetate copolymer (E/VA) (72% ethylene, 28% vinylacetate); co-
polymerisation of ethylene and vinyl acetate; production mix, at plant; without
additives, 72% ethylene, 28% vinyl acetate (en);

� Sodium chloride (rock salt); salt mining and leaching; production mix, at plant;
2.17 g/cm3, 58.44 g/mol (en).

- For the alkaline activator (lime) model, the process used was: “Limestone flour (0.115 mm),
production mix, at producer; grain size 0.115 mm”, from the GaBi database.

Table 3. Substances used for the production of kg of sulphonated oil.

Silicone–Resin
Plaster (kg)

Deionised
Water (kg)

Phenol (kg)
Propylene
Glycol (kg)

Antistatic Agent
(Quaternary
Ammonium

Compound) (kg)

Polyvinyl
Alcohol (kg)

Sulphuric
Acid Aq.

(96%) (kg)

0.2 0.093 0.06 0.01 0.02 0.6 0.0004

Table 4. Substances used for the production of 1.0 kg of polymer.

Acrylic Acid (kg)
Dipropylene
Glycol (kg)

Polycarbonate-Acrylonitrile-
Butadiene-Styrene (kg)

Sodium Chloride (kg)
Ethylene Vinylacetate

Copolymer (kg)

0.08 0.004 0.5 0.002 0.5

3.2.2. Material Transportation

To calculate consumptions related to materials transportation and their corresponding
environmental impacts, the following data were used in the model:

- The distance travelled by each material from the production site to the corresponding
road (Table 5);

- Material weight (Table 2), which depended on the type of soil at each road;
- In addition, for ash and brick dust, lime was used as an activator (Table 2);
- For any material transportation, the type of truck was chosen from the GaBi database,

based on the amounts of materials needed to be transported: Truck-Heavy Heavy-duty
Diesel Truck/53.333 lb payload-8b; Unit process, not pre-allocated; consumption mix;

- The weight of the motor grader (9844 kg), of the roller (7144.1 kg), and of each material
used (see Table 2) was considered. The vehicle that transported the machinery was
low-key, while the truck that transported the materials was a diesel-based truck
(see Figure 3).

Table 5. Weights and distances travelled to transport the materials for each intervened road.

Material

Urrao La Paz

Distance (km)
Time

(h)
Distance

(km)
Time

(h)

Ash 159 3.5 234 5.9
Lime (ash) 159 3.5 25 0.7
Brick dust 159 3.5 322 8.1

Lime (brick dust) 159 3.5 25 0.7
Sulphonated oil 159 3.5 25 0.7

Polymer 159 3.5 25 0.7
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3.2.3. Machinery Transportation

To calculate the consumptions of machinery transportation and their environmental
impacts, the following data were used in the model:

- The distances for machinery acquisition were calculated based on the closer city to each
stabilised road: 2 km for Urrao (Antioquia region) and 14 km for La Paz (Cesar region);

- The machines weights were [53,54]: 7144 kg for the roller and 9844 kg for the
motor grader;

- The machinery was transported in a low bed truck, taken from GaBi database, and cho-
sen based on the capacity to support the weight of each machine: “Flatbed, platform,
etc./49,000 lb payload-8b; Unit process, not pre-allocated; consumption mix”.

3.2.4. Stabilisation Stage

For the stabilisation stage, diesel machines were used. The consumptions were calcu-
lated taking into account functional unit; the calculations (Tables 6 and 7) considered the
following conditions:

- Performances obtained from the manufacturers of: the motor grader (2080 L/h); the
roller (1510 L/h); and the water tanker (3581 km/L);

- Distances used to perform each activity within the stabilisation stage (including
scarification, application of stabiliser (depending on the case), wetting/curing and
compaction): calculated based on the number of times the relevant machinery was to
pass over each cell, multiplied by the length of the cell;

- The time to carry the materials to each place was calculated taking the distance
travelled in km and the speed used by each type of transport, for each material
or machinery;

- Amount of water in the mixtures of lime + ash and lime + brick powder, calculated
according to the proportion of the material used in each of the sections (See Table 8);

- Environmental impacts of diesel production: calculated using the GaBi data set for
the United States (USA), because no Colombian diesel data were available (Diesel at
refinery; from crude oil; production mix, at refinery; 15 ppm sulphur);

- Water consumption, which was measured in the field, adding up the amounts used
for the curing and wetting activities, which depended on each type of soil and its
moisture requirements (Table 8);

- Environmental impacts of water production calculated using the U.S. GaBi dataset
(Tap water from groundwater; filtration, disinfection, ion removal, etc.; production
mix, at plant; 1000 kg/m3, 18 g/mol from the U.S.).

Table 6. Diesel consumption for the stabilisation stage in Urrao.

Activity
Diesel Consumption per Material (kg)

Sulphonated Oil Polymer Brick Dust Ash

Scarification 12,300 67,700 49,100 106,000
Stabiliser

application 4.08 14.6 * *

Mixing 27,800 57,300 40,900 63,900
Compaction 16,700 16,900 13,300 15,000

Wetting/curing 2.04 1.36 6.12 8.16
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Table 7. Diesel consumption for the stabilisation stage in La Paz.

Activity
Diesel Consumption per Material (kg)

Sulphonated Oil Polymer Brick Dust Ash

Scarification 82,900 27,200 53,000 21,600
Stabiliser

application 4.42 2.04 * *

Mixing 29,200 10,300 19,200 45,800
Compaction 26,400 41,400 15,000 10,000

Wetting/curing ** ** 1.02 2.38
* These were applied manually, without a machine. ** Because of soil and material type, water addition was
not needed.

Table 8. Water consumption during the stabilisation stage.

Material Urrao kg La Paz kg

Ash 57,000 15,400
Ash + lime 38,000 10,200
Brick dust 11,800 17,500

Brick dust + lime 5570 8220
Sulphonated oil 23,200 102,000

Polymer 20,300 50,300
* These were applied manually, without a machine.

3.3. Impact Assessment

This set of categories ensures the quantification of global impacts (ADP elements, ADP
fossils, GWP, ODP), regional impacts (AP, EP), and local impacts (FAETP, HTP, MAETP,
POCP, TETP). It also ensures the consideration of impacts on the terrestrial environment
(ADP elements, ADP fossils, AP, EP, HTP, POCP, TETP), impacts on the aquatic environment
(AP, EP, FAETP, MAETP), impacts on the air environment (GWP, ODP, POCP), and impacts
on human health (HTP, ODP, POCP).

The reasoning for why to choose those categories is as follows. The global warming
potential (or carbon footprint) generally has a more intense social perception than the other
categories. A great interest in Colombia is focused on the impact on air quality due to the
vehicle fleet and the industry [55]. On the other hand, supporting the circular economy
and the need to save natural resources is of increasing interest worldwide. When emissions
contributing to HTP and FAETP impact categories increase, they directly affect population
health in the rural and urban areas. Finally, water consumption has been chosen because
most of the Colombian water system is in the process of alteration, due to the detrimental
effects caused by the transport of sediments, organic load, and toxic substances, with a high
incidence in the industrial corridors located in the corresponding basins. In addition, the
average consumption of urban households with drinking water service is 200 L/inhabitant
per day, and 120 L/inhabitant per day for rural households. These figures exceed the
minimum volume of 80 L necessary to guarantee life quality [56].

4. Results and Discussion

The results of the environmental impacts are presented in Tables 9–12, showing the
differences of choosing the alternative materials used in the stabilisation process in the two
road sections.

The stabilisation alternative which presented a higher environmental impact in all
impact categories (with at least a difference of two orders of magnitude) was the sample
using sulphonated oil. This difference is due to the need for significant additional resources
for it to become a stabiliser [12]. If the environmental impact of the polymer (the second in
the list) is normalised to 100%, for each road, the oil would have a contribution from 1500%
up to 9500%, depending on the impact category.
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If sulfonated oil, due to its high environmental impact, is discarded as a viable alter-
native for road stabilisation, the relative impacts of the other three options can be better
analysed, without the interference of the high results produced by the oil. The results are
presented below for the two roads studied.

4.1. Results for Urrao

For the soil of Urrao (see Tables 9 and 10 and Figure 4), the manufacture of the polymer
and its application as a stabiliser were found to have greater impacts than the other two
alternatives, which offer very similar results.

Figure 4. Environmental impacts for each stabiliser applied in Urrao.

Taking the polymer values (100%) as a reference, it was found that they presented
higher impacts for the ADP elements, and GWP and TETP impact categories. This is due to
the manufacture of the chemical compounds used during its transformation into a stabiliser.
Some authors such as da Rocha et al.; Muench; and Siracusa et al.; [12,57,58] also found
that, for the traditional materials such as natural aggregates and cement, the environmental
impacts were generated during extraction and manufacturing.

For the other impact categories, the ash had the greatest impacts, because of the stabil-
isation stage: AP 104.5%, FAETP 129.4%; HTP 127.7%; MAETP 129.0%; and POCP 107.9%.
Due to the type of soil in Urrao (clay soil), the machinery needed more time performing
the processes of scarification, mixing, profiling, and wetting; therefore, more diesel con-
sumption was needed. Larrea-Gallegos et al. [13] also found that stabilisation of soil had
the highest impact due to fuel consumption. However, other authors Johnson et al.,; Kar-
avalakis et al.; Wu, Zhang, Lou, Li, & Chen [52,59,60] found that, for traditional materials,
GWP was higher due to the combustion of fuels during the process of stabilisation.
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4.2. Results for La Paz

The environmental comparison was applied to the road in La Paz as well (see
Tables 11 and 12 for absolute values, and Figure 5 for relative values). Results for the
sulfonated oil are not presented in the figure, because its impacts exceeded the rest of the
stabilisers by more than 1000%. The polymer results are taken as a reference value at 100%.

Figure 5. Environmental impacts for each stabiliser applied in La Paz.

For La Paz, the results obtained showed that the polymer impacts exceeded the rest of
the stabilisers in even more impact categories than for Urrao (ADP elements, fossil ADP,
AP, EP, GWP, ODP, POCP and TETP). For this road, the material that had the second place
in impact was not the ash but the brick dust, because of the diesel consumption required
for the stabilisation stage, offering greater impacts for three categories: FAETP (109.4%),
HTP (106.2%) and MAETP (109.0%).

Some very significant data influencing the environmental results were obtained from
processes included in databases corresponding to other countries (for example, the impacts
associated with the generation of energy, the production of diesel and the manufacture of
some raw materials), which may represent a significant uncertainty. During the project
discussions, it was clearly acknowledged that a strong recommendation was to be sent to
public authorities to start the construction of an environmental database of LCA data in
Colombia, including energy, materials, and construction processes.

An extended analysis and comparison (obtaining environmental, social and economic
information) with traditional materials used to stabilise soils, such as cement, lime and natural
aggregates, would be very useful to produce policy changes in the sustainability direction.

Finally, although less common in Colombia, it would be also interesting to study roads
with a high traffic volume, and promote environmental impact reduction in these more
complex and exemplifying systems.

5. Conclusions

Due to the much higher environmental impact produced by the sulphonated oil for
two types of soil, policy-makers may generally discard its use as stabiliser.

Regarding the three non-discarded stabilisation options (polymer, brick dust and ash),
different results were obtained for the two tested roads, and even the order of priority
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varied from one road to the other. The decision process on the stabiliser should consider
the soil type and the impact categories considered relevant, together with economic and
social variables, which have not been assessed in this study.

If the focus is how the different life cycle stages contribute to the total impact of each
alternative material option, it can be concluded that, for both regions, the environmental
impacts are mostly caused by the stabiliser manufacture (60% of the total). This is due to
the production of different chemicals needed during this stage.

Within the most contributing life cycle stage, stabilisation, the percentages of the
impacts ranged from 40% to 90%, depending on the type of stabiliser (solid or liquid).
Solids (brick dust and ash) had the greatest impacts because of the processes required to
perform this stage. For instance, its impact on climate change was due to fuel combustion.
This stage is (by far) the most relevant.

As presented in the introduction, the most relevant categories for Colombia seem to
be GWP, HTP, and MAETP. In this sense, the best alternative material found for the Urrao
type of soil is brick dust, because its impact on GWP is 25% lower. The results for La Paz
indicated that the best material is fly ash, with 18.1% of the impact in GWP impact category
compared to the other options.

Having an alternative material instead of a conventional raw material can be a great
advantage in environmental terms, because resources are kept in a more circular economy.
Further research will be needed to compare those types of materials with traditional
substances such as natural aggregates or cement. This is essential to ensure that the overall
performance along the life cycle of the alternative stabilisers is better (and by how much)
from an environmental point of view.

A more holistic sustainability assessment, taking into account social and economic
indicators, would help improve sound decision-making by public authorities when choos-
ing among road stabilising processes. To develop and test methodology on this matter
is recommended, because tertiary roads highly influence the rural settlements and their
economic systems, both during construction and use.
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Citation: Vaitkus, A.; Gražulytė, J.;
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Abstract: Bearing capacity changes over the year, depending on the water content in a pavement
structure: the higher the water content, the lower the bearing capacity. As expected, the highest
water content in a pavement structure is observed in the early spring as the ice lenses melt. Thus,
spring is a critical period for pavement performance, because a decrease in bearing capacity results
in faster pavement deterioration. The bearing capacity of pavement structures with an unbound base
course and the negative effect of spring thawing on pavement performance have been analyzed by
a considerable number of researchers. However, very little is known about the bearing capacity of
pavement structures with a cold-recycled base course despite the significantly increasing usage of
cold-recycled mixtures. This paper focuses on the bearing capacity of both unbound and cold central-
plant recycled base courses at different seasons and their stability. A cold central-plant recycled
(CCPR) base course was constructed from a mixture of 38.8% reclaimed asphalt pavement (RAP),
3.1% foamed bitumen and 2.3% cement. A virgin aggregate was added to achieve desirable aggregate
gradation. The bearing capacity of the unbound and CCPR base layers, as well as the whole pavement
structure, was evaluated by back-calculated E moduli from falling weight deflectometer (FWD) data.
In addition to this, the residual pavement life was calculated using mechanistic-empirical pavement
design principles. The results showed that the durability of pavement structures with a CCPR base
course is more than seven times lower compared to that of pavement structures with an unbound
base course, irrespective of season. Nevertheless, the bearing capacity (surface modulus E0) of the
pavement structure with a CCPR base course gradually increases due to the curing processes of
bituminous and hydraulic binders (in this study, within four years of operation, it increased by
28–47%, depending on the side of the road).

Keywords: bearing capacity; unbound base course; cold central-plant recycled base course; falling
weight deflectometer (FWD), cold recycling in-plant

1. Introduction

Bearing capacity changes over the year depending on the water content in the pave-
ment structure: the higher water content, the lower the bearing capacity [1–5]. As expected,
the highest water content in the pavement structure is observed in the early spring [6,7].
The reason for that is the inability to drain water accumulated from melted ice and snow on
the shoulders and embankment slopes within the pavement structure, because the bottom
part of the pavement is still frozen. Consequently, the pavement part above the frost zone
(typically subgrade and base courses) becomes soaked. This leads to a decrease in the
bearing capacity of both individual layers and the whole pavement structure and afterward,
results in faster pavement deterioration. This kind of phenomenon typically occurs in the
regions where pavement structures are exposed to and affected by frost, ice, and snow and
especially, where they periodically freeze and thaw.
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The bearing capacity of pavement structures with an unbound base course and the
negative effect of spring thawing on pavement performance have been analyzed by a
considerable number of researchers [8–15]. Salour and Erlingsson [8] concluded that the
back-calculated E modulus of the unbound base course in spring is 48% lower than in
summer. Doré and Savard [12] found that pavement distresses, such as fatigue cracks,
alligator cracks and permanent deformation, significantly increase during the spring thaw.
Zhang and Macdonald [13] also confirmed that. Their study showed that about 60–75% of
permanent deformation occurs during the spring thaw.

However, only a few studies have attempted to investigate the bearing capacity of
pavement structures with a cold-recycled base course, despite the significantly increasing
usage of cold-recycled mixtures. Vaitkus et al. [16] summarized the results from the plate
load test on a cold-recycled base course in nine different road sections and concluded
that mixtures bound with both a bituminous emulsion and cement have a higher bearing
capacity than those with foamed bitumen and cement. Meocci et al. [17] analyzed measure-
ments from a falling weight deflectometer (FWD) on the cold recycled base course after
29 days and 90 days of curing. They concluded that the bearing capacity increases within
time and that their study confirms that the evolution of the curing process relates to the
bituminous and hydraulic binders. A similar tendency was observed by [18]. However,
they analyzed a much longer operation time (8 years), and measurements were done on
the wearing course (the thickness of all asphalt layers was 19 cm). The back-calculated
stiffness modulus based on the measured deflections revealed that the bearing capacity of
the whole pavement structure increased within 3–5 years of construction and afterwards,
decreased because of traffic. In addition to this, it was determined that the cold-recycled
mixture with foamed bitumen and cement has 29% higher initial-bearing capacity than
bituminous emulsion and cement, but after 3 years, both mixtures perform similarly.

Arimilli et al. [19] tried to mathematically assess the structural performance of pave-
ment structures with a cold-recycled base course. In this case, cold-recycled mixtures were
bound with either a bituminous emulsion or foamed bitumen. A stress-strain analysis
showed that both mixtures were suitable for constructing the base course, but the use of
the emulsion provided higher vertical compressive strain and deflection. Gu et al. [20] also
used mathematical models to predict the performance of pavement structures with both
cold central-plant and in-place recycled mixtures. In addition to this, they compared the
predicted performance with the actual one and concluded that similar trends existed only
in the first two years. Later, the rut depth was higher than predicted. It has to be noted that
the prediction was performed using the Mechanistic-Empirical Pavement Design Guide,
taking into account the viscoelasticity of cold-recycled mixtures with either bituminous
emulsion or foamed bitumen.

Taking these studies together, there has been little discussion about the bearing capac-
ity of pavement structures with a cold-recycled base course during different seasons and
about the spring-thaw effect on pavement performance. Consequently, this paper analyzes
the bearing capacity of pavement structures with both unbound and cold central-plant
recycled (CCPR) base courses using a back-calculated surface modulus E0 from the FWD
data measured at different seasons within four years of operation and directly measured
surface deflections, as well as the calculated surface curvature index (SCI), base damage
index (BDI) and base curvature index (BCI). In addition to this, the remaining pavement
life was calculated to evaluate the effect of a CCPR base course on pavement durability in
comparison with the unbound base course.

This study is very important for the further usage of a CCPR base course with a thin
asphalt surface course on it, instead of the unbound base course with both asphalt base
and surface courses, which is a typical pavement structure for newly constructed and
reconstructed roads. The alternative solution to the typical one uses recycled asphalt from
the existing old pavement and helps to save natural resources. In addition to this, a much
thinner asphalt layer is constructed on the base course, which results in a lower cost for
the pavement structure. It is worth highlighting that, according to Lithuanian normative
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documents, both pavement structures are assumed equal and are used when the number
of equivalent single-axle loads over a 20-year period is from 0.3 million to 1.0 million.
However, as mentioned earlier, little is known about the bearing capacity of pavement
structures with a CCPR base course at different seasons and the spring-thaw effect on
that pavement performance. In addition to this, it is unknown if alternative pavement
structures respond to load in the same manner as the typical structures and how this
response changes depending on the season. This study will help to address this knowledge
gap. Furthermore, the calculation of the remaining pavement life will show if there exist
differences in durability.

2. Experiment

2.1. Test Site

The experiment to evaluate the bearing capacity of pavement structures with unbound
and cold central-plant recycled base courses was conducted on a two-lane Lithuanian
national road, No. 209 Joniškis-Žeimelis-Pasvalys, from 16.836 km to 27.900 km, which
was reconstructed in 2016 using three types of pavement structures (Figure 1). Types A
and B were designed with 20 cm of a cold central-plant recycled base course. On top
of the base course was laid an asphalt surface course with a thickness of 4.5 cm. The
difference between these two pavement structures is that type A was constructed on top of
the existing sub-base using a 0–15 cm thick regulating course with a frost-resistant layer
only where the road was widened, while in type B, the existing pavement structure was
entirely removed, and a new 30 cm thick frost-resistant layer was constructed. Type C was
designed as a typical pavement structure for newly constructed and reconstructed roads. It
consisted of a frost-resistant layer (31 cm), an unbound base course (20 cm) and asphalt
pavement (14 cm). The asphalt pavement consisted of an asphalt base course (10 cm) and
an asphalt surface course (4 cm). In all types, the subgrade was improved with lime.

 
Note: All dimensions are in centimeters 

Figure 1. Pavement structures used in the test site.

The sections, in which each type of pavement structure was used, are represented in
Figure 2.

All pavement structures were constructed in an area where the average annual tem-
perature in the 1990–2019 period was 7.2 ◦C. The average temperature in January was
−3.7 ◦C, and the average temperature in July was 18.4 ◦C. The average annual precipitation
during the same period was 669 mm; the average depth of snow was 17.6 cm, and the
average frost line was 50 cm. During the measurement period 2016–2019, the annual
parameters were as follows: average annual temperature—7.6 ◦C, average temperature in
January—−4.7 ◦C, average temperature in July—17.9 ◦C, average precipitation—638 mm,
average snow depth—14.3 cm and average frost line—42.3 cm.

161



Sustainability 2021, 13, 6310

 

 Type A. Pavement structure with bound base course on existing subbase 
 Type B. Pavement structure with bound base course 
 Type C. Pavement structure with unbound base course (20.2–21.1 km) 

1 km 

Figure 2. Test site location.

The annual average daily traffic (AADT) on road No. 209 for the period 2016–2019 is
given in Figure 3. The numbers are derived from a stationary measurement post located at
8.181 km of this road, corresponding to the road section from 3.09 km to 29.14 km.
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Figure 3. AADT on road No. 209 from 2016 to 2019.

2.2. Materials

The bound base course was constructed from a cold central-plant recycled mixture.
For this purpose, the old pavement from the whole road section (16.836–21.200 km) was
milled, broken, crushed and transported to a central plant, where 38.8% of it was mixed
with 55.8% of crushed dolomite (0–32 mm) and bound with 2.3% of cement (CEM II/A-LL
42.5 N), as well as 3.1% of bitumen 50/70 (Figure 4). The properties of cold central-plant
recycled mixture properties are represented in Table 1, and the gradation of the whole
mixture, as well as its components, is depicted in Figure 5.

Figure 4. Cold-recycled mixture composition.
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Table 1. Properties of cold-recycled mixture.

Parameter
Value

Actual Required

Indirect tensile strength after 7 days, MPa 0.6 0.6–0.8

Indirect tensile strength after 28 days, MPa 0.7 0.7–1.0

Air voids content, % 9.2 5–15

Optimal water content, % 6.4 –

Proctor density, Mg/m3 2.12 –

 
Figure 5. Cold-recycled mixture gradation.

2.3. Field Testing

A falling weight deflectometer (FWD), which is one of the most popular nondestruc-
tive testing (NDT) devices, was used to evaluate the bearing capacity of the constructed
pavement structures. A FWD transfers a 50 kN load to the road pavement through a
300 mm diameter circular plate, which results in 707 MPa pressure. The generated haver-
sine pulse lasts about 30 ms. Dynamic deflections on the road surface due to applied loads
are captured by sensors (geophones), which are positioned at different distances from the
center of the loading plate (0, 200, 300, 450, 600, 900, 1200, 1500 and 1800 mm).

Measurements with a FWD enable the evaluation of the bearing capacity of the whole
pavement structure (on the surface level), as well as at different depths (according to the
position of the geophones). Over the years of using NDTs, many different parameters have
been introduced to evaluate different layers or parts of pavement structures. Talvik and
Aavik [21] compiled a table with a list of widely used deflection basin parameters. As a
result, in addition to the surface deflection d0 and surface modulus E0, this research also
focuses on three basic deflection basin parameters:

• The surface curvature index (SCI) depicts the condition of top pavement layers;
• The base damage index (BDI) depicts the condition of base layers;
• The base curvature index (BCI) depicts the condition of the subgrade.

FWD measurements were carried out in October 2016 (immediately after the recon-
struction of the road section), April 2017 and 2018 (as ice lenses melted), and May 2020.
Each time, the same measurement procedure was applied, i.e., measurements were taken
in the middle of the lane in 50 m intervals on the road section with an unbound base layer
(20.2–21.2 km) and at 100 m intervals for the rest of the test road sections.
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In addition to deflections, air, surface and asphalt-layer temperatures were recorded
during FWD measurements. The asphalt layer temperature was measured in the middle of
all asphalt layers. The lowest, highest and average asphalt surface and layer temperatures
registered during all measurement periods are presented in Table 2.

Table 2. Asphalt surface and layer temperatures during all measurement periods.

Measurement
Period

Temperature of Asphalt Surface, ◦C Temperature of Asphalt Layer, ◦C

Min Max Average Min Max Average

Oct 2016 2 12 8.5 5 8 5.9

April 2017 11 29 23.4 13 17 16.0

April 2018 18 24 22.2 17 19 18.2

May 2020 18 31 25.9 11 25 17.9

Since the measured deflections cannot be directly compared to each other due to
the varying temperatures of the asphalt surface layer and loads, they were adjusted (nor-
malized) to a reference (standard) load (50 kN) and temperature (20 ◦C). The adjustment
(normalization) of the deflection was done by multiplying the measured deflection by
the load and temperature correction factors. The load correction factor was derived by
comparing the reference pressure, which is equal to 707,355 kPa and is caused by the 30 cm
diameter plate and 50 kN load, with the measured one. The load correction factor was
calculated by Equation (1):

kL =
Pmeas

Pre f
(1)

where Pmeas is the pressure under the pressure plate measured during the test, and Pref is
the reference pressure under the pressure plate.

The temperature correction factor was calculated by Equation (2) [22]:

kT = 10−0.000221·h1.0229
as f ·(T−20) (2)

where hasf is the thickness of the asphalt layers, and T is the temperature of the asphalt
layer measured during the test.

The surface modulus E0 was calculated from the normalized surface deflections using
Boussinesq’s equation [23]:

E0 =
f · (1 − ν2) · σ0 · a

d0
(3)

where f is a stress distribution factor (f = 2, as the stress was distributed uniformly); ν is
Poisson’s ratio; σ0 is the stress (pressure) at the surface under the plate; a is the plate radius,
and d0 is the deflection at the center under the plate.

The surface curvature index (SCI) can be calculated at depths of 200 mm or 300 mm.
The 200 mm depth was chosen to represent the condition of top bound layers because
the top bound layer thickness is closer to this number (245 mm and 140 mm) than it is
to 300 mm. The SCI is calculated by Equation (4). The base damage index (BDI) was
calculated for the base layers using Equation (5). The base curvature index (BCI) was
calculated for the subgrade by Equation (6). The lower values of these parameters mean
the better condition of the layer.

SCI = d0 − d200 (4)

BDI = d300 − d600 (5)

BCI = d600 − d900 (6)

where d0 is the deflection at the center under the plate, and dr is the deflection measured at
r distance from the center of the plate
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2.4. Pavement Life Calculation

The pavement life calculation includes an estimation of the predicted number of
ESALs using Equation (6) or Equation (7).

Pavement life was calculated by the mechanistic-empirical method using MN LAYER
software [24] and accepting these assumptions (Yoder and Witczak, 1975 [25]):

• the thickness of the layers of the pavement structure is even;
• the layers are unrestricted in the horizontal direction;
• the properties of the materials in the layers are homogeneous, and isotropic asphalt

layers and unbound layers have full adhesion, but there is partial adhesion between
asphalt and the unbound layer;

• Poisson’s ratio is constant, for asphalt layers—0.35 and for unbound layers—0.45;
• the reaction of the pavement structure calculated from a single wheel subjected to a

force of 50 kN with a 15 cm radius of the contact area.

The fatigue function of asphalt was calculated using Equation (7) [26]:

Nrib. =
k1(T)
F(ε6)

·
(

Smix(T)
σv · γAC

)k2(T)
(7)

where Smix(T) is the temperature-dependent modulus of asphalt E; σv is the vertical stress
due to load; γAC is the safety factor of the asphalt layer; F(ε6) is the fatigue safety factor,
and k1(T) and k2(T) are the temperature coefficients.

The limit number of loads of unbound base layers and earth bed was calculated
according to Equation (8) [26]:

Nrib. = 10
1

0.7 (
0.00875·EV2 ·1.0

σZZ ·γ ) (8)

where σzz is the vertical stresses resulting from the effect of the load; γ is the safety factor
of the hydraulically bound layer, and Ev2 is deformation modulus.

Pavement structure Type C was selected as a reference for the calculation of theoretical
surface deflection. Data for theoretical surface deflection calculations are represented in
Table 3. Layers’ modulus E values are, according to LST EN 12697-26:2018 [27], 4-point
bending (4 PB) at 20 ◦C and 10 Hz.

Table 3. Data for theoretical surface deflection calculation.

Pavement Structure Thickness, cm E modulus, MPa

Asphalt surface course
AC 11 VN 4 4000

Asphalt base course
AC 22 PN 10 5600

Unbound base course 20 350

Frost-resistant layer 31 120

Subgrade – 45

In order to determine the remaining life of pavement structures Type B and Type
C, calculations were made using MN LAYER software [24] and back-calculated E mod-
uli. The E modulus of each layer was back-calculated with ELMOD software using the
deflection basin fit method. A back-calculated E modulus shows the real time condition
and the bearing capacity of pavement structural layers. After back-calculation, statistical
indicators such as minimum, maximum, average and standard deviation values were
calculated. One standard deviation below the average of back-calculated E modulus values
was used in the calculations of the remaining pavement life. The use of one standard devi-
ation below the average according to advisory circular 150/5320-6F, “Airport Pavement
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Design and Evaluation” [28] allows a more accurate prediction of the remaining life of
pavement structures.

The remaining pavement life was calculated by analyzing data from October 2016
and April 2018. That data were selected since measurements in October 2016 represent the
performance of the pavement structure directly after construction, while data from April
2018 reveals pavement durability in the spring thaw.

3. Results and Discussion

3.1. Surface Deflection and Modulus

The normalized surface deflections (d0) measured with a FWD on each side are
represented in Figure 6. The statistical analysis for this parameter is presented in Table 4.
The directly correlating parameter with deflections is the surface modulus E0, which is
represented in Figure 7. The statistical analysis for this parameter is presented in Table 5.

Figure 6. Deflection on each side of the road and their averages.

Table 4. Statistical analysis of deflections.
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Test Date Side
Pavement Structure Type A Pavement Structure Type B Pavement Structure Type C

Min Max Avg.
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CV, % Min Max Avg.

St.
dev.

CV, % Min Max Avg.
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CV, %
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n
,
μ

m Oct 2016 Left 297 526 391 50 12.8 268 577 367 83 22.5 254 530 317 57 17.9
Right 295 587 465 65 14.0 262 807 435 133 30.5 338 546 388 45 11.5

April 2017 Left 395 704 523 86 16.4 320 833 463 112 24.2 281 752 417 92 22.0
Right 373 798 636 101 15.9 312 786 502 111 22.0 331 579 413 54 13.0

April 2018 Left 382 863 620 132 21.4 281 812 450 116 25.9 297 787 465 96 20.7
Right 278 983 696 152 21.9 279 889 474 132 27.8 312 656 444 72 16.2

May 2020 Left 223 543 414 77 18.5 184 556 287 73 25.3 213 479 327 58 17.7
Right 328 618 469 59 12.6 183 566 304 74 24.3 294 441 352 35 10.1
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Figure 7. Surface moduli on each side of the road.

Table 5. Statistical analysis of surface moduli.
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Oct 2016
Left 324 698 532 103 19.4 354 738 604 85 14.1

Right 231 716 464 117 25.3 342 551 487 48 9.9

April 2017 Left 222 584 423 90 21.4 247 661 463 79 17.1
Right 237 596 388 81 20.9 322 564 458 55 11.9

April 2018 Left 229 664 439 99 22.5 236 627 416 78 18.8
Right 209 666 420 103 24.5 283 598 430 67 15.5

May 2020 Left 334 984 682 142 20.8 385 858 587 104 17.7
Right 327 1025 646 142 22.0 408 627 526 55 10.5

As seen from Figure 6, deflection varied from 183 to 983 μm irrespective of the
measurement time, while the surface moduli varied from 189 to 1025 MPa. The highest
average deflection was determined on the pavement structure of Type A (with a bound
base course on top of the existing sub-base) in April 2018 on the right side of the road—
696 μm, while Type B (with a bound base with a frost-resistant layer) and Type C (with an
unbound base layer) performed quite similarly—474 μm and 444 μm, respectively. The
surface moduli were 287, 420 and 430 MPa, respectively, for Type A, Type B and Type C.
Thus, the pavement structure of Type A performed 31.7% and 33.3% worse than Types B
and C, respectively, during these conditions. In fact, during each measurement on each
side of the road, the pavement structure of Type B and C always outperformed Type A,
with an improvement varying from 8.6% to 38.0%. One possible reason for this is that
the FWD measurement point across the road could have been right above the edge of
the existing sub-base, on top of which the rest of the pavement structure Type A was
installed and that the existing sub-base could have been weak, which influenced the new
pavement performance; thus, specific attention has to be paid to the construction in those
places to ensure the desirable bearing capacity. This type of pavement structure (Type A) is
unreliable in comparison with the other two structures and, as a result, it is omitted from
further discussion about the results.

The lowest average deflection was measured on pavement structure Type B in May
2020—287 and 304 μm (left and right side, respectively), with resulting surface moduli
of 682 and 646 MPa, respectively. At that period, the average deflection on pavement
structure Type C was 327 and 352 μm (left and right side, respectively), and the surface
moduli—587 and 526 MPa, respectively. This resulted in the average surface modulus for
pavement structure Type B to be 16.3–22.8% higher than Type C, depending on the side of
the road at that measurement period. When compared to the measurement period right
after reconstruction (October 2016), the average surface modulus on pavement structure
Type B improved by 28.3–39.3% (for the left and right side of the road, respectively) over the
first 4.5 years, while on pavement structure Type C on the right side of the road, it increased
by only 8.1%, and on the left side of the road, it actually decreased by 2.9%.
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The theoretical deflection calculated for standard asphalt pavement with unbound
base layers is 764 μm. During all four measurement periods, the measured deflection on
pavement Type C exceeded the theoretical deflection only at one point: the thaw period in
April 2018 on the left side of the road at 20.2 km. This station is the first station on the border
with pavement Type A, which is most likely the reason for the high deflections. The average
deflection on this pavement type was 1.64–2.41 times lower than the theoretical deflection.
During all four measurement periods, the deflection on pavement Type B exceeded the
theoretical deflection only on several measurement points during thaw periods in 2017
and 2018 (up to three stations per measurement period per road side, which is up to
4.3% of all measurements). Most of the stations are also on a border with pavement
structure Type A, which is the probable reason for the high deflections at those stations.
The average deflection on this pavement type was 1.52–2.66 times lower than the theoretical
deflection, which is similar to pavement structure Type C. The resulting numbers show
a reserve for both pavement structures when comparing the measured deflections to the
theoretical deflection of a standard pavement even during thaw periods. Based on an
average deflection, the reserve ranges from 34.3% to 62.4% of the theoretical deflection.

In general, the average surface modulus on pavement structure Type B was 16.3–20.5%
higher right after reconstruction in October 2016 when compared to the thaw period
next year (April 2017) and 35.0–35.7% higher during the latest measurement period,
May 2020, when compared to the thaw period in April 2018. For pavement structure
Type C, the respective numbers are 5.9–23.3% (comparing 2016 to 2017) and 18.3–29.1%
(comparing 2020 to 2018). The decrease in performance during thaw seasons is more sub-
stantial for pavement structure Type B than Type C, which could indicate that a pavement
structure with a CCPR base course is more susceptible to hydrothermal conditions than
the pavement structure with an unbound base course.

The surface modulus for the left side of the road was higher irrespective of different
pavement structures and measurement time (period) than the right side of the road. For
example, in October 2016, the average moduli of the left side for pavement structures
Type B and Type C were, respectively, 14.6% and 24.1% higher than on the right side. The
difference gradually decreased, and, in May 2020, the average moduli of the left side for
pavement structures Type B and Type C were, respectively, only 5.6% and 11.5% higher
than on the right side.

3.2. Deflection Basin Parameters (SCI, BDI, BCI)

The surface curvature indices (SCI) calculated for each side are represented in Figure 8.
The statistical analysis for this parameter is presented in Table 6. The SCI varied from 31
to 251 μm irrespective of the measurement time. The lowest average SCI was calculated
on pavement structure Type C immediately after reconstruction in October 2016—41 and
51 μm (left and right side of the road, respectively). The SCI on pavement structure Type
B was two times higher than on Type C—83 and 108 μm, respectively. In May 2020,
the average SCI increased to 51 and 57 μm for Type C and decreased to 60 and 71 μm
for Type B. Thus, from 2016 to 2020, CCPR-based pavement structures’ disadvantage
decreased from 100.4–109.7% to 18.3–25.2% compared to regular pavement regarding top
layer performance. What is noticeable is that the average SCI on pavement structure Type
B improved by 26.8–34.2% (depending on the road side) over the first 4.5 years, while on
pavement structure Type C, the performance actually decreased by 10.2–24.0%.
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Figure 8. SCI on each side of the road.
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Table 6. Statistical analysis of SCI.

P
a

ra
m

.

Test Date Side
Pavement Structure Type B Pavement Structure Type C

Min Max Avg. St. dev. CV, % Min Max Avg. St. dev. CV, %

S
C

I,
μ

m

Oct 2016
Left 51 168 83 28 34.1 31 91 41 16 38.8

Right 52 247 108 48 44.8 38 169 51 27 51.6

April 2017 Left 79 229 130 45 34.6 53 151 73 20 26.9
Right 85 251 148 42 28.5 63 83 72 6 7.7

April 2018 Left 57 209 112 34 30.7 57 133 81 20 24.1
Right 65 246 129 44 33.8 63 125 78 13 16.3

May 2020 Left 39 113 60 15 24.4 37 72 51 7 14.6
Right 42 125 71 21 30.1 50 63 57 4 6.6

The average SCI on pavement structure Type B was 37.6–57.8% higher during the thaw
period in April 2017 when compared to the measurement period right after reconstruction
in October 2016. The average SCI was 81.4–85.5% higher during the thaw period in
April 2018 when compared to the latest measurement period, May 2020. For pavement
structure Type C, the respective numbers are 40.9–76.4% (comparing 2017 to 2016) and
36.8–59.3% (comparing 2018 to 2020). This indicates that the top bound layer is almost
equally susceptible to hydrothermal conditions irrespective of the pavement structure type.

As with the surface moduli, the condition on the left side of the road in regard of
SCI was better than on the right side of the road. The average SCI for the left side of the
road was lower than for the right side of the road irrespective of pavement structures and
measurement time. For example, in October 2016, the average left side SCIs of the left
sides of pavement structures Type B and Type C were, respectively, 23.4% and 19.9% lower
than on the right side. The difference gradually decreased and, in May 2020, when the
average SCIs of the left side of pavement structures Type B and Type C were, respectively,
only 14.9% and 9.9% lower than on the right side. Although it is noticeable that, during
thaw seasons, the SCI on the left side of the road was higher for pavement structure Type C
(0.3% and 4.9%), while, for Type B, the left side condition was still better, lower by 12.2%
and 13.0%, respectively.

The base damage index is presented in Figure 9. The statistical analysis for this
parameter is presented in Table 7. The BDI varied from 32 to 236 μm irrespective of the
measurement time. The lowest average BDI was determined to be on pavement structure
Type B during the latest filed test, on May 2020—69 and 70 μm (left and right side of the
road, respectively). In October 2016, the average BDIs were 85 and 100 μm. This means
that, over 4.5 years on average, the base condition improved by 18.4–30.2% for Type B,
depending on the side of the road. At the same time, the base condition on pavement
structure Type C improved only on the right side of the road (by 5.6%) and decreased
by 8.4% on the left side of the road. During the latest measurement period in May 2020,
the average BDI for pavement structure Type B was 15.1–20.9% lower than for Type C,
depending on the side of the road.
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Table 7. Statistical analysis of BDI.

P
a

ra
m

.

Test Date Side
Pavement Structure Type B Pavement Structure Type C

Min Max Avg. St. dev. CV, % Min Max Avg. St. dev. CV, %

B
D

I,
μ

m

Oct 2016
Left 60 164 85 20 23.6 61 122 75 12 16.3

Right 58 200 100 32 31.5 79 129 94 10 10.2

April 2017 Left 73 196 107 26 24.5 72 195 110 23 20.7
Right 73 204 113 26 23.3 80 130 107 11 9.9

April 2018 Left 67 215 111 32 28.9 86 210 126 24 19.2
Right 59 229 111 35 31.5 86 155 117 16 14.1

May 2020 Left 44 138 69 19 28.1 58 102 82 12 14.5
Right 32 149 70 19 27.1 78 102 88 7 8.1

The average BDI on pavement structure Type B was 13.1–26.9% higher during the thaw
period in April 2017 when compared to the measurement period right after reconstruction
in October 2016. The average BDI was 59.0–60.3% higher during the thaw period in
April 2018 when compared to the latest measurement period, in May 2020. For pavement
structure Type C, the respective numbers are 14.5–46.8% (comparing 2017 to 2016) and
32.1–54.9% (comparing 2018 to 2020). The results are inconsistent, as the first comparison
shows a more substantial decrease in base performance for pavement structure Type C,
while the second comparison shows a more substantial decrease in base performance for
pavement structure Type B. This could be the result of an ongoing decrease of the average
BDI for pavement structure Type B.

The average BDI for the left side of the road was lower than for the right side, irrespec-
tive of the measurement period, for pavement structure Type B, ranging from 0.2% to 15.4%.
For pavement structure Type C, on the other hand, the left side of the road performed
better than the right side only during the measurement periods October 2016 and May 2020
(by 7.8–19.8%), while, during the thaw seasons, the condition on the left side was worse
than the right side (by 2.8–3.1%).

The base curvature index is presented in Figure 10. The statistical analysis for this
parameter is presented in Table 8. The BCI varied from 25 to 134 μm irrespective of
the measurement time. The lowest average BCI was determined on pavement structure
Type B during the latest filed test, in May 2020—43 and 44 μm (left and right side of the
road, respectively). In October 2016, the average BCI was 49 and 54 μm. This means
that, over 4.5 years on average, the subgrade condition improved by 12.5–18.3% for Type
B, depending on the side of the road. At the same time, the subgrade condition on
pavement structure Type C improved only on the right side of the road (by 14.7%) and
decreased by 0.5% on the left side of the road. During the latest measurement period of
May 2020, the average BCI for pavement structure Type B was 15.9–19.0% lower than Type
C depending on the side of the road.
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Table 8. Statistical analysis of all relevant parameters.

P
a

ra
m

.

Test Date Side
Pavement Structure Type B Pavement Structure Type C

Min Max Avg. St. dev. CV, % Min Max Avg. St. dev. CV, %

B
C

I,
μ

m

Oct 2016
Left 36 88 49 10 19.8 41 71 50 7 14.7

Right 36 86 54 11 19.8 56 74 64 4 5.9

April 2017 Left 36 117 57 14 25.0 38 110 63 15 23.7
Right 38 107 59 13 22.6 46 87 61 9 14.8

April 2018 Left 36 109 62 17 27.0 43 118 71 15 21.5
Right 38 118 62 15 24.8 44 111 68 14 21.1

May 2020 Left 25 87 43 12 27.9 30 76 51 10 20.3
Right 25 88 44 11 24.7 43 69 54 7 12.6

The average BCI on pavement structure Type B was 9.1–17.5% higher during the thaw
period in April 2017 when compared to the measurement period right after reconstruction
in October 2016. The average BCI was 41.0–45.8% higher during the thaw period in April
2018 when compared to the latest measurement period, May 2020. For pavement structure
Type C, an anomaly was detected, as the average BCI on the right side of the road was
lower during the thaw period in April 2017 when compared to October 2016. While, on the
right side during the thaw period, the subgrade performed 24.2% worse than right after
reconstruction. The average BCI on pavement structure Type C was 26.0–39.9% higher
during the thaw period in April 2018 when compared to the latest measurement period,
May 2020.

The average BCI for the left side of the road was lower right after reconstruction
for both pavement structures—Type B and Type C during the measurement period of
October 2016 by 9.4% and 20.7%, respectively. During both thaw measurement periods, the
difference was not significant, ranging from 3.7% lower performance on the left side to 2.4%
higher performance on the left side when compared to the right side, irrespective of the
pavement structure. The average BCI again improved for the left side for both pavement
structures—Type B and Type C during the latest measurement period, May 2020, by 2.9%
and 6.6% respectively.

3.3. Backcalculation E Modulus and Remaining Pavement Life

The back-calculated E moduli with ELMOD software for pavement structures of Type
B and Type C are represented in Table 9. During the measurement period October 2016,
the average E modulus of the bound layer of pavement structure Type B was 1.88 times
greater on the left side of the road (1.32 times greater on the right side of the road) than
in the thaw season in April 2018. The average E modulus of the frost-resistant layer in
October 2016 was 1.57 times greater on the left side of the road (1.29 times greater on the
right side of the road) than in the thaw season in April 2018. The average E modulus of
the subgrade in October 2016 was 1.23 times greater on the left side of the road (1.18 times
greater on the right side of the road) than in the thaw season in April 2018.

The average back-calculated E modulus of the bound layer of pavement structures of
Type C during the measurement period October 2016 was 1.91 times greater on the left side
of the road (2.42 times greater on the right side of the road) than during the thaw season in
April 2018. The average E modulus of the unbound layer in October 2016 was 1.37 times
greater on the left side of the road (1.75 times greater on the right side of the road) than
in the thaw season in April 2018. The average E modulus of the frost-resistant layer in
October 2016 was 1.10 times greater on the left side of the road (1.45 times greater on the
right side of the road) than in the thaw season in April 2018. The average E modulus of
the subgrade in October 2016 was 1.08 times greater on the left side of the road (1.29 times
greater on the right side of the road) than in the thaw season in April 2018.
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Table 9. Statistical indicators of back-calculated E moduli.

Parameter Test Date Side Layer
Pavement Structure Type B Pavement Structure Type C

Min Max Avg. St. dev. Min Max Avg. St. dev.

E modulus,
MPa

Oct 2016

Left
Bound

836 6385 1895 643 5190 8029 6599 836
Right 616 7488 1602 716 2864 9546 8128 1537
Left

Unbound
– – – – 276 579 448 79

Right – – – – 250 673 528 104
Left

Frost-resistant
12 730 394 121 149 321 225 37

Right 10 753 310 161 213 504 346 90
Left Subgrade 28 158 92 23 58 82 68 7

Right 18 184 86 31 53 114 80 13

April 2018

Left
Bound

490 2015 1007 368 2897 4555 3457 416
Right 621 2403 1217 360 1773 4335 3356 641
Left

Unbound
– – – – 244 426 327 45

Right – – – – 138 420 301 58
Left

Frost-resistant
30 558 251 110 86 429 247 86

Right 91 541 241 98 113 397 239 75
Left Subgrade 25 167 75 27 37 106 63 14

Right 30 138 73 26 26 101 62 16

The average back-calculated E modulus of the bound layer during the measurement
period October 2016 of pavement structures Type C was 3.48 times greater on the left
side of the road (5.07 times greater on the right side of the road) than pavement structure
Type B. The average E modulus of the frost-resistant layer of pavement structure Type
B was 1.75 times greater on the left side of the road (0.90 times smaller on the right side
of the road) than pavement structure Type C. The average E modulus of the subgrade of
pavement structure Type B was 1.35 times greater on the left side of the road (1.08 times
greater on the right side of the road) than pavement structure Type C.

The average back-calculated E modulus of the bound layer during the measurement
period of April 2018 of pavement structures Type C was 3.44 times greater on the left
side of the road (2.76 times greater on the right side of the road) than pavement structure
Type B. The average E modulus of the frost-resistant layer of pavement structure Type
B was 1.02 times greater on the left side of the road (1.01 times greater on the right side
of the road) than pavement structure Type C. The average E modulus of the subgrade of
pavement structure Type B was 1.19 times greater on the left side of the road (1.18 times
greater on the right side of the road) than pavement structure Type C.

Calculated pavement surface deflection, E0 and the predicted number of ESALs are
represented in Table 10. Calculated pavement surface deflection of October 2016 for
pavement structure Type B is 0.90 times smaller than the thaw season in April 2018 and,
for pavement structure Type C—0.60 times smaller than the thaw season in 2018. E0
modulus calculated for October 2016 for pavement structure Type B is 1.11 times greater
than in the thaw season in April 2018 and, for pavement structure Type C, it is 1.65 times
greater than the thaw season of April 2018. The predicted number of ESALs calculated of
October 2016 for pavement structures B is 3 times greater than the thaw season of April
2018, for pavement structures C—45.43 times greater than the thaw season of April 2018.

Table 10. Results of pavement life calculations.

Test Date Side
Pavement

Structure Type

Parameter

Deflection, μm E0, MPa Predicted Number ESALs, mln.

Oct 2016 Right B 886 210 0.03

April 2018 Right B 983 190 0.01

Oct 2016 Right C 505 369 3.18

April 2018 Right C 839 222 0.07
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Calculated pavement surface deflection of October 2016 for pavement structure Type
B is 1.75 times greater than for pavement structure Type C, for the thaw season in April
2018 is 1.17 times greater. E0-modulus-calculated pavement surface deflection in October
2016 for pavement structure Type B is 0.57 times smaller than pavement structure Type C,
for the thaw season of April 2018—0.86 times smaller. The predicted number of ESALs in
October 2016 on pavement structure Type C is 106 times greater than pavement structure
Type B and, for the thaw season of April 2018, 7 times greater.

4. Conclusions

The analysis of FWD data and calculated deflection basin parameters (SCI, BDI, BCI),
as well as a comparison of measured and theoretically calculated deflection, in addition to
the predicted pavement life on the basis of back-calculated E moduli, led to the following
conclusions:

• In all cases, the pavement with a CCPR base course constructed on the existing sub-
base (Type A) performs 9–38% worse than fully reconstructed pavements (Types B
and C) in terms of surface modulus E0, irrespective of the base course type (CCPR or
unbound). The reason for this may be that the measurements’ position on pavement
structure Type A coincided with the edge of the existing sub-base, since the road
was widened in those sections. Thus, to ensure a desirable bearing capacity, specific
attention has to be paid to the construction in such conditions.

• The theoretical deflection on the pavement surface calculated using mechanistic-
empirical pavement design principles is exceeded only in some individual measure-
ment points in the spring thaw (Type B and C). The average deflection on the pavement
surface was lower than the theoretical value even in the thaw of 2017 and 2018 when
it increased by 9–26% (Type B) and by 6–47% (Type C), respectively, compared to in
October. The same tendency was determined regarding SCI (increased by 35–57%
in Type B and by 41–98% in Type C) and BDI (increased by 13–31 in Type B and by
14–68% in Type C).

• The use of a CCPR base course (Type B) leads to much more scattered FWD data (the
coefficient of variation varied from 22% to 31%) than from the pavement structure
with the unbound base course (Type C, the coefficient of variation varied from 10%
to 22%). The reason for this may be related to the inhomogeneity of the CCPR base
course (38.8% reclaimed asphalt). Therefore, for the determination of the residual life
of pavement structures with a CCPR base course, we recommend the use of input data
that reflects the pavement performance with a deflection value equal to the average
deflection calculated based on the measured FWD data and decreased by one standard
deviation (average deflection minus one standard deviation). Such an approach will
prevent the pavement structure from premature failures.

• Based on the pavement design with back-calculated E moduli, the durability of the
pavement structure with a CCPR base course (Type B) is more than seven times
lower compared to that of the pavement structure with an unbound base course
(Type C), irrespective of season. This result may be explained by the fact that soft
asphalt with a very thin layer (4.5 cm) was constructed on the CCPR base course,
and its E modulus is more than five times lower than that of asphalt concrete mixtures
used in typical pavement structures with an unbound base course. Nevertheless,
it must be emphasized that it has already been proven by a number of researchers
that the bearing capacity of pavement structures with a CCPR base course gradually
increases over time due to the curing processes of bituminous and hydraulic binders
(in this study, the surface modulus E0 increased by 28–47%, depending on the side
of the road) and significantly prolongs pavement life. Unfortunately, this increase
in bearing capacity cannot be assessed by typical mechanistic-empirical pavement
design principles.

• Seeking to design a pavement structure based on the back-calculated E moduli from
FWD data, it is vital to adjust (normalize) all measured data to a reference (standard)
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load and climate conditions. However, in this study, an applied temperature correction
factor is determined based on the FWD measurements on the test road in the summer
when hydrothermal conditions did not affect the stiffness of unbound layers. While
in practice, measurements are done irrespective of the season, for example, in spring
when the bearing capacity (E modulus) of unbound layers are affected by water
content. Thus, this effect should be also incorporated in the correction factor. Further
studies, which take this into account, will be undertaken.
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Abstract: During the last decades, extensive research has been carried out on using reclaimed asphalt
pavement (RAP) material in the production of hot recycled mix asphalt. Unfortunately, the aged, stiff,
and brittle binder in the RAP typically increases the mixture stiffness and can therefore cause fatigue
and low-temperature damages. In the scientific literature, there are many studies concerning the
aging and rejuvenation of bitumen, but there is a lack of up-to-date reviews that bring them together,
especially those facing the phenomena from a chemical point of view. In this paper, a recap of the
chemical aspects of virgin, aged, and rejuvenated bitumen is proposed in order to provide a useful
summary of the state of the art, with the aim of both encouraging the use of an increasing quantity of
RAP in hot mix asphalt and trying to give indications for further research.

Keywords: bitumen; aging; rejuvenation; reclaimed asphalt; recycling

1. Introduction

Nowadays, the world is living through the most severe environmental crisis ever, due
to biodiversity loss; air, soil, and water pollution; resource exhaustion; and disproportionate
land use. To face these issues, the concepts of circular economy and sustainability are
getting more and more attention by administrations, technicians, and researchers. Indeed,
these topics have become important themes of research with a steep increase in the number
of papers and journals [1]. One of the sectors that greatly contributes to the environmental
impact is road construction, which entails the exploitation of raw materials, the emission
of pollutants, and the generation of wastes [2].

In the sector of road pavement engineering, the easiest way to promote the circu-
lar economy is to encourage the use of Reclaimed Asphalt (RAP). RAP is defined as
removed and/or reprocessed pavement material composed of bitumen and aggregates.
Four methods—hot in-plant recycling, hot in-place recycling, cold in-plant recycling, and
cold in-place recycling—allow RAP recycling in new bituminous mixtures, determining
the saving of virgin resources and the progressive cyclic reuse of this waste material, in a
sustainable and circularly economic way [3].

The most widespread method to recycle RAP is the hot in-plant technique, which
allows both the aggregates and binder contained in the RAP to be exploited. Unfortunately,
the aged, stiff, and brittle binder from the RAP increases the mixture stiffness and can
therefore cause fatigue and low-temperature damages [4,5]. For this reason, road agencies
usually limit the maximum amount of RAP that can be recycled in new hot mixes [6]. With
the aim of solving this issue, many products worldwide have been used with the function
of rejuvenating agents, which allow restoring (fully or partly) the mechanical properties
that the RAP binder loses with aging [7].

In the scientific literature, there are several studies concerning the aging and reju-
venation of bitumen. In particular, most of the studies are focused on how “improved”
(in terms of performance or even environmental friendliness) bituminous binders behave
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with aging and when blended with aged bitumen from RAP. For instance, the use of
polymer-modified bitumen is one of the hottest topics in this field [8]. Bitumen including
elastomeric or plastomeric polymers experiences different changes with aging with respect
to neat bitumen, as a function of the polymer type and content [9–13]. Moreover, it is a
theme of research whether RAP including polymer-modified bitumen is as recyclable as
the RAP containing neat bitumen, in terms of final mix performance and emission during
mix production [14,15]. Another technique to increase the bitumen performance, which is
actually investigated in terms of aging behavior, deals with the use of nanomaterials as
modifiers, such as fumed silica, clay, diatomite, titanium dioxide, graphene, and carbon
nanotubes [16–22]. However, there are still some gaps of knowledge on the understanding
of neat-bitumen-aging phenomena, particularly from a chemical point of view. Many re-
searchers have been trying to fill these gaps in the last five years. As shown in Table 1 and
Figure 1, the search for the keywords “bitumen” (or “asphalt”, in the American dictionary)
and “aging” or “rejuvenation” in the Scopus database has provided several occurrences
when associated with chemical analyses. More than half of these publications come from
Chinese authors (first author), but many studies have been carried out also in North
America (the United States and Canada) and Europe.

Table 1. Number of papers indexed by Scopus in the period 2016–2021 on the theme of bitumen
aging/rejuvenation chemistry (date of the research 27 May 2021).

Keywords Papers Published Since 2016

“Bitumen/Asphalt”, “Aging”, “AFM” 114
“Bitumen/Asphalt”, “Aging”, “Chemistry” 71
“Bitumen/Asphalt”, “Aging”, “Chromatography” 115
“Bitumen/Asphalt”, “Aging”, “FTIR” 395

Total number of papers of bitumen aging chemistry 589

“Bitumen/Asphalt”, “Rejuvenation”, “AFM” 24
“Bitumen/Asphalt”, “Rejuvenation”, “Chemistry” 15
“Bitumen/Asphalt”, “Rejuvenation”, “Chromatography” 29
“Bitumen/Asphalt”, “Rejuvenation”, “FTIR” 73

Total number of papers on bitumen rejuvenation chemistry 121

Europe

Keyword No of papers %

Aging 79 13.4

Rejuvenation 17 14.0

North America

Keyword No of papers %

Aging 81 13.8

Rejuvenation 26 21.5

Central and South America

Keyword No of papers %

Aging 20 3.4

Rejuvenation 3 2.5

Africa

Keyword No of papers %

Aging 9 1.5

Rejuvenation 1 0.8
Oceania

Keyword No of papers %

Aging 1 0.2

Rejuvenation 1 0.8

China

Keyword No of papers %

Aging 319 54.2

Rejuvenation 58 47.9

East Asia (except China)

Keyword No of papers %

Aging 49 8.3

Rejuvenation 11 9.1

Middle East

Keyword No of papers %

Aging 31 5.3

Rejuvenation 4 2.5

Figure 1. Origin of the papers indexed by Scopus in the period 2016–2021 on the theme of bitumen aging/rejuvenation chemistry.
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This paper tries to recap the most recent research and innovation in the field of
chemical analyses on virgin, aged, and rejuvenated bitumen. With respect to other reviews
on aging and rejuvenation chemistry, the present state of the art is more updated (the most
recent paper was published in 2009 [23]) and includes discussion about both processes
(while the review by Loise et al. [24] only deals with rejuvenation, and specifically on
additives). The aim is to provide a useful summary and some inputs for further research
on this topic, in order to encourage the use of an increasing quantity of RAP in Hot Mix
Asphalt (HMA).

2. Bitumen Chemistry

Bitumen is the visco-elasto-plastic material obtained through crude oil distillation.
Basically, during this process, the various phases of the crude oil are separated due to
the differences in their boiling and condensing temperatures [25]. A typical distillation
process involves a first step in which the lighter components are separated, subjecting the
crude oil to a temperature of about 350 ◦C at atmospheric pressure. The residue of the first
step is subjected to a higher temperature, around 350–425 ◦C, under a controlled pressure
ranging from 1 kPa to 10 kPa [26]. The residue of the second process is called straight-run
bitumen [27]. Moreover, if the residue of this second process is subjected to another process
of thermal distillation at temperatures between 455 ◦C and 510 ◦C, visbreaker bitumen is
produced [28]. Vis-breaking allows refineries to reduce the amount of the residue produced,
as it allows the further recovery of lighter products such as diesel and gas. This penalizes
the quality of the bitumen that is obtained, which is more rigid, brittle, and susceptible to
aging [29,30].

2.1. Basic Characterization

The bitumen composition is strictly related to the characteristics of the starting crude
oil, particularly on its age and the depth from which it is extracted. The study of bitumen
chemical composition is very tricky because it contains many chemical elements. Although
bitumen is mainly composed of hydrogen (8–12% by weight) and carbon (80–88% by
weight), which together give a hydrocarbon content of about 90%, heteroatoms as nitrogen
(0–2% by weight), oxygen (0–2% by weight), and sulfur (0–9% by weight) are also present.
Moreover, there can also be traces of heavy metals such as nickel and vanadium, in the
order of hundreds of parts per million [31].

The hydrocarbons (C+H) can be classified, according to the type of bond between the
carbon atoms, into:

• saturated: only simple bonds are present between the carbon atoms;
• unsaturated: double or triple bonds are present.

The heteroatoms (N, S, O) can be found in the correspondence of the unsaturated
bonds. When combined with carbon, these can cause an imbalance of the electrochemical
forces that gives polarity to the molecule. Therefore, the heteroatoms, despite being present
in small percentages, have the ability to make the unsaturated molecules more active,
influencing the bitumen rheological properties [32].

2.2. Chemical-Structural Analysis—SARA Analysis

To interpret bitumen properties from its chemistry, it is necessary to consider it on
different scales and not only at a global level. In fact, bitumen can be described as several
central structures consisting of polyaromatic assemblies containing a various number of
molten rings, saturated polycyclic structures, and combinations. Saturated hydrocarbon
side chains, which are characterized by different dimensions and patterns, are linked to
these central assemblies. Therefore, the number of possible isomers is almost unlimited.
This is the reason why bitumen is characterized by millions of different molecules and none
of these are present in such a high quantity to isolate and characterize them. Therefore,
a chemical-structural analysis is more useful and appropriate to understand bitumen
composition and mechanical behavior [33].
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The chemical-structural analysis has progressed with fractionation techniques, through
which it is possible to separate the bitumen molecules into chemical groups according
to the dimensions or the soluble properties in various kinds of solvents (polar, apolar, or
aromatic). Over the years, the fractionation techniques applied to bitumen have undergone
a series of advances that have led to increasingly interesting results, clarifying more and
more the structure of the material and therefore allowing a deeper understanding of the
bitumen chemical composition.

In 1836, Boussingault separated two components of bitumen by distillation. He
obtained two fractions named “petrolenes” (85% by weight) and “asphaltene” (15% by
weight). Given the similar H/C ratio of the two fractions, he thought that asphaltene could
derive from the oxidation of petrolene [34]. A few decades later, Richardson made his
contribution, defining “asphaltenes” as the part of the bitumen insoluble in naphtha but
soluble in carbon tetrachloride (CCl4). Moreover, he introduced the “carbeni” and the
“carboids”, which are, respectively, soluble and insoluble in CS2 [35].

Kayser, in 1897, used three solvents, chloroform, ether, and alcohol, to obtain three
bitumen fractions [36]. Hoiberg achieved greater success in 1939 when he achieved the sep-
aration of the maltenes in resins (precipitate) and oils (soluble part) [37]. Corbett proposed
a method to further split the maltenes and obtain three categories: saturated, aromatics,
and resins [38]. Therefore, he managed to separate the bitumen into the four fractions that
are still considered today in the chromatographic analysis: Saturated, Aromatic, Resins,
and Asphaltenes (SARA); hence the SARA terminology is obtained by joining the initials
of each fraction. Figure 2 summarizes the processes for SARA fraction separation.

Figure 2. Bitumen composition (reprinted from Reference [39] with the permission of Elsevier).

Nowadays, the process defined by ASTM D-4124 [40] is divided into several steps. The
first consists of the separation of asphaltenes with precipitation of n-heptane. Afterward,
the maltenes in a solution of n-heptane are poured into a chromatographic column to sepa-
rate the saturates; then, the aromatics are separated using 100% toluene and a 50/50 blend
of toluene and methanol; finally, the resins are obtained using trichloroethylene.

Several methods are available to obtain the SARA fractions [41,42], but despite the
proportions depending on the origins of the raw material, the use of different techniques
gives slightly different results. Therefore, to compare different varieties of bitumen ac-
cording to the SARA fractions, the use of the same fractionation method is always a good
practice. A deeper description of the four distinct fractions is provided below.

Saturates represent about 5–15% by weight of bitumen and consist of an almost
transparent liquid. They are mainly composed of aliphatic (branched, linear, and cyclic
hydrocarbons) and have no polarity (rare aromatic rings or polar atoms). They function
as a jellying agent for bitumen components, as they favor asphaltene flocculation and
therefore the bitumen solid-elastic phase.

Aromatics represent about 30–45% by weight of bitumen and consist of a yellow-
red oily liquid. They contain one or more aromatic rings and act as solvents for the
peptized asphaltenes.
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Asphaltenes represent about 5–20% by weight of bitumen and consist of a dark
powder [43]. They have many aromatic rings and polar compounds. They are the main
component associated with bitumen stiffness and viscosity [44].

Resins represent about 30–45% by weight of bitumen and consist of a black solid. They
are similar to asphaltenes in terms of composition but they have a higher polarity [45]. They
are the component that is associated with bitumen stability, as they behave as flocculent
agents for the asphaltenes.

The bitumen behavior is determined by the relative amount of the components, but
especially by the compatibility and the interactions among these homogeneous fractions.

2.3. Colloidal System

Several models have been proposed to understand the rheological properties of bitu-
men through its chemical composition. Although Rosinger had thought about a colloidal
structure for bitumen in 1914 [46], today this intuition is attributed to Nellesteyn, who
described the bituminous colloidal system in 1924 [47]. They described bitumen as the
dispersion of asphaltene micelles (solid) in an oily phase (fluid) thanks to the presence of
peptizing agents. The first description of the colloidal system is a structure determined
by asphaltenes micelles immersed in a maltene solution. In particular, the asphaltenes
are covered by the maltenic polar part (resins), which acts as a peptizing agent for the
asphaltenes themselves, and everything is immersed in the so-called oils, flocculating
agents for asphaltenes.

In the following years, Pfeiffer and Saal [48] introduced the difference between two
colloidal systems (sol and gel), which represent the two colloidal limit systems for all bitumen.

In particular, if resins keep asphaltenes highly peptized (or dispersed) in the oily
phase so that micelles are not interacting, the associated bitumen is characterized by a sol
model. This model results in a very viscous (not elastic) behavior at low temperatures
and a Newtonian liquid behavior at high temperatures. If resins are not very effective in
peptizing asphaltenes, which become fully interconnected, a gel model is obtained. This
model results in non-Newtonian fluid (viscoelastic) behavior at high temperatures and
elastic solid behavior at low temperatures.

Most of the bitumen shows intermediate characteristics between these two structures,
which represent the limit cases. The coexistence of the sol-type micelles and the gel structure
as a function of temperature and aggregation state of micelles (ratio among asphaltenes,
resins, aromatics, and saturates) is defined as a gel-sol model (Figure 3).

 

Figure 3. Schematic representation of the colloidal model of bitumen: (a) sol, (b) flocculated asphal-
tene micelles, (c) gel (reprinted from Reference [49] with the permission of Elsevier).
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In 1971, Gaestel et al. [50] introduced the concept of the Colloidal Index (CI) or
Instability Index, whose empirical expression is reported below.

CI =
Asphaltenes + Saturates

Aromatics + Resins

Generally, this index has a value between 0.5 and 2.7 for the most used bitumen. The
bitumen shows a clear gel behavior if the colloidal index is greater than 1.2, while the
behavior is closer to a sol model if the colloidal index is lower than 0.7.

2.4. Test Methodologies to Investigate Bitumen Chemistry

Nowadays, a wide variety of methodologies are available to analyze the chemical
properties of bitumen. Each technique has some issues, because the results are different as a
function of the nature of the binder and the process conditions under which it is analyzed.
Therefore, to deeply investigate the chemical properties of bitumen, it is a good practice to
combine multiple chemical tests, together with a rheological and traditional characterization.

The most frequently used techniques for the chemical analysis of bitumen are summa-
rized in Table 2 and described hereafter.

Table 2. Most frequently used techniques for the chemical analysis of a bitumen.

Technique Type of Analysis Parameters Used

AFM: Atomic Force Microscope Microscopic Microstructure and micro-mechanical
properties of bitumen

FTIR: Fourier Transform
Infrared spectroscopy Chemical Quantity of carbonyl and

sulphoxide groups

TLC-FID: Thin Film
Chromatography with Flame

Ionization
Detection

Chemical Saturated, aromatic, asphaltene and
resin content

HP-GPC: Gel Permeation
High-Pressure Chromatography Chemical Number of chemical groups and

molecular weights

2.4.1. Atomic Force Microscope (AFM)

The AFM test is a non-destructive analysis that allows representing of the surface
morphology of a bitumen sample, as well as information regarding stiffness, cohesion, and
molecular interactions at a microscopic level. The fundamental principle on which this
test is based is very easy to understand. The device is equipped with a flexible cantilever,
which is linked to a piezoelectric component and has a tip at the extremity. During the test,
the tip slides on the bitumen surface while its position is measured through a laser system
and the resistance to the tip movement, which depends on the distance between atoms, is
registered. By coupling this information, a detailed scansion of the bitumen sample surface
at a microscopic (atomic) scale is collected [51].

The AFM technique allows the identification of three major phases of different rheol-
ogy and composition (Figure 4):

1. Catana phase or bee phase, which are a sort of hills in the undulated pattern of the
AFM image;

2. Peri phase (from Greek peri = around), surrounding the bees and characterized by a
certain roughness;

3. Para phase (from Greek para = neighbor), next to the peri phase and typically
flat [52–54].
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Figure 4. Three major phases of the superficial morphological representation of bitumen (reprinted
from Reference [55]).

2.4.2. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is widespread technology for the identification and analysis of
organic compounds. In particular, FTIR is a method for determining the molecular structure
of a material by measuring the atom oscillations (rotations and vibrations). During the test,
infrared radiations hit the sample, whose atomic functional groups absorb part of these
radiations. In particular, the specific wavenumber of the absorbed radiation is a function
of the vibration mode of the functional group. Through the application of the Fourier
transform, the absorbance spectrum of the sample is obtained.

Each functional group has different vibration modes, whose number is related to
the number of atoms and type of bond. For instance, the symmetrical molecules that
include two atoms (e.g., diatomic nitrogen N2) have no absorption in the IR spectrum,
while asymmetrical diatomic molecules (e.g., carbon monoxide CO) do. For more complex
functional groups, for example methylene (-CH2), the vibration modes (Figure 5) include
six types of oscillations [56].

 
Figure 5. Vibration modes of the methylene group (-CH2) (reprinted from Reference [57] with the
permission of Elsevier).

The bitumen characterization through FTIR spectroscopy provides different infor-
mation. The analysis of the peak position in the spectrum allows the identification of
the functional groups. Moreover, the height of the peaks allows the quantification of the
functional group concentration [57].

183



Sustainability 2021, 13, 6523

2.4.3. TLC-FID: Thin Film Chromatography with Flame Ionization Detection

TLC–FID is used to quantify the content of each SARA fraction in a bitumen. The
bitumen is initially blended with cyclohexane solvent and a small amount of solution is put
on a quartz rod, known as a chromarod. Then, the procedure is repeated using three more
solvents (n-hexane, toluene, dichloromethane). The separated fractions (i.e., asphaltenes,
resins, aromatics, and saturates) are located in the chromarod series at, respectively, 0 cm,
2.5 cm, 5 cm, and 10 cm, as a function of the decreasing polarity. Finally, the chromarod
is analyzed by Flame Ionization Detection (FID), which step-by-step ionizes the differ-
ent zones corresponding to the four SARA fractions, and allows the estimation of their
percentages in the bitumen [58,59].

2.4.4. HP-GPC: Gel Permeation High-Pressure Chromatography

HC-GPC is a test method that allows quantifying of the molecular size distribution of
bitumen. The binder sample is dissolved in tetrahydrofuran (THF), and the solution is put
in a column for chromatographic analysis. Gel (stationary phase) is used as a stabilizing
agent that slows down the permeation of light components, while the high pressure allows
increasing the test speed and the separation efficiency.

Typically, thirteen slices of the chromatographic pattern are assumed in order to
discriminate between large (slices 1–5), medium (slices 6–9), and small (slices 10–13)
molecular sizes [60].

The molecular weight can be represented in terms of average molecular weight by
molecule weight (Mw) and average molecular weight by molecule number (Mn). In
addition to Mw and Mn, their ratio (Mw/Mn), defined as “molecular weight dispersion
index”, is also often considered in the study of bitumen molecular size distribution [51]

3. Bitumen Aging

Bitumen aging is defined as the series of chemical transformations that the material
undergoes and that results in the variation of its physical characteristics [61]. In general,
two different aging processes, namely short-term aging and long-term aging, are identified.

Short-term aging is the phenomenon that bitumen suffers during HMA manufacturing
(mixing, hauling, paving, and compacting) because of the high processing temperatures
(>150 ◦C). Long-term aging is the phenomenon that affects bitumen during the entire
service life of the mix, which is subjected to traffic and environmental stresses. The severity
of this process is mainly related to the bitumen’s exposure to air, which depends on the
mix air voids and the position of the HMA layer within the pavement structure [39].

Despite some studies [62,63] that have identified several variables that affect bitumen
aging, the most widely recognized mechanisms include:

• Physical and steric hardening (reversible mechanisms);
• Loss of low-weight components (volatiles) by evaporation;
• Oxidation, with the consequent changes at the molecular level that cause a change in

the SARA fractions.

The oxidation and evaporation of volatiles, which are irreversible processes, are accel-
erated during the HMA production and paving when the bitumen is hot [64]. When the
mix reaches the air temperature, the evaporation of volatiles becomes much less influential,
while oxidation continues in the long-term aging. Furthermore, the greater importance of
oxidation compared to that of physical hardening is given by the different nature of these
processes: oxidation is irreversible, while physical hardening can be recovered. For these
reasons, oxidation is considered the main process in the aging of bitumen.

These mechanisms are described in detail in the following sections.

3.1. Physical and Steric Hardening

Physical hardening deals with the changes in the bitumen viscoelastic properties
due to the material cooling below the glass transition region. However, the process does
not entail any change in the chemical structure and is reversed when the bitumen is re-
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heated to air temperatures [65]. Assuming that the material volume consists of the volume
of the oscillating molecules and the free volume between the molecules [66,67], when
the bitumen temperature decreases, both molecular mobility and free volume reduces,
maintaining the same proportion between occupied and free volume. When the glass
transition temperature is reached, the free volume decrease becomes slower than the
decrease of molecule oscillation, entailing a kind of “over-hardening” for the bitumen [68].

Physical hardening should not be confused with steric hardening. Steric hardening is
a chemical process in which the bitumen molecules rearrange and form wax compounds
in the maltenes, due to the presence of linear alkanes in the asphaltenes [69]. The pro-
cess happens at intermediate temperatures but takes three times longer than physical
hardening [70]. Even steric hardening is reversible. While the former type of hardening
occurs within 1–2 days at temperatures below the glass transition temperature of bitumens
(−35/−15 ◦C), the latter is manifested at room temperature, and requires days or even
weeks. The steric hardening is related to the inner reorganization of the binder molecules;
it is associated with the formation of ordered structures by waxes in the maltenes phase
that is influenced by the linear alkanes present in the asphaltenes fraction. It is a reversible
process because it can be removed by heating or mechanical work [71].

3.2. Evaporation of the Volatile Components

The evaporation of saturated and aromatic components has been also reported as an
aging mechanism of bitumen. In particular, this phenomenon is mainly related to short-
term aging, as it depends on the temperature to which the bitumen is subjected during the
mixing and installation phases [72]. It has been quantified that the loss of volatiles can be
double for a temperature increase of 10 ◦C during HMA manufacturing at the plant [73].
The volatile evaporation causes the unbalancing of the SARA fractions, determining the
predominance of resins and asphaltenes over saturates and aromatics. Consequently, the
bitumen that results is harder, stiffer, more viscous, and more fragile. The evaporation of
volatile compounds is an irreversible mechanism that significantly affects bitumen aging,
even if to a lower extent than the oxidation process [74].

3.3. Oxidation

Thurston and Knowles, in 1941, demonstrated how bitumen components, in particular
asphaltenes and resins, absorb oxygen [63]. It is widely accepted today to consider the
oxidative process of bitumen as the most important mechanism that happens during aging.

Bitumen oxidation is an irreversible process that deals with the “capture” of oxy-
gen atoms by the bitumen components (particularly the asphaltenes), which undergo
an alteration of their chemical characteristics. Moreover, this aging process could be
photo-catalyzed in the case of the bitumen in pavement surface layers, in particular for
polymer-modified binders [23]. As oxidation is due and depends on the access to oxygen
in the mixture, the voids content, the HMA layer depth, the bitumen content, and the
presence of cracking are factors that can influence the quantity of bitumen exposed, and
therefore the quantity of potentially aged bitumen.

Within bitumen morphology, oxidation includes dehydrogenation, the reaction of
the alkyl sulfides into sulphoxides, and the reaction of the benzyl carbons into ketones,
which in turn form carboxylic acids with dicarboxylic anhydride. These reactions can be
quantitatively determined by functional group analysis through FTIR spectroscopy. A
typical infrared spectrogram is shown in Figure 6. The absorbance bands around 1690 cm−1

are due to the increase in C=O bonds (carbonyl groups)—for example, ketones, carboxylic
acids, and anhydrides—while those around 1030 cm−1 are due to the increase in S=O
bonds (sulphoxide groups). Consequently, the peak areas of the two wavenumbers can
be considered as concentration measurements of carbonyl compounds and sulphoxides,
respectively [75].
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Figure 6. Effect of aging on bitumen FTIR spectrogram (reprinted from Reference [75] with the
permission of Elsevier).

It is important to highlight that the carbonyls, ketones, and sulfoxides generated
through oxidation are characterized by a marked polarity. Therefore, they associate with the
polar groups in the bitumen forming agglomerates with a high molecular weight [76]. These
large and “heavy” clusters, which typically involve the asphaltene fraction, determine
the reduction of the molecular mobility within the bitumen colloidal system, resulting in
increased viscosity, stiffness, and brittleness [77].

Temperature is a key factor in the oxidation phenomenon. In particular, the degree of
oxidation is doubled every time the temperature increases by 10 ◦C (after 100 ◦C) [73]. The
influence of temperature was also observed in the laboratory by Lu et al. [78]. They noted
that it takes 4–8 longer times to obtain the same aging when the pressure aging vessel (PAV)
temperature is decreased from 100 to 75 ◦C.

As previously said, the oxidation reaction can be promoted and accelerated when the
bitumen functional groups are excited by UV radiations. This issue has been neglected
for many years as it only involves the upper pavement layer, because of the low ability
of the radiations to penetrate in depth. However, the amplifying effect on the aging of
the bituminous binder due to ultraviolet radiation should be considered, particularly
in the most exposed surfaces of geographic regions characterized by high levels of solar
radiation and humidity [79]. Many authors associated the increase in bitumen viscosity, as a
consequence of oxidation, with the number of radiations that invested the material [80–82].
In particular, Zeng et al. [81] observed the detrimental effects of ultraviolet radiation in
association with high temperatures in promoting oxidation. Afanasieva et al. [82] specified
that bitumen is highly oxidized when subjected to radiations with a wavelength coinciding
with the UVB range (280–315 nm).

3.4. Laboratory Aging Methods

To date, the most frequently used methodologies to age bitumens are the thin film
oven test (TFOT), rolling thin film oven test (RTFOT), pressure aging vessel (PAV), and
ultraviolet test (UV). Most of them are often characterized by increases in temperature,
oxygen pressure, or a combination of these two in order to generate the aging conditions,
which are as close as possible to the conditions in which real bitumen can be found. While
the first two methodologies are mainly adopted to reproduce short-term aging, which
occurs during storage, mixing, hauling, and laying of an HMA, the last ones can simulate
long-term aging that occurs during the service life of the pavement.
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3.5. Laboratory Aging Assessment Methods: General Results

As regarding the different SARA fractions, aging can generally be summarized as follows:

• the saturates remain almost unchanged;
• the aromatics decrease;
• the resins see a small increase;
• the asphaltenes increase.

In particular, the general effect of oxidation is the shift of each SARA fraction towards
the next component in the polarity scale. As explained before, the four bitumen fractions are
ranked, as a function of the increasing polarity, as follows: saturates, aromatics, resins, and
asphaltenes. Actually, the saturates only show little changes between the unaged and long-
term-aged binder, so they can be considered an unreactive fraction [27]. The next fractions,
aromatics and resins, oxidize and respectively shift into resins and asphaltenes. Since
aromatics evolve into resins, but there is poor supply from the saturates (which are mainly
inert), a global decrease of the aromatic content with aging is observed. Differently, the
resin content only experiences a slight increase or decrease since there is the contemporary
uptake of the oxidized resins into asphaltenes and of the oxidized aromatics into resins [83].

The relationship between resins and asphaltenes plays a crucial role in aging: the
asphaltene fraction is the component that grows the most; at the same time, the resin content
increases to a lesser extent, facilitating the mutual contacts between asphaltenes. When
the ratio between aromatics and resins is not high enough to allow the peptization of the
asphaltene micelles, or when the solvation capacity of the system is insufficient, the micelles
tend to bond to each other [84]. This determines the formation of larger irregular structures
in which voids are present (filled by the external liquid of the component micelles). Thus,
in terms of colloidal models, aged bitumen tends to assume a gel structure, causing a
stiffer and more brittle behavior [85]. The decrease of the maltenes affects the stability of
the colloidal system and determines the flocculation of the asphaltenes. Moreover, the
higher amount of asphaltenes increase the propensity of the asphaltenes themselves to
micellization and agglomeration [86].

Li et al. [51] quantified the variation of SARA fractions during aging. In this study,
five different bitumens were separated into the SARA fractions before and after aging.
Figure 7 highlights how, during aging, the asphaltenes increase while the contents of
aromatics and resins decrease. Moreover, the amount of saturates tends to remain stable.
This phenomenon was investigated in terms of the colloidal index (CI), which proved to
grow with aging, particularly in the long-term step.

 
Figure 7. Proportion of bitumen SARA fractions with aging (reprinted from Reference [51] with the
permission of Elsevier).

Mirwald et al. [83] tried to evaluate (using FTIR), not only the changes in quantities
but also the chemical modifications within individual SARA fractions during aging. In
particular, an unaged bitumen and three long-term-aged bitumens were separated into
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their SARA fractions, which were subsequently analyzed through FTIR spectroscopy. The
absorbance spectra showed that:

• The saturates spectrum remains unchanged, confirming that this fraction is little
affected by aging;

• The aromatic spectrum shows some changes (an increase of the peaks in the carbonyl
band, main aromatic band and across the entire fingerprint area), but no significant
increase in sulfoxides;

• The interpretation of the resin spectrum is complex, because of the position of this
fraction in the polarity gradient. In general, aging results in uptake from 2-quinolones
and carbonyls into ketones and in the growth of the sulfoxides content;

• The asphaltenes spectrum shows significant variations in the fingerprint area. In
particular, the aging determines an increase in sulfoxides (1030 cm−1), main aromatic
(1600 cm−1), and carbonyl (1700 cm−1) peaks.

Thus, the increase of the carbonyls affects the aromatics and the resins, while the
increase of the sulfoxides affects the resins and the asphaltenes.

Using GPC, Li et al. evaluated the molecular weight of the bitumen components [51].
Table 3 shows that the molecular weight increases when moving from saturates, to aromat-
ics, to resins and asphaltenes. In particular, the saturates have the shortest molecular chains,
denoting an approximate structure. Differently, the asphaltenes have the longest chains
and the most complex structure. In addition, they include a higher number of polar groups
that have a low sensitivity to temperature changes. Therefore, when the asphaltene content
increases, the bitumen tends to maintain its mechanical properties (stiffness, viscosity),
even when increasing temperature [51].

Table 3. Molecular weight of the bitumen SARA fractions (reprinted from Reference [51] with the
permission of Elsevier).

Component Mn Mw Mw/Mn Features

Saturated (S) 506 673 1.329 Low molecular region
Aromatics (Ar) 648 1220 1.882 Transition region

Resins (R) 907 2761 3.045 Transition region
Asphaltenes (As) 1898 14,660 7.725 High molecular region

FTIR spectroscopy has been used for many years to analyze the bituminous binders [87],
particularly to investigate the polymer modification mechanisms and the effects of ag-
ing. Table 4 summarizes the main changes noticed in the bitumen FTIR spectrum as a
consequence of aging.

Table 4. Change of key FTIR bands during aging.

Chemical Group Bond
Approximate

Wavenumber (cm−1)
Change

with Aging
References

Sulphoxide S=O 1030 Increase

[57,88–92]
Carbonyl C=O 1690 Increase

Aliphatics
(plan deformation) CH2, CH3 1460, 1375 Small decrease

Aromatics C=C 1600 Small increase [88,90,93]

Aliphatics (asymmetric
or symmetric stretching CH2, CH3 2923, 2853 Small decrease [93,94]

Polarity O–H 3450 Increase [93,94]

The more significant changes in the FTIR spectrum associated with bitumen oxidation
are the rise carbonyl C=O (1690 cm−1) and sulfoxide S=O (at 1030 cm−1) bands. This has
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been observed in both laboratory [90,95] and site [88,89] aged bitumen. In particular, the
work by Mouillet et al. [90] specified that increases in the S=O and C=O bands are mainly
related to short-term aging and long-term aging, respectively. Even the aromatic C=C band
(1600 cm−1) shows a slight increase that is associated with the increase of the resins and
especially the asphaltenes, which include condensed aromatic rings. The polarity band
(around 3450 cm−1) is highly marked in the spectra of resin and asphaltene components,
but this has not been exactly associated with the bitumen aging process [93]. Finally, the
aliphatic CH2 and CH3 bands showed a slight decrease with increased aging [94].

In order to quantify the effects of bitumen oxidation, two indices have been introduced:

• Carbonyl index: IC=O = A1690
Aref

• Sulphoxide index: IS=O = A1030
Aref

where A1690 is the area of the C=O peak centered at 1690 cm−1, A1030 is the area of the S=O
peak centered at 1030 cm−1, and Aref is the area of the reference ethylene and methyl peaks,
centered at 1460 and 1375 cm−1, respectively [96].

With the aim to estimate the effects of bitumen aging on its properties, the variation
of the indices in unaged, short-term-, and long-term-aged bitumen can be calculated.
When increasing the aging, the heights and the areas of the peaks in correspondence of
the wave numbers of 1690 cm−1 and 1030 cm−1 (respectively for the carbonyl C=O and
sulphoxide S=O bands) increase, so the two indices also increase [97–100]. Moreover, a
recent study [101] proposed the Chemical Aging Index (CAI), calculated as IC=O plus IS=O,
in order to better understand the variation of both indices during aging.

Regarding the AFM test, changes of the particular bee-shaped structure can be used
to investigate the aging process. Nowadays, there is still some discussion about the nature
and conformation of these structures. There is a certain agreement that the bee structures
are associated with wax crystallization [102]. For this reason, it was hypothesized that
the “bees” are correlated to the asphaltenes [103,104]. A study by dos Santos et al. [105]
demonstrated that the valleys, due to their lower thickness and roughness, are less strong
than the hills. Other studies proposed that the formation of the bee structure is associated
not only with asphaltenes but also with resins and aromatics, and so it is strictly correlated
to the bitumen performance [106,107]. One more point of discussion is related to the
presence of these phases in the whole bitumen volume or only on the surface [108].

Li et al. [51] tried to identify the changes in the bee structures during short- and
long-term aging in different bitumens. Before aging, these show the distinct elliptic bee
structures, which are short and thick. After aging, different behaviors were observed
for the various bitumens. In general, the bee structures became larger and irregular
when increasing the aging level. In addition, peculiar phenomena happened in the AFM
diagrams, such as the increase of the bee stripes number or the formation of sunk regions,
columnar peaks, blocky structures, or cracks.

A study by Lu et al. [109] investigated wax-including bitumens in comparison with a
non-waxy bitumen using AFM. They noted that aging led to a decrease in the number and
an increase in the dimensions of the bee structures in the bitumen with wax, probably be-
cause of the highly increased stiffness of the aged binder and/or the reduced compatibility
between the saturated crystalline fraction and the more polar bitumen matrix. On the other
hand, for a non-waxy bitumen, no structure was observed either on the unaged or PAV-
aged state. Moreover, after 60 h of PAV aging, the content of asphaltenes increased from
22% to almost 25%. This demonstrated that asphaltenes are not the fraction responsible for
the structures, unless they contain n-heptane insoluble crystallizable materials.

Zhang et al. [110] also studied the aging effect on the bee structures. They confirmed
that aging entails an increase in the bee structure number, dimension, and roughness
(Figure 8), which is associated with a contemporary decrease of the penetration and
increase of the ring and ball softening point and viscosity.
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Figure 8. AFM images of unaged, short-term-aged, and long-term-aged bitumen (reprinted from
Reference [110]).

4. Bitumen Rejuvenation

Including RAP in HMA requires a careful study of the mixture, because its mechanical
properties are strongly conditioned by the presence of the aged bitumen contained in RAP.
In particular, improper use of RAP can lead to premature cracking linked to the excessive
stiffness of the bitumen (thermal and fatigue cracking) [111–114]. In order to achieve the
proper mechanical properties for the HMA, additives are included in the mixture. In the
following paragraph, the concept of rejuvenator is provided, clarifying which are the main
distinctions within this category and explaining the benefits associated with their use.

A rejuvenator is an agent that allows renovating the properties that the bitumen loses
with aging [115]. Thus, rejuvenators should reduce aged bitumen viscosity and stiffness
and improve ductility [24]. However, the many products that can be used for this aim may
act at a different level, for example, in the colloidal system or the chemical morphology.
The literature does not seem very clear about this; the term “rejuvenator” is often used
for any additive, without specifying what the effective mechanisms of action in bitumen
are. According to different authors [24,116,117], rejuvenators can be classified, based on
the effect, as:

• Softening agents (also called fluidifying agents or rheological rejuvenators), which include:

� Incompatible softeners, which mainly have a viscosity lowering effect;
� Soluble softeners, which restore the balance in the SARA composition by re-

enriching the maltene fraction;

• Real rejuvenators or compatibilizers, which help to renovate the physical and chemical
characteristics of the bitumen through the disruption of the intermolecular associations
between the asphaltenes.

The softening agents are usually based on extracts of lubricating oils. Slurry oil, flux
oil, and lube stock belong to this category. They include a proper content of maltenic,
naphthenic, or aromatic components aiming to rebalance the SARA fractions of the aged
binder, characterized by a lower concentration of maltenes. The softening agent allows
an increase in bitumen ductility and a decrease in viscosity and brittleness by merely
supplying oily components to maltene fraction, but does not achieve any change in the
complex structure. The real rejuvenators are additives that allow restoring both the physical
and chemical properties of bitumen. In particular, they are able to restore the agglomeration
condition of asphaltenes to their original state by promoting their re-dispersion. Regarding
their composition, real rejuvenators should have a high content of aromatics, which allows
keeping the asphaltenes dispersed and maintains a low content of saturates, which have
poor compatibility with the asphaltenes.

The efficacy of the rejuvenation process is strictly related to the adequate dispersion
within the aged bitumen. Lee et al. first faced this aspect, claiming that a mechanical
mixing could allow a uniform distribution [118]. A few years before, Carpenter and
Wolosick divided the diffusion of a rejuvenator into an aged binder into four different
steps. In the first phase, the rejuvenator forms a low-viscosity layer around the particles of
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aggregates covered with aged bitumen. Then, the additive starts to penetrate the binder
by softening it. In the third phase, the rejuvenator penetrates the aged bitumen, and the
viscosity of the internal and external surfaces gradually decreases. Finally, in the last phase,
over time, the rejuvenator manages to reach all the aged bitumen [119]. Noureldin and
Wood [120] and Huang et al. [121] confirmed this theory some years later. Karlsson and
Isacsson [122], found out that the diffusion of the rejuvenator into the aged bitumen is
mainly influenced by the viscosity of the maltene phase. Therefore, it can be facilitated by
raising the temperature or adding oil [123].

4.1. Rejuvenators for Hot Recycled Mix Asphalt (HRMA)

During the last decades, many studies have tried to estimate the efficacy of different
rejuvenators. According to the literature, there are many different sources from which we
can obtain rejuvenators. In general, according to their nature, rejuvenators can be classified
as additives derived from oil and biological additives. For instance, Zaumanis et al. [124]
and Dony et al. [125] stated that although the two categories may show differences, both
additives can be used successfully to soften the aged bitumen and allow the fulfillment of
the requirements in terms of penetration, softening point, and rheological characteristic.

Besides fuels and bitumens, rejuvenators able to improve the properties of an aged
binder are often produced from the processing of crude oil. These products include aromatic
extracts, paraffinic oils, naphthenic oils, and spent motor oils [126]. These petroleum
products have been the main agents used for many years to improve the characteristics
of aged bitumen. In recent decades, research has moved towards finding materials with
rejuvenating effects for aged bitumen that have lower costs and are environmentally
sustainable. These are called bio-rejuvenators, and they are products such as tall oil,
rapeseed oil, soybean oil, sunflower oil, corn oil, used cooking oil, castor oil residues, and
organic oils. Several studies promote these rejuvenators, highlighting that they are able to
restore the original properties of bitumen, while being eco-sustainable at the same time.

Among the numerous studies carried out during the last decades, the most relevant
and suitable are reported hereafter, together with a brief description of the used rejuvenators
and the main results.

Bocci et al. [127,128] and Grilli et al. [129] focused on the evaluation of the mechanical
and performance characteristics of HMA made with a high amount of RAP and a bio-
rejuvenator. They found out that, using appropriate dosages of this additive, acceptable
performance, similar to that reached with virgin materials, can be achieved. Thus, the
evaluation of the correct dosage of rejuvenators plays a fundamental role in obtaining a
mixture that can easily meet the specifications.

Krol et al. [130] and Somé et al. [131] evaluated the effects of several vegetable oils
(rapeseed oil, soybean oil, sunflower oil, flaxseed oil) on the mechanical characteristics of
bitumen and mixes. Furthermore, they also developed chemical processes to make new
additives. These studies aimed to improve the performance of bituminous binders using
only very cheap raw materials.

Zargar et al. [132] studied the possibility of using waste cooking oil (WCO) as a
rejuvenator in aged bitumen. They highlighted that by adding a specific dosage of this
additive, the same values of penetration index, softening point, and viscosity of a virgin
bitumen can be obtained. Moreover, increasing the amount of WCO, these properties
can be further improved. Gökalp and Emre Uz [133] confirmed that using WCO leads to
improvements in penetration index, viscosity, and fatigue resistance.

During the last years, many studies have compared the effect of WCO with respect
to waste engine oils (WEO) in restoring the original properties of an aged bitumen. In
particular, Joni et al. [134] stated that the effect of WCO is greater than that of WEO on the
properties of an aged binder; therefore, to obtain the same results, the required amount of
WEO to be added is greater than that of WCO. Li et al. [135] confirmed that both WCO and
WEO have rejuvenating properties, but WCO has higher efficacy than WEO, which implies
the use of higher dosages. Moreover, Al Mamun et al. [136] investigated different contents
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of RAP and WCO/WEO rejuvenators. Differently from the previous studies, they noted
that WEO allows a higher reduction of indirect tensile strength and stiffness with respect
to WCO under the same dosage, but WCO allows a higher content of RAP to be recycled.

The differences between bio-additives and aromatic additives were also studied
from a molecular point of view by FTIR. Noor et al. [92] showed that using biological
additives involves an increase of particular functional groups (C=O) in bitumen. Moreover,
Cavalli et al. [137] stated that using rejuvenators such as seed oil or tall oil can increase
the carbonyl and sulphoxide indices since they contain functional groups C=O and S=O.
Investigating the performance of these indices is a good way to qualitatively understand
the effects of a rejuvenating agent on an aged binder. Zhang et al. [138], through the
analysis of the carbonyl, sulphoxide, and aromatic indices, assessed the degree of aging
and rejuvenation of some mixtures including bio-additives.

Zeng et al. [139] tested castor oil as a rejuvenating agent, and they found out that
using this additive, it is possible to obtain an improvement of the rheological properties of
the aged binder.

The studies carried out by Elkashef et al. [140] and Nayak and Sahoo [141] focused
on the use of soybean oil and Pongamia oil. They concluded that both products are good
rejuvenators, capable of restoring the rheological properties that the binder lost with aging.

Kehzen et al. [142] tried to evaluate tung oil (also called “China wood oil”) as an
additive, showing how its addition improves the elasticity of an aged binder. In addition,
with suitable amounts of tung oil, good performances of the mixture at high temperatures
are also ensured.

Several studies regard the effects of rejuvenators engineered and “built” in the lab-
oratory. In particular, Zhang et al. [143] tested a rejuvenating agent made of rubber oil,
plasticizers, and surfactants, and demonstrated that the blend of these ingredients al-
lows the binder to recover the malleability and ductility lost during the aging processes.
Rzek et al. [144] obtained a rejuvenator by modifying pyrolytic condensate of scrap tires
with tire crumb. The results confirmed that the addition of this product improved the prop-
erties of the binder. Moreover, mechanical and rheological tests showed that the amount of
RAP can reach up to 60% when this engineered rejuvenator is added to the mixture.

Zaumanis et al. [124,145,146] tested the rejuvenating effect of many products of both
biological and hydrocarbon nature, such as cotton seed oil, vegetable oil, used cooking
oil, used motor oil, aromatic extract, distilled tall oil, distilled tall oil, exhausted motor oil,
naphthenic oil, and aromatic extract.

Radenberg et al. [147] carried out a study testing 21 different types of rejuvenators
commonly used in the road sector; the products were distinguished between “rheologically
effective” and “chemically effective”. While the former led to an increase in the maltenic
phase, the latter reversed the effects of the oxidation process in the agglomerated compounds.

Table 5 presents recent publications concerning the use of additives to rejuvenate the
aged bitumen in RAP. For a correct understanding, a brief description of the nature of the
additives tested is also included.
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Table 5. Most used additives, biological (green) and derived from oil (gold), used to rejuvenate aged bitumen.

Additive Dosage * Description References

Tall oil 4–20%

Tall oil is an organic product deriving from the kraft
process, a procedure for converting wood into wood
pulp, the main component of the paper. It contains

fatty acids, acid resins, and surfactants.

[124,127,145,146,148,149]

Exhausted vegetable
cooking oil (mix of the

main oils used for frying)
1–20%

The chemical composition of these additives mainly
contains fatty acids and methyl esters, with both

oleophilic and hydrophilic properties.

[92,132,133,135,136,145,146,
150–155]

Sunflower oil 5–9%
It is the oil extracted from sunflower seeds. Contains
triglycerides, with a high content of linoleic acid. It
has a high content of polyunsaturated fatty acids.

[130,131,137]

Linseed oil 6–9%

It is the oil obtained by squeezing previously dried or
toasted flax seeds. It is mainly composed of

triglycerides. It is one of the vegetable oils with the
highest concentrations of acidolinolenic acid.

[130,131]

Soybean oil 6–9%

It is obtained by extraction from soybeans through a
special process called “crushing” with the use of

chemical solvents. It too is mainly composed
of triglycerides.

[130,131,140]

Rapeseed oil 1.5–9%

It is a vegetable oil produced from rapeseed seeds. It
occurs naturally in many varieties. The resulting oil,

therefore, depends on the characteristics of the
rapeseed from which it is extracted. The chemical

composition includes fatty acids and methyl esters.

[130,131,156]

Castor oil 5–50%

It is a very valuable vegetable oil, which is extracted
from the seeds of the castor plant. It is mainly

composed of acylglycerides, and the main fatty acid
present is ricinoleic acid.

[139,141]

Pongamia oil 5–15%

It is a fixed oil derived from the seeds of the Millettia
pinnata tree. Typically, Pongamia oil is made up of

glycerides, especially triglycerides. It is considered a
fluxing agent rather than a rejuvenator.

[141]

Tung oil 2–8%

Also called China wood oil, it is the oil extracted from
Aleurites fordii seeds. It is mainly composed of

triglycerides and is considered a drying oil, with
extremely short polymerization times.

[142]

Cashew oil 5%

It is an oil that derives from natural resins that fill the
interstitial spaces of the honeycomb structure of the

cashew shell. The resin is made up of 80–85% of
anacardial acids (o-pentadeca dienylsalicylic acid) and

the remaining fraction is cardol and methylcardol.

[137]

Corn oil 1.5–9%

It is an oil extracted from the germs of the seeds of Zea
mays, a graminaceous plant native to North America.
It has a composition similar to sunflower oil, very rich
in linoleic acid. It is mainly composed of triglycerides

[157]

Cotton seed oil 12% It is the vegetable oil extracted from the seeds of
cotton plants. It is mainly composed of triglycerides. [124]

Oleic acid 2.5–4.5%

It is an 18-carbon monounsaturated carboxylic acid of
the omega-9 series. In the form of triglyceride, it is an
important component of animal fats, and is the most

abundant constituent of the majority of vegetable oils.

[158]

Organic oil from
wood waste 2–12.4%

A very wide range of types of timber can be used,
such as Red Maple, Magnolia, Balsam, Poplar, Linden,

Beech and Pine.
[159,160]

Vegetable waste fat 12% Material composed of waste grease produced by
catering processes. [145]
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Table 5. Cont.

Additive Dosage * Description References

Pig manure 2–10% It is the product of the fermentation of pig manure
mixed with solid material used as bedding. [159–161]

Algae additive 10%
This is a bio-oil extracted from algae leaves or blooms

through pyrolysis, and it is rich in
phenolic compounds.

[161]

Waste engine oil 1–20% It is the waste lubricating oil used by engines. It is
mainly produced from paraffinic oil. [124,125,134–136,146,162–164]

Rubber powder from
pyrolysis of used tires 5–12%

Pyrolysis is a thermochemical decomposition process
of organic materials, obtained by applying heat in the
complete absence of an oxidizing agent. The pyrolytic

product from tires pyrolysis contains high
concentrations of polycyclic aromatic hydrocarbons.

[144,165]

Aromatic extract 5–9%

Aromatic extracts are refined products from crude oil
and constitute one of the most traditional classes of

rejuvenators. Their chemical structure includes
aromatic polar rings.

[124,146,166,167]

Naphthenic oil 50–400%
Naphthenic oils are high-quality pure naphthenic
mineral bases, obtained by hydrogen refining of

selected crude oil.
[146]

“Soft” bitumen 5%

Bitumen with a high penetration value and low
stiffness. It is typically classified as a fluxing agent
since it does not restore the physical and chemical

properties of the aged binder. However, this binder
can lead to a decrease in bitumen blend viscosity.

[168,169]

* The dosages refer to the weight of the aged bitumen.

4.2. Rejuvenating Mechanisms

As previously explained, aging determines morphological changes in the bitumen:
in particular, it causes more intense molecular interactions by introducing polar groups,
which lead to an increase of the colloidal agglomerates into the bitumen volume. As
the molecular structure strongly influences the rheological properties, any alteration of
the balances and interactions of the polar and non-polar components in the bitumen can
determine a modification of the thermal and mechanical properties in a mixture.

From a chemo-morphological point of view, rejuvenation is the inverse process of
aging. True rejuvenation breaks the molecular aggregations and rebalances the SARA
fractions, leading to an improvement in the rheological properties of the bitumen [170].
Remembering the classification made in the previous section, real rejuvenators are additives
capable of both replenishing the lost volatile components and flaking the large agglomerates
of asphaltenes into much smaller compounds. The studies by Pahlavan et al. [161,170,171],
which explain in detail the effect of rejuvenation in the aged bitumen morphology, are
summarized hereafter.

The approach adopted by Pahlavan et al. to investigate the rejuvenating process is
based on molecular dynamics (MD) simulation and quantum mechanical studies through
density functional theory (DFT). It starts from the analysis of the asphaltene monomer and
the related oxidized dimer, which consists of a structure resulting from the interaction of
two monomers of asphaltenes.

The electrons of the C=O groups located around the oxidized asphaltenes (red dots
in Figure 9) change the distribution of π electrons on these flat-shaped molecules. This
determines an insufficiency of electrons at the π bonds in the central part of the asphaltenes
with a consequent decrease of the repulsive forces between the asphaltenes. This decrease
leads to the formation of the dimer (two asphaltene monomers).
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Figure 9. Asphaltene monomer (left) and dimer (right) molecular structures in the oxidized state
(reprinted with permission from [161], Copyright 2019, American Chemical Society).

The forces that control the degree of asphaltenes stacking are concentrated in the
aromatic motifs present in the asphaltenes. Figure 10 shows the most probable sites of
interaction between a rejuvenator and an asphaltene dimer. The zones A, B, and C represent
the areas where the rejuvenator likely finds a lower opposition by the hydrocarbon chains
when it approaches the dimer. In these regions, the rejuvenation process happens in two
steps that the author named the “lock and key” step and “intercalating” step. The first step
(“lock and key”) relates to zones A and B, where the adhesion between the asphaltenes
in the dimer is stronger due to the polar groups. When the rejuvenator reaches the zones,
it detaches the aromatic ring planes allowing access to more additive. In particular, the
rejuvenator can intercalate in zone C, previously less accessible, and further deagglomerate
the dimer by physically imposing a hindrance between the asphaltenes. The effectiveness
of this second step depends on the chemistry of the rejuvenator. If the additive has polar
properties, it creates interference on the Van der Waals forces that keep the polyaromatic
cores stuck. However, the efficacy is higher if the additive has hydrocarbons with donor
CH sites, which can interact with the π electrons in the asphaltenes and thus disrupt the
bound of the dimer.

Figure 10. More likely interaction sites for biological rejuvenator with an asphaltene dimer (reprinted
with permission from [161], Copyright 2019, American Chemical Society).

Of course, the rejuvenating effect of an additive is higher if it achieves both the steps,
in particular, because the “intercalating” is noticeably facilitated when preceded by the
“lock and key”.
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Figure 11 shows the side views of the dimer before and after rejuvenation. The
simulation allowed observing an increase in the distance between the asphaltene sheets
when the rejuvenator is used. In particular, in zones A and B (on the right in the side
views), the increase of the gap between the polyaromatic cores was higher than in zone C
(on the left in the side views).

Figure 11. Intermolecular gaps between the aromatic rings in zones A/B and C for an oxidized
dimer before (left) and after (right) rejuvenation. Blue and red numbers indicate the distances (in Å)
achieved with two different rejuvenators (Reprinted with permission from [161], Copyright 2019,
American Chemical Society).

4.3. Laboratory Rejuvenating Assessment Methods: General Results

As mentioned in the previous chapters, one way to evaluate the aging and rejuvenation
of bitumen is to monitor the progress of the four SARA fractions. With oxidative aging,
aromatics and resins are converted into asphaltenes leading to an increase in the contacts
between the micelles in the colloidal system, increasing bitumen stiffness. The application
of rejuvenators should increase the maltene content of the aged binder and consequently
restore the proportions of the system.

In this regard, Zadshir et al. [172] tested an aged bitumen (RTFOT and 2 PAV) rejuve-
nated using three additives of different natures: the first additive was based on organic
oil from pig manure (BB), the second derived from vegetable oils (VB), and the third was
hydrocarbon-based (PB). The chemical composition of the biological additive (BB) shows
that it is characterized by a high content of asphaltenes and resins and a low content of
saturates and aromatics (Figure 12). The high content of resins stabilizes the asphaltenes
and the relative micelles of the colloidal system, but the addition of further asphaltenes is
typically discouraged in favor of a higher content of aromatics. Despite the structure of
bio-based asphaltenes being different from that of hydrocarbon-based asphaltenes [173],
the lack of aromatics and abundance of asphaltenes do not tend to rebalance the SARA
composition. Conversely, the vegetable oil (VB) additive shows a great content of resins
and aromatics, with low percentages of saturated and asphaltenes. The high amount of
aromatic components can balance the maltenic fraction lost during the aging process, caus-
ing an increase in the colloidal stability of the aged binder. Lastly, the hydrocarbon-based
additive (PB) is characterized by a large percentage of aromatics and a lower percentage of
asphaltenes in comparison to the biological binder (BB).

The evolution of the percentages of the SARA fractions using these rejuvenators can
also be analyzed by monitoring the Colloidal Index (CI). In particular:

• Adding the biological rejuvenator (BB) (10% by weight) causes a decrease in the CI
from 0.61 of the aged binder to 0.51 (bringing it back to values similar to that of
virgin bitumen). However, by increasing the percentage of the same additive up to
30%, the index increases to the unit value (exceeding even that of the aged binder
without additives);

• Adding the vegetable-oil-based additive (VB), a progressive decrease in the index by
increasing the percentage of rejuvenator occurs. This means that the stability of the
binder is increased as the additive dosage increases. With an additive content of 30%,
a CI lower than that of virgin bitumen is reached.
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• Adding the hydrocarbon-based rejuvenator (PB), the percentage of asphaltenes de-
creases and this leads to a slight decrease in the CI. Increasing the percentage of
additive from 10% to 30%, there is not a further decrease.

From the comparison between the three rejuvenators, it is clear that the content of
resins and aromatics brought by the additives plays a fundamental role in the process.
Resins are more effective than aromatics because of their high polarity and ability to
disperse the asphaltenes micelles in the maltenic phase and consequently stabilize the
colloidal system.

 

 
(a) 

 
(b) 

 
(c) 

Figure 12. SARA fractions of virgin binder, aged binder, additives, and rejuvenated binder: (a) bio-
logical additive, (b) vegetable oil, (c) hydrocarbon-based additive (reprinted from Reference [172]
with the permission of Elsevier).

A very important aspect to consider in the rejuvenating process is the amount of
additive that has to be introduced into the aged bitumen to ensure the greatest benefit to
the process. The results of CI help to find an optimal rejuvenator content for each type of
additive. However, it has to be considered that for some products, as in the case of the
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biological additive, due to the different nature of the asphaltene molecules that compose it,
the CI may increase with increasing rejuvenator dosage, but an improvement in physical
and rheological behavior of the bitumen is still achieved.

The same study [172] also investigated the molecular size distribution of the rejuve-
nated bitumens through GPC. The results show that:

• the large molecules (LMS) increase from 83% for the non-aged binder to 87% for the
aged binder, at the expense of the percentage of medium-sized molecules (MMS),
which is reduced by 14% to 10%. The increase in LMS is a consequence of the increase
in the number of asphaltenes in the system and their agglomeration.

• the addition of a rejuvenator tends to decrease the percentage of larger LMS molecules
by increasing the presence of medium-sized molecules (MMS).

Further conclusions, related to the GPC test, were also obtained by Cao et al. [174],
who tested the effects of waste cooking oil as a rejuvenator for aged bitumen. The main
conclusions obtained in this study are the following:

• The aged binder gets higher Mw and Mn values than the virgin one, denoting the
formation of larger molecules in the binder during the aging process. Compared to
the virgin bitumen, the higher poly-dispersion of the aged binder indicates that there
is a greater distribution of molecular weights.

• Adding waste cooking oil with different dosages, there is no chemical reaction between
the additive and the aged binder. The decrease in Mw and the poly-dispersion is due
to a physical dilution.

Figure 13 shows the curves obtained by the GPC of the virgin, aged, and subsequently
rejuvenated bitumen with different dosages of additive.

Figure 13. GPC curves of the regenerated binder with different dosages of waste cooking oil
(reprinted from Reference [174] with the permission of Elsevier).

Compared to the virgin binder (red line), the aged one (black line) has a higher
percentage of LMS compared to a lower small and medium-size molecules. Adding the
waste cooking oil, the LMS tends to decrease; the typical LMS concentration of the virgin
binder can be recovered by adding 20% additive. Increasing the percentage of waste
cooking oil, MMS greatly increase and SMS decrease. However, the percentage of MMS
and SMS cannot be brought back to the original values of the virgin binder. Therefore, it
can be concluded that by adding waste cooking oil, the distribution of the molecular size
cannot be totally restored.

FTIR analysis can be used to investigate the evolution of the functional groups present
in an aged binder when it is rejuvenated with additives. Referring to the study made by
Cao et al. [174], hereafter, a picture showing the FTIR spectra of the waste cooking oil,
the virgin binder, and the rejuvenated one is reported (Figure 14). Figure 15 shows the
FTIR spectra of the functional groups S=O, C=O, and C-C in more detail. Additive and
bitumen do not reach together during the rejuvenating process. In fact, the rejuvenated
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binder spectra are a union of those of the aged binder and the rejuvenator, without any
new groups [155,175]. In terms of carbonyl index (IC=O) and sulphoxide index (IS=O), both
increased with aging and were decreased by adding rejuvenators. This effect is related to
the physical dilution of the binder.

 
Figure 14. FTIR spectra of WCO (W-oil), virgin, and rejuvenated bitumen (reprinted from Refer-
ence [174] with the permission of Elsevier).

 
Figure 15. FTIR spectra of S=O, C=O, and C-C (reprinted from Reference [174] with the permission
of Elsevier).

A study conducted by Noor et al. [92] focused on the analysis of the functional groups
via FTIR when a biological or aromatic rejuvenator is added to a bituminous binder. Quali-
tative analyses were conducted by studying the spectra of the virgin bituminous binder,
the biological additive, and the aromatic additive, in order to identify the representative
functional groups. The functional groups identified in the bitumen are the same as those
identified in the aromatic rejuvenator (both derived from petroleum). When the aromatic
additive is added into the bitumen, there are no differences in the absorbance spectrum, as
the functional groups are the same. On the other hand, when the biological rejuvenator is
added, the resulting spectrum shows two distinct peaks in correspondence of the functional
groups C=O (1744 cm−1) and C-O (1162 cm−1). Therefore, from the quantitative point
of view, these bands can be a good reference for the identification of a specific biological
rejuvenator in the bituminous binder.
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Recently, Menapace et al. [176] investigated the AFM images when adding tall oil to
two different types of aged bitumen:

• TOAS: blend of virgin and aged bitumen extracted from Recycled Asphalt Shingles
(RAS) from re-roofing or roof removal projects;

• MWAS: blend of virgin and aged bitumen extracted from RAS from the excess material
obtained during the shingles’ production.

Regarding the TOAS-type bitumen, after long-term aging, there is a significant increase
in roughness and a decrease in the phase contrast of the colloidal structure (Figure 16). Bee
structures appear in greater numbers but less defined than they were in virgin bitumen.
The reduced size of the bee-shaped structures that have formed with aging indicates a
relatively lower molecular mobility than for the virgin binder. Adding tall oil, there is a
reduction of the dispersed domains and an increase of the matrix area. At the same time, a
slight decrease in roughness and phase contrast are noted, and the bee structures are no
longer visible. After re-aging (second PAV) of the rejuvenated binder, the surface of the
matrix decreases, the roughness increases, the phase-contrast decreases, and some bee-
shaped structures reappear. It is interesting to understand how the bee-shaped structures
come out again after the PAV re-aging, while they are not present in the rejuvenated
blend. It is possible to hypothesize that the species used for the construction of the
bee domains require a certain molecule agglomeration to create bee-shaped structures.
The rejuvenator lowers the degree of association, thus breaks the bee-shaped structures
originally present. Aging, on the other hand, helps the molecules to cluster again and
reform the bee-shaped structures.

 

Figure 16. Height (above) and phase (below) images of aged TOAS binder (a), regenerated with tall
oil (b) and re-aged (c) (reprinted from Reference [176] with the permission of Elsevier).

In the MWAS bitumen, the long-term aging seems to form rippled structures that
are slightly different from the typical bees (Figure 17). When the rejuvenator is used, the
dispersed domains degenerate on the binder surface as if they were liquid, to form a single
interconnected phase. The rippled structures are still present, and the overall surface
roughness slightly increases, while the phase-contrast shows a small decrease. After a
second long-term aging process, numerous bee-shaped structures appear on the surface
(c). The edges of these structures are not as smooth as in the original ones, but show a
more irregular conformation. This indicates that the molecules can hardly move and reach
colloidal stability.
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Figure 17. Height (above) and phase (below) images of the MWAS aged binder (a), regenerated with
tall oil (b) and re-aged (c) (reprinted from Reference [176] with the permission of Elsevier).

In conclusion, the rejuvenator (tall oil), through the separation of the agglomerates
formed by aging, allows the attenuation or even elimination of the bee-shaped structures,
which, however, reappear when the binder ages again.

More recently, Ganter et al. [177] tried to evaluate the evolution of the bee structures
during the aging and rejuvenating steps. For this purpose, three different rejuvenators,
coming from bio (R1, R2) and oil (R3) sources were used. A PmB 25/55-55 bitumen was first
short- and long-term aged (RTFOT + PAV) and then rejuvenated with the three additives
listed before. They highlighted that the virgin binder displays clear bee-like structures and
with increasing aging, the number of bees rises. The interesting aspect is that the addition
of the three different rejuvenators causes a very different change in the surface morphology
of the bitumen: size and quantities of the bee-like structure differ completely as a function
of additive type and origin.

5. Aging of a Rejuvenated Bitumen (Re-Aging)

The growing use of RAP in the road sector is leading to new pavement mixtures
composed not only of virgin materials, but also of old recycled bitumen and rejuvenators.
Therefore, it is very important to understand the changes that occur in the properties of an
HRMA when it is subjected to aging during its service life (which indeed is a “second aging”
or “re-aging” for the RAP material). Hereafter, a literary review regarding the re-aging
changes in the chemical and rheological properties of the recycled bitumen is provided.

Generally, the second aging in a rejuvenated binder is less harmful with respect to the
aging of a virgin bitumen. Based on the studies carried out by Mazzoni et al. [178] and
Bocci et al. [179], it is reasonable to expect that HMA including a high amount of RAP and
a rejuvenator suffers fewer aging phenomena and can be less stiff than an alike mixture
with no RAP.

From the chemical point of view, in a recent study, Ingrassia et al. [2] focused on
evaluating the possibility of recycling binders that were already rejuvenated. Two virgin
binders (one ordinary bitumen and a bio-binder) and two aged binders (one recovered
from RAP and one “Bio-RAP” binder produced in the laboratory) were combined to
reproduce the RAP hot recycling process. The chemical properties before and after aging
were investigated using FTIR analysis through the evaluation of the IC=O and IS=O indices
and an additional parameter, named chemical aging index AIFTIR, and calculated with the
following equation:

AIFTIR
(Ico + Iso)aged

(Ico + Iso)unaged
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Basically, the analysis of AIFTIR shows that the susceptibility to aging of recycled blends
is significantly lower than that of the reference virgin binder. In fact, recycled bituminous
blends (already containing a certain amount of oxidized binder) are less susceptible to
further long-term aging.

Moreover, Sa-da-Costa et al. [180] tried to analyze, from the chemical point of view,
the effects of aging on a rejuvenated bituminous binder. Several types of bitumen were
analyzed in this study. As expected, an increase in the content of asphaltenes was found,
confirming the oxidative transformations that contribute to increasing the polarity of the
bitumen components in terms of SARA fraction. Furthermore, the oxidation of the bitumen
involves a general increase in the carbonyl functional groups (C=O). Although precise
correlations have not been found out, it can be stated that the chemical properties of an
aged rejuvenated bitumen (second aging) are very close to that of an aged virgin binder
(primary aging).

The second aging is of fundamental importance to understand the condition of the
HRMA at the end of its second useful life. Continuous recycling of RAP would allow an
increase in circularity related to the road construction field. For this reason, in the next
future, more studies regarding this aspect need to be carried out.

6. Conclusions

In the sector of road pavement engineering, the easiest way to promote the circular
economy is to encourage the use of RAP. One of the main issues regarding the use of this
recycled material is the aged bitumen contained in it. Since the aging and rejuvenating
process of bituminous pavements can significantly affect their durability and service life,
it also is fundamental to achieve a complete knowledge of these aspects from a chemical
point of view.

As explained in detail in the previous sections, bitumen aging involves different
phenomena: loss of volatiles, oxidation, and physical and steric hardening. These result in
the unbalancing of the SARA fractions and the formation of large molecular agglomerates,
which in turn affect the mobility of the fractions in the colloidal system and determine
the binder embrittlement. In order to restore the properties that bitumen loses with aging,
rejuvenators can be used. A good rejuvenator can rebalance the SARA components and,
despite oxidation being mainly irreversible, it can disrupt the asphaltene clusters and
re-establish the proper molecular mobility.

In the present review, different chemical analyses were described as tools to investigate
bitumen aging and rejuvenation processes. Table 6 provides an overview of the discussed
approaches. All the techniques showed promising results but, due to the limitations of each
method, the contemporary use of different approaches is highly recommended to have a
precise and clear overview of how bitumen ages and rejuvenates. Moreover, the definition
of a multi-testing protocol for the characterization of the effects of aging and rejuvenation
at a chemical level can represent the basis for future application on more complex binders
(polymer-modified bitumens, bitumens including extenders or nanoparticles).
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Table 6. Advantages and limitations of the different techniques for the study of bitumen aging and rejuvenation.

Technique Investigation of Aging Investigation of Rejuvenation

AFM

Advantages
The bitumen chemo-morphological
degradation with aging can be studied
using AFM.

The rejuvenation process has been proven to
influence the surface morphology of the aged
bitumen, specifically the bee structures.

Limitations

Since the approach is very recent, there is still a
gap of knowledge on associating the AFM
phase evolution with other chemical and
mechanical properties.

The experimental approach is still at an early
stage, and further research is necessary to
deeply understand how to exploit this
powerful tool.

FTIR

Advantages
It allows determining the severity of aging
through the change of specific bands
(particularly sulfoxide and carbonyl).

The presence of the rejuvenator in an HMA can
be detected by comparing the spectra of the
pure additive and the recovered bitumen.

Limitations
It does not discriminate what happens to the
bitumen colloidal system, but mainly focuses
on the oxidation effects.

Since most additives have peculiar bands in
correspondence to the sulfoxide and carbonyl
bands, it is difficult to quantify the rejuvenator
content in the recovered bitumen.

TLC-FID

Advantages
The evolution of the SARA fractions with
aging allows estimating the severity of
the phenomena.

It allows understanding the efficacy of the
rejuvenation process in restoring the
SARA proportioning.

Limitations
There is not a clear correlation between the
SARA proportions and the bitumen
mechanical behavior.

Again, the main issue with this technique is
related to the poor association between SARA
proportions after rejuvenation and the effective
improvement of the aged bitumen
rheological properties.

HP-GPC

Advantages
It allows quantifying the effects of SARA
fraction shifting and the agglomeration of the
asphaltenes due to aging.

The analysis of the molecular weight
distribution allows one to understand if a
rejuvenator can really detach the asphaltene
clusters or only has a dilution effect.

Limitations

There is still uncertainty on how the different
aging phenomena (oxidation, loss of
volatiles, etc.) influence the molecular
weight distribution.

It could be used to estimate the degree of
blending between aged and virgin bitumen
with/without rejuvenators, but no precise
procedures have been defined yet.

7. Recommendations for Future Research

The state of the art provided in the present paper highlighted that, despite extensive
research having been moved to innovative and improved binders, there are still important
aspects about neat bitumen that deserve to be studied to fully understand the complex
chemistry of this material and somehow predict the behavior of the bituminous mixtures
when in service. In light of the themes discussed in the previous sections, future works
should be addressed to:

1. Combine the results of the chemical tests at the binder scale with the results of the
mechanical and rheological tests at both the binder and mixture scale. Understand-
ing what happens to the bitumen from the chemo-morphological point of view is
fundamental, but should be correlated to the corresponding effects on the material
performance in order to have the research focused on the practical outcomes. To
this goal, for instance, the IFSTTAR research team recently identified a relationship
between the bitumen molecular weight distribution and the phase angle of the com-
plex modulus, and proposed a tool, the δ-method, to determine the molecular weight
distribution from rheological tests [181]. Within the RILEM TC 264-RAP, scientists are
trying to find links between the mechanical characteristics of HRMA and the FTIR
spectrum of the extracted bitumen, while also aiming to estimate the presence or even
the content of a rejuvenator in a mix from the FTIR binder spectrum.

2. Evaluate new solutions to hinder, restrict, or slow down the bitumen’s aging. Several
investigations showed that the use of a straight-run bitumen, instead of a visbreaker
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one, can reduce the aging susceptibility of an HMA in both the short and long
term [29,30,182]. However, poor attention is paid by road authorities, boards for
standardization, and HMA manufacturers on the bitumen’s origin and production
process. In a similar scope, further research should also be focused on additives
with antioxidant effect, that is, with the ability to reduce the bitumen’s propensity
to oxidation. Some products are currently available on the market with the declared
effect of hindering bitumen oxidation, but scientific studies are required to deeply
understand their behavior at both the chemical and mechanical levels.

3. Understand the interaction between old and fresh bitumen in hot recycling. The
topics of RAP bitumen degree of activation (DoA) and RAP/virgin bitumen degree of
blending (DoB) are actually among the most studied worldwide [183–193]. However,
because of the huge complexity of the problem (which is influenced by many factors
such as RAP bitumen content, nature, and aging state; HMA production process; type,
dosage, and method of addition of the rejuvenators; hauling, paving, and compaction
procedure, etc.), univocal protocols to classify different RAP materials according to
the DoA or to estimate the DoB during pavement construction have not been defined.

4. Identify a method to allow precise quality controls on HRMA. This objective, which is
maybe utopian, is one of the most crucial. Technical specifications currently provide
controls on the HMA mechanical performance to limit the amount of RAP in the
mix and encourage the use of rejuvenators. However, a solution to estimate how
much RAP and how much rejuvenator have been included in a mix should be found,
possibly including a series of physical, chemical, microscopic, and rheological analyses
on the raw materials (RAP and its components, rejuvenator, virgin bitumen), the
laboratory, and the plant-produced mixtures preliminarily to full road construction.
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183. Lo Presti, D.; Vasconcelos, K.; Orešković, M.; Pires, G.M.; Bressi, S. On the degree of binder activity of reclaimed asphalt and
degree of blending with recycling agents. Road Mater. Pavement Des. 2020, 21, 2071–2090. [CrossRef]

184. Ashtiani, M.Z.; Mogawer, W.S.; Austerman, A.J. A Mechanical Approach to Quantify Blending of Aged Binder from Recycled
Materials in New Hot Mix Asphalt Mixtures. J. Transp. Res. Board 2018, 2672, 107–118. [CrossRef]

185. Coffey, S.; Dubois, E.; Mehta, Y.; Nolan, A.; Purdy, C. Determining the impact of degree of blending and quality of reclaimed
asphalt pavement on predicted pavement performance using pavement ME design. Constr. Build. Mater. 2013, 48, 473–478.
[CrossRef]

210



Sustainability 2021, 13, 6523

186. Ding, Y.; Huang, B.; Shu, X. Blending efficiency evaluation of plant asphalt mixtures using fluorescence microscopy. Constr. Build.
Mater. 2018, 161, 461–467. [CrossRef]

187. Gundla, A.; Underwood, S. Evaluation of in situ RAP binder interaction in asphalt mastics using micromechanical models. Int. J.
Pavement Eng. 2015, 18, 798–810. [CrossRef]

188. Kaseer, F.; Arámbula-Mercado, E.; Martin, A.E. A Method to Quantify Reclaimed Asphalt Pavement Binder Availability (Effective
RAP Binder) in Recycled Asphalt Mixes. Transp. Res. Rec. J. Transp. Res. Board 2019, 2673, 1366. [CrossRef]

189. Shirodkar, P.; Mehta, Y.; Nolan, A.; Dubois, E.; Reger, D.; McCarthy, L. Development of blending chart for different degrees of
blending of RAP binder and virgin binder. Resour. Conserv. Recycl. 2013, 73, 156–161. [CrossRef]

190. Shirodkar, P.; Mehta, Y.; Nolan, A.; Sonpal, K.; Norton, A.; Tomlinson, C.; Sauber, R. A study to determine the degree of partial
blending of reclaimed asphalt pavement (RAP) binder for high RAP hot mix asphalt. Constr. Build. Mater. 2011, 25, 150–155.
[CrossRef]

191. Stimilli, A.; Virgili, A.; Canestrari, F. New method to estimate the “re-activated” binder amount in recycled hot-mix asphalt. Road
Mater. Pavement Des. 2015, 16 (Suppl. 1), 442–459. [CrossRef]

192. Vassaux, S.; Gaudefroy, V.; Boulangé, L.; Pevere, A.; Michelet, A.; Barragan-Montero, V.; Mouillet, V. Assessment of the binder
blending in bituminous mixtures based on the development of an innovative sustainable infrared imaging methodology. J. Clean.
Prod. 2019, 215, 821–828. [CrossRef]

193. Vassaux, S.; Gaudefroy, V.; Boulangé, L.; Soro, L.J.; Pévère, A.; Michelet, A.; Mouillet, V. Study of remobilization phenomena at
reclaimed asphalt binder/virgin binder interphases for recycled asphalt mixtures using novel microscopic methodologies. Constr.
Build. Mater. 2018, 165, 846–858. [CrossRef]

211





sustainability

Review

A Review of the Utilization of Coal Bottom Ash (CBA) in the
Construction Industry

Syakirah Afiza Mohammed 1,2, Suhana Koting 1,*, Herda Yati Binti Katman 3,*, Ali Mohammed Babalghaith 1,

Muhamad Fazly Abdul Patah 4, Mohd Rasdan Ibrahim 1 and Mohamed Rehan Karim 5

Citation: Mohammed, S.A.; Koting,

S.; Katman, H.Y.B.; Babalghaith, A.M.;

Abdul Patah, M.F.; Ibrahim, M.R.;

Karim, M.R. A Review of the

Utilization of Coal Bottom Ash (CBA)

in the Construction Industry.

Sustainability 2021, 13, 8031. https://

doi.org/10.3390/su13148031

Academic Editor: Edoardo Bocci

Received: 5 June 2021

Accepted: 12 July 2021

Published: 19 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Center for Transportation Research, Department of Civil Engineering, Faculty of Engineering,
Universiti Malaya, Kuala Lumpur 50603, Malaysia; syakirahafiza@unimap.edu.my (S.A.M.);
bablgeath@hotmail.com (A.M.B.); rasdan@um.edu.my (M.R.I.)

2 Faculty of Civil Engineering Technology, Universiti Malaysia Perlis, Perlis 02600, Malaysia
3 Department of Civil Engineering, Putrajaya Campus, Universiti Tenaga Nasional (UNITEN),

Jalan IKRAM-UNITEN, Kajang 43000, Malaysia
4 Department of Chemical Engineering, Faculty of Engineering, Universiti Malaya,

Kuala Lumpur 50603, Malaysia; fazly.abdulpatah@um.edu.my
5 Transportation Science Society of Malaysia, Department of Civil Engineering, Faculty of Engineering,

Universiti Malaya, Kuala Lumpur 50603, Malaysia; mrehan57@gmail.com
* Correspondence: suhana_koting@um.edu.my (S.K.); Herda@uniten.edu.my (H.Y.B.K.);

Tel.: +60-3-7967-7648 (S.K.); +60-3-8921-2020 (ext. 2252) (H.Y.B.K.)

Abstract: One effective method to minimize the increasing cost in the construction industry is by
using coal bottom ash waste as a substitute material. The high volume of coal bottom ash waste
generated each year and the improper disposal methods have raised a grave pollution concern
because of the harmful impact of the waste on the environment and human health. Recycling coal
bottom ash is an effective way to reduce the problems associated with its disposal. This paper
reviews the current physical and chemical and utilization of coal bottom ash as a substitute material
in the construction industry. The main objective of this review is to highlight the potential of
recycling bottom ash in the field of civil construction. This review encourages and promotes effective
recycling of coal bottom ash and identifies the vast range of coal bottom ash applications in the
construction industry.

Keywords: coal bottom ash; waste material; recycle; construction industry; civil engineering

1. Introduction

The increasing price of oil and natural gas has made coal-fired power generation more
economical, especially in countries with vast coal resources such as India, the United States
of America (US), and China [1]. China consumes 50.2% of the coal in 2012, followed by US
and India (11.7%), Japan (8.0%), Russia (3.3%), South Africa (2.5%), South Korea (2.4%),
Germany (2.2%), Poland (2.1%), and Indonesia (1.4%) [2]. India, China, and Australia are
projected to contribute 64% of the world coal production in 2040, a growth of about 4%
compared to the 2012 coal production [3].

The increasing trend in coal consumption will continue mainly due to the high demand
for electricity. Coal is rapidly gaining favor as an energy source for generating electricity,
after gas [4]. The 0.9% increase in world coal consumption in 2019 was driven by Asia
(1.8%). The utilization of coal as a global source of electricity generation is expected to
increase to 47% by 2030 [2,5].

The high demand for coal production has resulted in the generation of a higher amount
of industrial waste. Fly ash makes up 70–80% of the total coal ash wastes, and the remaining
10–20% is bottom ash [2,3,6]. Of the millions of tons of coal ash waste generated annually,
100 million metric tons (Mt) is bottom ash, and the remainder is fly ash [7]. The World of
Coal Ash (WOCA) estimated that coal thermal power plants generate 780 million metric
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tons of coal bottom ash (CBA), of which 66% is by Asian countries, followed by Europe
and the United States [8]. China produces the highest amount of coal ash of 395 million
metric tons (Mt), followed by the US (118 Mt), India (105 Mt), Europe (52.6 Mt), and Africa
(31.1 Mt). The Middle East and other countries contributed a small amount to the global
coal ash generation [9]. Of the 105 million metric tons of coal produced in India [9], about
35 million metric tons is coal bottom ash produced by the power plants that generate
electricity [10].

The wastes produced in electricity generation are boiler slag, fly ash, clinker, and
bottom ash [11,12]. The physical properties and the chemical composition of bottom ash
and fly ash differ because fly ash is lighter than the bottom ash collected in a hopper
after falling through the bottom furnace. The bottom ash could be wet or dry bottom ash,
depending on the type of boiler.

Bottom ash has a porous texture and angular particles; the size of the bottom ash
generally ranges between sand and gravel particles and a small amount of slit–clay parti-
cles [11,12]. A large proportion of the bottom ash is fine particles that comprise 50–90%
of bottom ash. The specific gravity of bottom ash is dependent on its chemical properties
and ranges between 1.39 and 2.41 [13–15]. Coal bottom ash falls into the A-1-a class and
well-graded sand groups of the AASHTO and USCS classification systems [16].

The disposal of bottom ash landfills has raised a grave environmental concern [16,17].
The high composition of heavy metal in bottom ash, relative to fly ash, increases the risk
of groundwater pollution [18,19]. One way to deal with the increasing amount of CBA
generated and the scarcity of land is by recycling and reusing CBA [20].

The large amount of coal bottom ash produced by the thermal power plants is one of
the primary industrial wastes. Therefore, using CBA in the construction industry will save
time and reduce landfill use, cost, and energy. The two key benefits of recycling CBA in
civil construction are a considerable reduction in greenhouse gas emissions and solid waste
generation by coal-fired thermal power plants [15]. Moreover, this approach will protect
the environment from the harmful impact of this waste material. This paper presents a
review of the utilization of coal bottom ash in civil construction.

2. Properties of Coal Bottom Ash

The specific properties of coal bottom ash are dependent on factors such as the
coal source and type of coal. There are four types of coal: anthracite, bituminous, sub-
bituminous, and lignite [21]. The type of coal is dependent on the types and amounts
of carbon, the amount of heat energy the coal can produce, the level of carbon moisture,
and other chemical elements [22]. Anthracite has the highest carbon content, followed
by bituminous, sub-bituminous, and lignite. Generally, the types of coal used in energy
generation are bituminous, sub-bituminous, and lignite. The geological formation of the
coal determines its chemical composition; the CBA from the different types of coal have
varying silica oxide (SiO2), alumina oxide (Al2O3), and ferric oxide (Fe2O3) contents and
characteristics that influence the research finding [22,23].

Bottom ash is washed before use to remove unnecessary materials such as pyrite,
which could degrade the bottom ash in the presence of water. The bottom ash should also
be free of dust to ensure the correct grain size distribution. Finally, the bottom ash is dried
to remove humidity and excessive moisture, which affect the mixture’s reliability [24].

2.1. Physical Properties

Table 1 shows the physical properties of CBA from various sources. The specific
gravity of CBA ranges between 1.39 and 2.41 and its water absorption is between 6.8 and
32%. CBA has a Los Angeles abrasion of 55% and a moisture content of 0.43%. Its fineness
modulus ranges between 1.5 and 3.44, and its specific surface area ranges from 3835.7 to
10,500 (cm2/g).
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Table 1. Physical properties of CBA.

References
Specific
Gravity

(No Unit)

Water Ab-
sorption

(%)

Los
Angeles

Abrasion,
(%)

Moisture
Content

(%)

Fineness
Modulus
(No Unit)

Surface
Area

(cm2/g)

[25] 2.21 - - - 2.79 -
[26] 2.41 32 - - - 3835.75
[27] 1.8 - - - - 10,500
[28] 2.08 6.8 - - 1.5 -
[14] 2.22 20.15 - - 2.71 -
[3] 1.88 11.61 - - 3.44 -

[17,29] 1.39 31.58 - - 1.37
[30] 2.00 - - - - -
[31] 2.21 11.17 - - - -
[32] 1.87 5.4 - - 2.36 -
[33] 1.39 12.10 - - - -
[24] - - 55 - - -
[34] 2.10 6.18 - 0.43 2.10 -
[25] 2.21 - - - - -

2.2. Chemical Properties

Table 2 presents the chemical composition of CBA from various power plants, where
the percentages of the chemical composition are expressed by mass. Silicon dioxide (SiO2),
aluminum oxide (Al2O3), and calcium oxide (CaO) are the primary mineral compounds
in coal rock [35]. The chemical composition of CBA comprises the major and minor
components. The total percentages of the chemical composition for the CBA from different
sources varies and is less 100%. The minor components cannot be traced due to their
small amounts. Table 2 shows that coal bottom ash contains high amount of SiO2, Al2O3,
and Fe2O3 that improve pozzolanic effects, mixture interlock, and properties such as the
strength [28].

Table 2. Chemical composition of CBA.

References
Chemical Composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3

[36] 62.33 25.52 4.16 1.00 0.94 0.08 3.25 0.84 0.12 -
[6] 65.02 19.18 6.86 1.76 2.00 0.85 - 0.93 0.04 -

[26] 52.5 17.65 8.30 4.72 0.58 - - 2.17 - 0.84
[27] 50.49 27.56 10.93 4.19 1.24 0.57 0.82 2.23 0.24 0.10
[37] 47.1 23.1 5.7 7.8 1.5 0.7 5.3 1.2 - 1.5
[38] 59.82 27.76 3.77 1.86 0.70 1.61 0.33 - - 1.39
[39] 52.2 27.5 6.0 5.9 1.7 - 0.6 1.53 0.74 0.13
[40] 58.7 20.1 6.2 9.5 1.6 0.1 1.0 - 1.0 0.4
[14] 62.32 27.21 3.57 0.50 0.95 0.70 2.58 2.15 - -
[3] 45.30 18.10 19.84 8.70 0.97 - 2.48 3.27 0.351 0.352

[17] 56.44 29.24 8.44 0.75 0.4 0.09 1.24 - - -
[30] 64.45 15.89 7.77 3.92 2.45 0.89 1.6 - <0.01 <0.01
[41] 68.9 18.67 6.5 1.61 0.53 0.24 1.52 1.33 - -
[31] 52.1 18.34 11.99 6.61 4.85 2.43 1.57 0.87 - -
[29] 47.53 20.69 5.99 4.17 0.82 0.33 0.76 - - 1.00
[42] 57.76 21.58 8.56 1.58 1.19 0.14 1.08 - - 0.02
[43] 54.8 28.5 8.49 4.2 0.35 0.08 0.45 2.71 0.28 -

2.3. Comparison between CBA and Different Waste Used as Aggregate Replacement

Researchers have investigated steel slag, coconut waste, recycled asphalt, recycled
concrete, mining waste, glass, crumb rubber, palm oil shell, and palm oil clinker as natural
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aggregate replacement. Table 3 summarizes the physical properties of the wastes used as
aggregate replacement in asphalt pavements and concrete production.

Except for steel slag, the specific gravities of the wastes listed in Table 3 are similar
to that of CBA. Steel slag has a higher specific gravity of between 3.01 and 3.67 [44–47],
although coconut waste and palm oil shells have high absorption values of between 13.8
and 25% because of their porous structure [48–52]. The Los Angeles abrasion for the
wastes ranges between 11.29 and 25.3% [44,45,53–60], which is lower than the 55% for
CBA [24]. The lower Los Angeles abrasion values indicate that the materials are tougher
and more resistant to abrasion than CBA. The moisture content of the waste is between
0.11 and 9.1% [46,61–63]. The fineness modulus values of 6.53–6.78% for the coconut waste,
recycled concrete, and palm oil shell are similar to CBA and are comparable to the natural
aggregates, making them suitable for aggregate replacement.

Table 3. The physical properties of the wastes used as aggregates in asphalt pavement and concrete production.

Waste

Physical Property Parameters Used As

Specific
Gravity (No

Unit)

Water
Absorption

(%)

Los Angeles
Abrasion

(%)

Moisture
Content

(%)

Fineness
Modulus

(%)
Fine Coarse Reference

Steel slag

3.41 1.49 11.29
√

[44]
3.01 - 14.2

√
[45]

3.42 * 3.31 * - 1.56 * -
√ √

[46]3.58 ** 4.23 ** 2.8 **
3.67 1.4 - - -

√
[47]

Coconut
waste

1.15 21 - 6.78
√

[48,49]
1.16 13.8 - - -

√
[50]

Recycled
asphalt

2.68 0.20 22.2
√ √

[53]
2.55 0.23 20.25

√ √
[54]

Recycled
concrete

2.41 * 4.80 *
18.7

√ √
[55]2.42 ** 7.40 **

2.18 * 2.69 *
24

√ √
[56–58]2.42 ** 4.28 **

2.35 8.01 - 9.1 -
√ √

[61]
2.42–2.44 * 6.5–6.8 * - - -

√ √
[64]2.415 ** 9 **

2.53 3.04 - - -
√

[65]
2.44 5.65 - - 6.92

√
[28]

Mining waste 2.34 0.86 20.5
√

[59]
2.87 0.23 25.3

√ √
[60]

Glass
2.3 20–25 - - -

√
[66]

2.45 0.36 - - -
√

[65]

Crumb
rubber

1.15 - -
√

[67]
1.25 - -

√
[68]

Palm oil shell
1.37 12.47 - - 6.53

√
[51]

1.3 25 - - -
√

[52]

Palm oil
clinker

2.08 - -
√

[69,70]
1.51 5.5 - 0.31 -

√
[71]

1.78 5.7 - 0.38 -
√

[62]
1.18 * 4.35 * - 0.28 * √ √

[63]2.15 ** 5.75 ** 0.11 **

* Coarse aggregate, ** fine aggregate.
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2.4. Sustainability

Researchers are looking for alternatives to the conventional CBA disposal method
that has given rise to environmental problems. Recycling coal bottom ash is the best
solution for the high cost of disposing of the coal bottom ash waste [72], the decreasing
disposal area, and the harmful environmental impact [73]. CBA is physically similar
to natural aggregates and resembles Portland cement (PC) when pulverized into finer
particles [74]. Previous studies have shown that its pozzolanic reactivity makes CBA a
promising alternative for cement replacement in concrete and can reduce up to 90% of
the concrete carbon footprints [75]. Replacing PC with CBA in concrete production can
reduce CO2 emissions [74,76]. Previous studies have also proven the beneficial impacts
of using CBA as PC replacement on the environment and the problems associated with
conventional concrete [18,77,78]. CBA is a green material that could reduce harmful
environmental impact and promote sustainability in concrete production [74].

Asphalt construction requires a large amount of natural aggregates, namely 100%
aggregates for the base and subbase courses, 95% for bituminous, and 87% for concrete
pavements. The natural aggregates used to construct one kilometer of a surface course
using a bituminous mixture could exceed 15,000 tons [7]. In recent years, natural aggregate
replacement with CBA has reduced construction costs and minimized the need to harvest
aggregates from natural resources.

3. Applications of Coal Bottom Ash

3.1. Pavement Construction

Prior studies on the utilization of coal ash waste in the construction industry focused
more on fly ash than bottom ash. However, recent studies reported that bottom ash has
some desired engineering properties that make it a feasible construction material. The min-
imum strength, stability, durability, and other specifications of the products incorporated
with CBA must be complied with [79]. CBA has been used as an aggregate replacement, ce-
ment replacement, additive in bitumen, and filler in asphalt pavement. Table 4 summarizes
the effect of CBA in pavement construction.

Yoo et al. [80] investigated the performance of HMA mixture incorporated with
bottom ash as a partial replacement for fine aggregates at the ratio of 10, 20, and 30%.
The incorporation of bottom ash using the Marshall Mix Design increased the optimum
asphalt content by 10%. Increasing the bottom ash content from 10 to 30% did not affect
the optimum asphalt content [80]. The presence of bottom ash in asphalt mixtures did not
affect the moisture susceptibility of the asphalt mixtures relative to the control mixture.
The asphalt mixtures containing bottom ash exhibited higher resistance towards fatigue
cracking when subjected to repeated indirect tensile stiffness modulus (IDT) testing under
dynamic loading. The research performed the Synthetic Precipitation Leaching Procedure
(SPLP) test on the raw bottom ash to determine its toxicity and found that the toxicity
concentration in bottom ash is within the permissible range.

Colonna et al. [24] investigated the impact of utilizing bottom ash as a partial re-
placement for fine aggregates in asphalt mixtures. The percentage bottom ash as a partial
replacement is 15, 20, and 25%, and the optimum binder content (OBC) is 4.5% of the
60/70 asphalt binder. However, the OBC percentage for 20% of the CBA replacement is
5% higher. The researchers observed enhanced stability and reduced wearing resistance
with higher CBA contents. However, the mixtures have good wearing resistance with a
Cantabro index of less than 30%. The researchers concluded that the optimum CBA content
is 15%. The leaching test showed that the hazardous substances leached by all samples are
below the limit of detection and the trace substances are below the allowable limit.

Ksaibati [81] examined the feasibility of using CBA as a complete aggregate replace-
ment. The coarse CBA and fine CBA were used in HMA and tested in field and laboratory
assessments. The three tested samples were prepared using bottom ash from three different
resources. Results showed that the optimum asphalt content was higher in the mixture
containing bottom ash with no difference in the performance of the bottom ash mixture and

217



Sustainability 2021, 13, 8031

control mixture after being in service. The laboratory analysis showed that all tested HMA
mixtures have different low- and high-temperature cracking characteristics, indicating that
the varying properties of the bottom ash from the various power plants may affect the
strength of the asphalt mixture.

Hesami et al. [82] assessed the potential of using bottom ash in rigid pavements. The
coal waste ash, coal waste powder, and limestone powder were used as cement replacement
in the roller-compacted concrete pavement (RCCP) in varying percentages of 5 to 20%. The
researchers determined the elasticity modulus, splitting tensile strength, flexural strength,
and compressive strength of the pavements between day 7 to day 90. The water/cement
ratio increased when using the coal waste ash and coal waste powder. The mixtures
containing 5% CWS and coal waste ash had similar strength to the control mixture. The
strength of RCCP mixtures decreased with higher coal waste ash contents. In summary,
coal waste ash enhanced the mechanical properties when combined with limestone.

Ameli et al. [83] examined the performance of asphalt mixture incorporated with
varying percentages of coal waste ash of 0, 25, 50, 75, and 100%. The coal ash waste
was used as a replacement for the conventional filler. The research measured the rutting
resistance and fatigue resistance of the mastics, stability, resilient modulus, dynamic creep,
and moisture susceptibility of the asphalt mixtures. The results indicate that the addition
of coal waste ash improved the fatigue behavior of the mastics, and the fatigue behavior
was further enhanced when the mastics were modified with SBS. The replacement with
coal waste ash reduced the Marshall stability, resilient modulus, rutting properties, and
tensile strength of the asphalt mixtures, but improved the moisture resistance.

Xu, Chen [84] investigated the effect of coal waste ash that has been retreated from
coal waste by reheating, on the asphalt mastic and asphalt mixtures. The coal waste was
used as a replacement in varying percentages of 20, 40, 60, and 80%. Compared to fine
limestone powder, coal waste ash had a lower density, higher alkalinity, smaller particle
size, and larger interior air voids. The bitumen incorporated with coal waste ash had
a lower penetration value, higher softening point, and better temperature stability. The
incorporation of coal waste ash reduced the Marshall stability and rutting resistance of the
asphalt mixture. However, the moisture susceptibility of the asphalt mixture improved
significantly with the addition of CBA.

Other studies assessed the potential of using CBA as a filler in bituminous mixtures [85,86].
The high porosity and high specific surface properties of hydrated lime and/or bottom ash
increased the value for the optimum binder content. The higher absorption value is due
to the high porosity of the ashes, indicating that the high specific density of the mixture
relative to the control mixture is due to the low specific densities of the bottom ash and
lime. A higher value indicates a longer lifespan and better performance of the pavement.
The pavement containing 30% hydrated lime and 70% bottom ash had the highest density,
which is the recommended density for the road surface and intermediate layers with small
infrastructures and light traffic [86]. However, the results of this research are contrary
to the findings of an earlier study [85], which showed that using bottom ash as a filler
substitute resulted in a higher rutting potential and a lower dynamic modulus than the
control mixture.

Modarres and Ayar [87] examined the effect of using coal waste ash and coal waste
powder as additives in the cold recycled mixture, which contains 100% reclaimed asphalt
pavement (RAP) materials, using the emulsified cold recycling technology, where the
additives dimensions are below 0.075 mm. The addition of coal waste ash and coal waste
powder in varying percentages of 3, 5, and 7% enhanced the mechanical properties of the
pavement. The higher pozzolanic content in the coal waste powder enhanced the resilient
modulus, tensile strength, and Marshall stability. Relative to coal waste powder, coal waste
ash had a better impact on moisture sensitivity and enhanced moisture damage resistance.
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Table 4. Summary of the utilization of CBA in pavements.

References Function Effect on Pavement Performance

[83] Filler in SMA mixture

• Reduced Marshall stability, resilient
modulus, tensile strength, and fatigue
properties of the pavements.

• Improved moisture resistance.

[84] Filler replacement
• Reduced pavement stability and rutting

resistance.
• Improved moisture resistance.

[80] Fine aggregate in HMA

• Higher OBC with 10% CBA
replacement. However, there was no
significant difference with a higher
percentage of CBA replacement.

• No significant change in moisture
susceptibility.

• Improved fatigue resistance.

[82]
Cement replacement in

roller-compacted concrete
pavement

• Increased the water/cement ratio.
• The RCCP mixtures containing higher

amounts of coal waste ash had a lower
strength.

• Coal waste ash produced better
mechanical properties when used in
combination with limestone.

[88] Filler replacement in asphalt
mixture

• The high specific surface area of the
bottom ash particles resulted in a higher
percentage of asphalt binder and better
mastic quality.

• Lower CO2 emissions in the processing
of bottom ash compared to a
commercial filler.

[89] Filler replacement in HMA
mixture

• Improved stability, resilient modulus,
moisture resistance, and tensile
strength.

[87] An additive in cold recycled
mixture

• Enhanced stability, resilient modulus,
and tensile strength.

[24] Fine aggregate in HMA • Enhanced stability and Cantabro index.

[81] Fine and coarse aggregate
replacement

• The difference in performance was not
significant after a particular period of
service. The varying properties of CBA
from various coal sources influence the
strength of the asphalt mixture.

3.2. Aggregate Replacement in Concrete Production

There has been an increase in literature on using bottom ash as an aggregate substitute
in concrete production due to its porous texture and low particle densities. The literature
reported the promising potential of bottom ash as an aggregate and cement substitute in
concrete, particularly to enhance the concrete’s strength and microstructural properties.
During the past several decades, there has been extensive research on using alternative
materials in concrete manufacturing. The benefits of lightweight concrete are reduced
weight, good thermal and sound insulation, durability, strength, low expansibility, ease of
use in construction, and low cost [90].
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Rafieizonooz et al. [3] investigated the performance of concrete incorporated with
CBA. Varying percentages of 0, 20, 50, 75, and 100% of coal bottom ash were used as fine
aggregate replacement and 20% of coal fly ash (CFA) as cement replacement in concrete.
After curing at 91 and 180 days, the compressive strength of CBA and control concrete
increased significantly. Despite the enhanced strength after a long curing period, the
compressive strength between CBA and control concrete had no significant difference;
however, the flexural strength and splitting tensile strength of the 75% CBA was much
higher than the control concrete. The concrete with 50, 75, and 100% CBA had a lower
drying shrinkage than the control concrete. The late effect is due to the delayed hydration
and slow pozzolanic activity of the CFA and CBA.

According to Singh and Siddique [17,29], adding CBA to concrete mix reduced the
workability and bleeding of the concrete. The cement in 38 MPa and 34 MPa concrete
grade was replaced with varying percentages of 20, 30, 40, 50, 75, and 100% CBA, and
superplasticizer was used as an admixture in the 34 MPa concrete grade. The compressive
strength and splitting tensile strength of CBA concrete was similar to the control concrete
after 90 days of ageing. The modulus of elasticity and abrasion resistance decreased with
higher CBA contents. However, the abrasion resistance improved significantly with ageing.
Based on the workability and strength properties results, the researcher recommended the
optimum use of CBA in concrete as up to 30% for concrete without superplasticizer and up
to 50% with superplasticizer.

Zhang and Poon [31] studied the properties of lightweight concrete incorporated with
0, 25, 50, 75, and 100% of bottom ash as a fine aggregate replacement with a 0.39 w/c ratio.
The results showed that 100% bottom ash replacement resulted in comparable workability
and compressive strength relative to the regular concrete. Bottom ash concrete has a
low density, and a replacement with less than 50% bottom ash resulted in a high fc/D
ratio, making the lightweight concrete suitable for structural purposes. The durability test
showed that the lightweight aggregate concrete containing bottom ash had a high chloride
penetration. The heat insulation property test showed that the thermal conductivity
decreased with higher bottom ash contents without a significant loss of strength, making the
lightweight aggregate concrete suitable for use energy-saving building envelope materials.

Jang et al. [19] investigated the ecofriendly porous concrete fabricated using coal bot-
tom ash. The coal bottom ash was used as a coarse aggregate replacement, and geopolymer
was used as the binder. The combination of coal bottom ash and geopolymer produced
porous concrete with a higher compressive strength relative to the porous concrete fab-
ricated from recycled aggregate and cement paste. However, the concrete had a lower
compressive strength than the regular porous concrete fabricated using gravel and ce-
ment paste. Concerning environmental impact, the concentration of heavy metals leached
from the porous concrete did not exceed the maximum permissible concentration. The
researchers concluded that the porous concrete could effectively immobilize the heavy
metals as solidified/stabilized products.

Researchers have also investigated the effect of using coal bottom ash as fine aggregate
in self-compacting concrete on the split tensile strength [41]. The fine aggregates were
replaced with varying percentages of 0, 10, 20, and 30% coal bottom ash using different
water–cement ratios of 0.35, 0.40, and 0.45. The split tensile strength and density of the self-
compacting concrete decreased with higher CBA contents. The highest tensile strength of
the concrete containing CBA was 3.28 MPa at 10% CBA replacement and 0.35 water–cement
ratio. However, this value was lower than the control sample, which had the highest tensile
strength of 4.25 MPa.

Kim and Lee [32] investigated the chemical composition and physical properties
of bottom ash particles to determine the feasibility of using the bottom ash as fine and
coarse aggregates in high-strength concrete with a compressive strength of 60–80 MPa.
The fine and coarse bottom ashes were replaced in varying percentages of 25, 50, 75, and
100%. Unlike coarse bottom ash, fine bottom ash had no impact on the fresh concrete
flow characteristics. The low slump value of the fresh concrete incorporated with coarse
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aggregate is due to the complex shape and rougher texture of the bottom ash relative to the
normal aggregates. The density of the high strength concrete containing 100% fine bottom
ash and 100% coarse bottom ash was less than 2000 kg/m3. The incorporation of 100%
fine and coarse bottom ash reduced the modulus of elasticity by 49% relative to the control
concrete. The compressive strength was not affected by the incorporation of bottom ash
in the concrete mix. However, the flexural strength and modulus of rupture decreased
linearly with higher percentages of bottom ash in the concrete mix.

3.3. Cement Replacement in Concrete Production

Besides using CBA as an aggregate replacement, researchers and technocrats investi-
gated using CBA as cement replacement. The chemical properties of CBA are similar to
cement as both are class F materials. The SiO2 content of CBA is greater than 25%, and the
content of SiO2 + Al2O3 + Fe2O3 is higher than 70%, which meets the requirement for the
recycling bottom ash as cement [25,91]. Moreover, replacing cement with CBA can reduce
CO2 emissions and improved energy conservation.

Cement is the most widely used material in civil constructions. However, the high
amount of carbon emitted in cement production has a harmful impact on the environment.
An estimated 50% of the total CO2 emissions are from cement production. The production
of each ton of cement releases 0.55 tons of CO2, and an additional 0.39 tons of CO2 is
emitted during the baking and grinding processes, which are the key contributors to global
warming [73].

According to Singh and Bhardwaj [6], replacing a certain percentage of Portland
cement with ground coal bottom ash enhanced the resistance towards carbonation, chloride
penetration, acid attack, and sulphate attack. The sound absorption coefficient of the
concrete improved with the incorporation of both fine and medium CBA. The concrete
containing up to 30% of CBA had a lower drying shrinkage after short-term and long-term
curing periods. The physical and chemical properties of ground CBA are similar to FA. The
concrete containing CBA had a comparable compressive strength to the control concrete,
and enhanced flexural strength.

Another study evaluated the performance of the concrete incorporating CBA when
exposed to seawater [26]. The original CBA was ground in a ball mill for 20 and 30 h, and
10% of the ground CBA was used as supplementary cementitious material. The concrete
containing CBA with a fineness of 3836 and 3895 cm2/g had a higher strength than the
control mix after 180 days of curing in water and seawater. The concrete containing finer
CBA was lighter and had reduced salt permeability. Moreover, the concrete containing
CBA had a lower chloride penetration than the control mix.

A researcher investigated the short-term impact of replacing cement with 10% coal
bottom ash on sulphate and chloride attack [26]. The coal bottom ash was ground for two
h in a Los Angeles machine and 20 h in a ball mill grinder to obtain a particle size similar
to the ordinary Portland cement. After demolding, the concrete samples were immersed in
water for 28 days, followed by immersion in 5% sodium sulphate (Na2SO4) and 5% sodium
chloride (NaCl) solution for additional curing of 28, 56, and 90 days. The coal bottom
ash concrete cured with 5% Na2SO4 solution was comparable to the control concrete for
up to 90 days. The concrete containing CBA exposed to NaCl solution for a short period
had a lower strength than the control concrete, but its strength increased with a longer
curing period. This result indicates that the incorporation of CBA enhanced the concrete’s
resistance towards an aggressive environment.

Aydin [90] investigated the utilization of bottom ash as cement replacement to produce
ecofriendly building material. The suitability of using bottom ash as cement replacement
was assessed in term of its physical and mechanical properties. The CBA was used as
cement replacement in varying percentages of 0, 70, 80, 85, and 100% with 5% hydrated
calcium lime. The resulting lightweight composite was suitable for civil engineering
applications. The slump, flow, and dry unit weight decreased with higher CBA contents.
The concrete containing 70% CBA and 5% lime had a higher unconfined compressive
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strength and flexural strength than the composite containing only 70% CBA. The flexural
strength of the final composite indicated that it is suitable for low- to medium-strength
applications such as pavement, shotcrete lining, and base and subbase application.

3.4. Noise Barrier, Geotechnical Fill, Zeolite Composite, and Low-Cost Absorbent

Over the past four decades, extensive research has been conducted on noise barriers
with different characteristics to protect the areas near roads, especially those with a high
traffic volume [92]. Noise barrier wall, also known as the concrete wall, is one of the
economic structures built to reduce noise pollution from transportation. Hannan et al. [25]
investigated the production of concrete walls with varying CBA percentages that ranged
from 0–100% fine aggregate replacement. The researchers reported that the values of
fineness modulus of CBA were between 2.3 to 3.0, which is within the range as the fineness
modulus of CBA was lower than the conventional fine aggregate specified in the BS
882:1992. The specific gravity of CBA was lower than the conventional fine aggregate due
to the porous texture of CBA. The compressive strength of the concrete wall barriers did
not increase linearly with higher CBA percentages, but increased with the concrete porosity,
which is a good indicator for sound absorption structures. The sound absorption test to
determine the acoustic performance showed that the walls containing 80–100% CBA were
similar to the conventional wall and were class D absorbers; the remaining walls were class
E absorbers. According to BS EN ISO 11,654:1997, the absorbers in class D absorb more
than 30% of the sound, while class E absorbs between 15–25% of the sound [25].

Arenas et al. [30] studied the performance of road traffic noise reducing device proto-
types from multilayer products composed of 80% bottom ash on a semi-industrial scale.
The coarse bottom ash in this research had a Dp of >2.5 mm, and the Dp of the fine bot-
tom ash was <2.5 mm. The measured acoustic performance parameters were the sound
absorption coefficient and the airborne sound insulation in the reverberation room. The
measured nonacoustic performance parameters were open void ratio, unit weight, com-
pressive strength, Young’s modulus, flexural strength, fracture energy, indirect tensile
strength, characteristics length, impact strength, and fire resistance. The results showed
that the bottom ash-based multilayer products were in the categories A2 and B3 of the
sound absorption and assessment index, similar to other commercial products. The me-
chanical strength of the device containing bottom ash was lower than standard and porous
concretes. The fire resistance of the coal bottom ash products remained unchanged after
exposure to 47.8 min of fire, and only exhibited a slight discoloration.

Arenas et al. [93] evaluated the performance of highway noise barriers incorporated
with bottom ash. Portland cement mixed with different sizes of coal bottom ash (coarse,
medium, and fine) was used to produce mortar composite, and the results of the acoustic
properties were compared with typical porous concrete. The CBA was separated into three
particle size fractions, and a multilayer composite was fabricated using the fractions in three
different layers. The wall incorporated with bottom ash had a density and compressive
strength of 1470 kg/m3 and 3.1 MPa. The acoustic properties of the composite containing
CBA were comparable or better than the porous concrete. The wall fabricated using coarse
CBA had the best sound absorption coefficient because of its porosity, while the wall
fabricated with the finest CBA exhibited superior mechanical properties.

Researchers have assessed the potential of utilizing CBA in highway embankments.
Theoretically, highway embankment materials must have high strength, density, and
stability, good drainage properties, and low plasticity. Coal bottom ash has higher specific
gravity than fly ash [94] because its high iron oxide content inhibits the transmission of dead
load to the soil and supports the embankment. The application of high compaction resulted
in low optimum water content and high maximum density. It also crushed the bottom
ash particles and increased the density. Previous studies have shown that precautionary
measures should be implemented when using bottom ash as an embankment material,
especially upon including structural members and pipes in the ash [95], since mixtures of
compacted ash can be corrosive.
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A high bottom ash content could reduce hydraulic conductivity because of the signifi-
cant effect of fine particles in bottom ash on permeability. The high permeability of kaolin
mixed with CBA suits drainage application if used as backfill materials in embankments,
particularly in areas with a high amount of annual rainfall [96]. The shear strength of the
material or soil must be determined before beginning the construction because the ability
to resist loading is a critical factor for an embankment. The friction angle of the bottom ash
offers higher resistance to the rearrangement of the particles for sustained shearing due to
the angular texture of bottom ash.

Researchers have investigated the conversion of coal bottom ash into zeolite X-
carbon [97]. The Si and Al in CBA were the raw materials for zeolite, and the unburnt
carbon was a source of activated carbon. NaOH and hydrothermal treatment at various
times were used to alkali-fuse the CBA in the fabrication of zeolite X-carbon composite for
hydrogen storage. The results showed that the optimum synthesis of zeolite X-carbon com-
posite from CBA is by fusion through hydrothermal treatment at 90 ◦C for 15 h. The zeolite
composite with the best crystallinity had a surface area of 185.824 m2/gram, micropore
diameter of 0.34 nm, mesopore diameter of 3 nm, and hydrogen uptake of up to 1.66% wt
at 30 ◦C/20 psi. These results indicated that the composite is suitable for hydrogen storage.

Besides adsorption [98], reverse osmosis, flocculation, electroflotation, and precip-
itation techniques are also effective methods for eliminating pollutants from water [99].
Various low-cost adsorbents, such as clay materials [100,101], and agricultural wastes, such
as apricot waste [102], soy meal hull [103], rice husk [104], sugar beet pulp [105], and wheat
bran [106], have been reported as effective materials in eliminating hazardous chemicals
from water. Jarusiripot [13] investigated the adsorption of dye using bottom ash as an
absorbent. The International Union of Pure and Applied Chemistry (IUPAC) classifies
bottom ash as mesopores with average pore diameter ranging between 3 and 7 nm. Before
using it as an absorbent, the raw bottom ash was pretreated with chemical solutions, such
as hydrochloric acid (HCl), nitric acid (HNO3), and hydrogen peroxide (H2O2).

The results showed that bottom ash was an effective adsorbent for removing dye from
wastewater even though it was not as efficient as the expensive commercially activated
carbon. Because of the small surface area of the coal bottom ash, the dye absorption is
dependent on the interaction between the charges of the dye molecules and the adsorbent
surface. The superior absorption of the bottom ash with smaller particle sizes was due to
the higher surface area of the absorbent. The adsorption capacity was also influenced by
the chemical solutions used in the pretreatment process.

4. Critical Discussion

This review has shown that, at a higher percentage of CBA content, most of the CBA
from various sources did not enhance the performance of the asphalt and concrete mixtures.
Therefore, the CBA used as a replacement material in civil construction should be pretreated
chemically or mechanically. The findings of previous research vary significantly, even at
the same substitution ratio, because there was no control over the quality and constituents
of the CBA. It is essential to perform a comprehensive assessment of the optimization of
the materials used with the CBA because using CBA in combination with other materials,
such as fly ash and superplasticizer, could enhance the mixture’s performance. Despite its
promising potential, there is a need to perform more comprehensive research to determine
the cost–benefit and environmental impact of utilizing CBA and developing CBA as a
green construction material. There is also a need to formulate a general guideline for using
CBA as an alternative material in the construction industry.

5. Conclusions

The large volume of coal bottom offers a promising alternative for the aggregates
used in the construction industry to prevent the depletion of natural aggregate resources.
Previous studies have shown that coal bottom ash has a good potential as a substitute ma-
terial, especially in the construction industry. However, further studies need to investigate
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turning bottom ash waste into applicable material. In summary, the use of coal bottom ash
in the fields of construction, especially in civil engineering, can be commercialized through
suitable design and appropriate construction procedures. A summary of this review is as
follows.

1. CBA is a class F pozzolan that contains more than 70% of SiO2, Al2O3, and Fe2O3.
2. The porous texture of CBA reduces the density of the pavement and concrete mixtures,

making it a suitable lightweight aggregate in pavement and concrete production. Its
porosity contributes to the ability of the CBA noise barrier wall to absorb more sound
than the conventional wall.

3. The high-water absorption of the CBA particles increases the optimum binder content
of the pavement mixture and the cement/water ratio in concrete production.

4. The pavement mixture incorporated with CBA exhibits enhanced moisture suscepti-
bility. However, most research showed reduced Marshall stability, tensile strength,
and resilient modulus. The low resilient modulus indicates that the mixture has a
high elastic deformation, which increases its rutting resistance.

5. The optimum asphalt mixture performance is achieved with 10–30% CBA replacement.
However, the performance can be enhanced by using CBA with other materials, such
as fly ash, lime, and superplasticizer.

6. The concretes with higher CBA contents have reduced fresh concrete properties such
as slump, bleeding, and flow because of the CBA’s interlocking characteristics, rough
texture, and irregular shape.

7. The properties of the concrete improved with the curing period, and after a certain
curing period, the properties are superior to conventional concrete.

8. The utilization of CBA as cement replacement is beneficial to the environment because
it reduces the CO2 emissions in cement production. The heavy metals present in the
raw CBA are below the permissible range.
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Abstract: The reliable performance of roads is crucial for service delivery, and it is a catalyst for
domestic and cross-border spatial development. Paved national roads are expected to carry higher
traffic volumes over time as a result of urbanization and to support the economic development in
the continent. Increased traffic levels combined with expected increases in air temperatures as a
result of global warming highlight the need to appropriately select bituminous road materials for a
reliable performance of asphalt roads. The objective of the paper is to present African case studies
on the development of temperature maps necessary for performance-graded bitumen selection for
road design and construction. A consistent approach, that caters for the variability of geographical,
environmental and climatic conditions, does not currently exist within the continent. Therefore,
this paper discusses a series of critical components in the development of temperature maps for
performance-graded bitumen including (i) pavement temperature models and climatic zones in
Africa; (ii) the effect of urban heat islands on pavement temperature; (iii) sources of weather data and
(iv) the mapping procedure to produce temperature maps. Characterizing the thermal properties of
the pavement was found to be an important factor for reliably calculating expected road temperatures
as well as the consideration of the ambient climate for a given location. During this study, the urban
heat island effect was found to have little influence on the maximum pavement temperatures but a
significant effect on the minimum pavement temperatures. Some areas of the urban district assessed
in this investigation were found to increase by two performance grades according to the minimum
temperature criteria. The recent observed weather data from weather stations are the most accurate
means of measurement of the ambient environmental conditions necessary for performance-based
specifications, but they are not always easily accessible, and therefore other sources of data, such as
satellite data, may need to be used instead. With the expected temperature increases expected as a
result of climate change, the use of Global Climate Models also opens new avenues for performance-
based material selection in the African continent for expected climates as an alternative to traditional
approaches based on historically observed weather.

Keywords: bitumen selection; performance-graded bitumen; asphalt pavement temperatures; tem-
perature maps

1. Introduction

Roads play a crucial role in the economic growth, development and accessibility of
communities. In Africa, road infrastructure networks are the most heavily used form of
transport and have a significant bearing on the inclusive and sustainable development of
the region [1].

The reliable performance of roads is crucial for service delivery, and it is a catalyst
for domestic and cross-border spatial development [2], especially considering that paved
national roads are expected to carry increasing traffic volumes over time. Selecting the most
suitable and durable road construction materials is therefore necessary to ensure a reliable
serviceability. Taking the value of paved roads into consideration, a system for quantifying
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and measuring the in-field performance of the material is imperative. Most countries in
Africa still rely on empirical methods for bituminous binder classification in asphalt road
construction. However, South Africa has recently moved towards the implementation of a
performance-graded (PG) specification founded on principles of pavement performance [3].

Establishing the climatic conditions that affect pavement temperatures is therefore
necessary for characterizing the material’s response to traffic loading and environmental
conditions, given the visco-elastic nature of asphalt. The three failure mechanisms of
asphalt layers addressed by the PG specification are (i) permanent deformation (rutting
at high service temperatures); (ii) fatigue cracking at intermediate service temperatures;
and (iii) brittle fracture at low service temperatures [4]. The in-service temperature and
traffic conditions, in conjunction with the ageing effects of bituminous binders, play a
pivotal role in selecting bitumen to achieve a given in situ performance within the asphalt
layer. Pavement failures due to a poor selection of bituminous binders can be reduced by
correctly specifying the appropriate binder for a given climate [4].

As per the Superpave method, historic air temperature data are required to calculate
the maximum and minimum pavement temperatures for PG asphalt bitumen selection [5].
Using different sources of historical data, pavement temperature maps have been devel-
oped for South Africa [4] and Tanzania [6].

An appropriate binder selection results in asphalt that will withstand the imposed
environmental and traffic loading conditions on roads. Temperature maps are an integral
part of the climatic factors of a pavement’s operating environment. These maps assist road
engineers to select the most suitable bituminous binders for a given geographical location
based on regional climatic conditions. Many influencing factors determine the usage
of temperature maps such as the type of pavement temperature model used, prevalent
climatic conditions, the effect of urban heat islands for localized planning in metropolitan
municipalities, the geospatial mapping procedure and considerations as well as the source
of required climate data and weather parameters, as illustrated in Figure 1.

Figure 1. Influencing factors for the development of temperature maps for PG specifications.

A consistent approach, that caters for the variability of geographical, environmental
and climatic conditions, does not currently exist within the continent. This paper will
therefore explore these factors for the development of temperature maps and present an
approach based on the previous experience and findings for the African continent.

2. Pavement Temperature Models

Defining the relationship between air and pavement temperatures is the foundation of
developing temperature maps. It is also useful for other applications, such as maintenance
and early failure detection [7–9]. Reliable models for determining the pavement temper-
atures used for pavement design are therefore important, as well as the methodology
adopted for measuring air and road temperatures [10].
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Most pavement temperature models are fundamentally based on the theory of heat
transfer, which mathematically accounts for the transfer mechanisms of heat through
conduction, convection and radiation. Some models also account for the energy lost
through evapotranspiration [11,12]. The selection of the most appropriate model will be
based on the required application, where the selected model will fall under one of the
following categories [13]:

1. Analytical models
2. Numerical models or
3. Empirical models

Analytical pavement temperature models are concerned with obtaining an exact
solution. Ref. [14] derived a mathematical solution to the partial differential equation
governing one-dimensional heat conduction in a semi-infinite medium. This formed the
basis of many later developments concerning pavement temperature models. Even though
analytical models are focused on obtaining precise results, it should be noted that empirical
assumptions are still often used within analytical solutions, and their applicability should
be considered before use.

Numerical models use reasonable estimates to arrive at a solution. For South Africa,
Williamson and Kirby [15] used a finite difference approach that relied on the thermal
properties of pavement materials to determine pavement temperatures. This was followed
by the introduction of a corresponding methodology in the mid-seventies [16]. The method-
ology required extensive solar radiation data which was not available in the country at the
time, thus limiting its further implementation.

Empirical models are usually based on a regression analysis of the measured results.
Although empirical models do not produce precise estimates of pavement temperatures,
they are usually preferred because they require less computation and provide a simplified
relationship between pavement temperatures and key weather parameters. However, the
calibration against other areas within the country is critical in order to obtain represen-
tative results, especially considering how climates can vary quite substantially across a
national scale, not to mention a continental scale. For this reason, and depending on the
required accuracy, caution should be exercised when using empirical models that have
been developed for a climate that is different from the one intended without calibration.
Local knowledge of the area is also an added advantage in this regard.

The Strategic Research Highway Program (SHRP) developed the first Superpave™
method for asphalt mix design between 1987 and 1993. Considering the differences in
climate, amongst other motivators, the method was investigated for use in South Africa by
Everitt et al. [17]. This investigation led to the development of the Viljoen [18] algorithms
in 2001, which were based on the empirical relationship between selected sky parameters
and pavement temperatures. The linear regression model was able to predict 80% of the
measured results within a 3 ◦C margin for Everitt’s 1999 dataset. Other researchers in the
country using additional data points further verified this model for certain regions in the
country [4,19].

The mean error for the Viljoen [18] equations showed only a slight improvement when
compared to the Superpave predictions. With the availability of a solar radiation dataset,
the energy balance concept was reconsidered, and a numerical approach based on the
method of Orthogonal Collocation on Finite Elements was employed. The numerical model
also incorporated ambient air temperature, wind speed and relative humidity. The model
was validated with a selected site in Pretoria, South Africa, and a comparison of predicted
to actual road temperatures is shown in Figures 2 and 3.
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Figure 2. Validation of heat transfer model for a 40 mm asphalt pavement.

Figure 3. Validation of heat transfer model for a 90 mm asphalt pavement.

The dataset included both clear days and days with transient cloud cover. The
recorded air temperature, solar irradiance and wind speed measurements were incorpo-
rated in the energy balance model. The daily recorded values are shown in Figure 2. As
illustrated above, the pavement temperature relies on more than the air temperature. It
is determined based on various weather, climatic factors, as well as pavement material
properties. Accurate working models for determining pavement temperatures are therefore
required to be verified for the different regions in the continent as the basis for road material
selection.

A field experiment was conducted comparing the measured pavement temperature
results and the predicted pavement temperatures using (i) a statistical model based on
a regression analysis of the historical recorded asphalt temperatures in various locations
in South Africa [18] and (ii) an energy balance numerical model with assumed thermal
properties of the pavement materials. The numerical model also takes into consideration
ambient weather conditions as well the overall pavement structure. The experiment
was conducted in Pretoria, South Africa, over a period of 6 months, between September
2019 and February 2020, for two asphalt sections with depths of 40 mm and 90 mm,
respectively. Comparisons of the predicted temperature results against the recorded
pavement temperatures revealed that, in general, both models show a general agreement
in the diurnal temperature patterns within the asphalt layer with varying daily weather
conditions, as seen in Figures 1 and 2. However, this was not the case when predicting the
daily extreme pavement temperatures necessary for the PG binder selection, as shown in
Figures 4 and 5.
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Figure 4. 7-Day maximum temperatures for a 40 mm asphalt pavement at a depth of 20 mm in
Pretoria during the summer period.

Figure 5. 7-Day maximum temperatures for a 90 mm asphalt pavement at a depth of 20 mm in
Pretoria during the summer period.

On average, both the statistical model and the numerical model tend to underestimate
the daily and 7-day maximum asphalt temperatures for the asphalt layers with both
40 mm and 90 mm (See Figures 6–9), where the majority of the predicted 7-day average
pavement temperatures were observed to be less than the recorded pavement temperatures,
particularly after a prolonged event of rain and high cloudy cover. However, this trend
was observed specifically for the duration of the experiment after the week-long event
of rain and high cloud cover, while the opposite was observed before the event. Larger
deviations for maximum temperatures were observed using the numerical model, with
the assumed thermal properties of the asphalt layer, compared to the statistical model.
During the investigation, the maximum error for calculating the 7-day average maximum
temperature using the numerical model was 9.5 ◦C, with a standard deviation of 3.2 ◦C
for the 40 mm asphalt section. The maximum error obtained for the 90 mm asphalt layer
was 8.1 ◦C and a standard deviation of 3.5 ◦C. The statistical model exhibited a slightly
lower discrepancy, with a maximum error of 7.5 ◦C and a standard deviation of 2.6 ◦C for
the 40 mm asphalt section. A maximum error of 6.0 ◦C was found for the 90 mm section
and a corresponding 2.9 ◦C standard deviation. However, further research on the material
thermal properties is warranted for conclusive results, given that assumed values from the
literature were used during the above investigation.
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Pavement temperature relies on more than air temperature; it is determined based on
various weather, climatic factors, pavement material properties and the overall pavement
structure; therefore, algorithms for determining pavement temperatures may need to be
verified for the different regions in the continent as the basis for the road material selection.

Figure 6. Difference between numerical model predictions and measured temperatures for a 40 mm
asphalt pavement in Pretoria during the summer period.

Figure 7. Difference between statistical model predictions and measured temperatures for a 40 mm
asphalt pavement in Pretoria during the summer period.

Figure 8. Difference between numerical model predictions and measured temperatures for a 90 mm
asphalt pavement in Pretoria during the summer period.
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Figure 9. Difference between statistical model predictions and measured temperatures for 90 mm
asphalt pavement in Pretoria during the summer period.

2.1. Climatic Factors

The main forms of heat transfer at a pavement’s surface are conduction, convection
and radiation. These can be modelled mathematically by the heat transfer equation and
rely largely on the presiding weather conditions and the road’s material properties.

Empirical models do not provide precise results but assist in developing simplified
relationships between weather data and pavement temperatures. Therefore, a represen-
tative dataset is required to collect pavement temperature measurements based on the
geographical location of the area to be mapped.

Weinert used the N-value, which accounts for the evaporation of the warmest month
and the precipitation of an area to develop the map commonly referred to in pavement
engineering to categorize South African climates into three primary zones, namely (a)
wet, (b) moderate and (c) dry, where the majority of the country is considered as “dry”
according to the classification [20]. However, further research has shown that this needs to
be revisited and has suggested an increase in the number of climatic regions, considering
the effects of climate change, to better represent the country [21].

To gain a better global perspective, the Köppen–Geiger climate classification system is
one of the methods used to categorize climate regions across the world. This particular
system is made of five main climate groups, namely tropical (A), dry (B), temperate (C),
continental (D) and polar (E), while sub-categories describe levels of precipitation and
heat [22].

New global climate maps based on data obtained between 1980 and 2016 have been
established [23] where the continent is divided into 22 climatic zones (See Figure 10), with
most of the continent falling under the “hot arid desert” (BWh) as well as the “tropical
savannah category” (Aw). Therefore, most parts of the continent can be described either as
“tropical” or “dry”.

Sub-Saharan Africa shows the highest climatic variation per unit area in comparison to
North Africa, which fits almost exclusively into the “hot arid desert” category. Most parts
of East and West Africa show a roughly even split between “hot arid desert” and “tropical
savannah”. The majority of Central Africa can be described as a “tropical savannah”
climate according to the climatic map.
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Figure 10. Köppen–Geiger climate classification map for Africa: 1980–2016 [23].

With respect to pavement temperatures, important climatic factors for modelling
pavement temperatures have been determined to be solar radiation, air temperature, cloud
cover, humidity, sunshine hours and wind speed [13,24,25]. In order to cater for the location
in relation to the position of the sun, the zenith angle [18,26–29], phase of incident solar
radiation [30], solar declination [31], inclination angle [12] or solar azimuth [32] have all
been used depending on the selected pavement temperature model. Understandably,
these variables can have a significant impact on the pavement temperature calculation and
ultimately the selected binder for a given region in Africa.

2.2. Material Properties

Barber recommended that the thermal properties of pavement materials be taken into
account for determining accurate temperatures [14]. According to a sensitivity analysis
performed by Viljoen [18], the calculated pavement temperature was most sensitive to
the surface material’s conductivity more than any of the other material properties [18],
as presented in Table 1. The reported values for asphalt thermal conductivity range
from 0.7 to 2.0. Ref. [33], however, stated that albedo (solar reflectance as a ratio of incom-
ing radiation) is the parameter that has the highest effect on pavement temperature in
comparison to emissivity, thermal conductivity and specific heat.

Table 1. Sensitivity analysis of the variables used in the heat transfer equation [18].

Variable Range
Tsmax–Tairmax

(◦C)
Default Value

Surface absorptivity 0.85−0.93 4 0.9
Air-transmission coefficient 0.60−0.81 13 0.8

Zenith angle 1−11 −1 -
Air-emissivity 0.60−0.80 4 0.7

Asphalt-emissivity 0.70−0.90 −5 0.9
Heat transfer coefficient (W/m2◦C) 17.0−22.7 −5 19.9

Thermal conductivity (W/m2◦C) 0.7−2.0 −7 1.4

Qin and Hiller [11] found that the regression coefficients used in their model relied on
the surface albedo and the pavement’s thermal inertia. The ageing and weathering of an
asphalt pavement have also been shown to have an increasing effect on the surface albedo,
thus contributing to the change in the temperature profile within the pavement structure
over time [29,33,34].
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3. Effect of Urban Heat Islands on Pavement Temperatures

Most temperature models are simplified as a one-dimensional heat transfer problem,
which is sufficient for pavements in unobstructed areas. However, other research has
suggested that a coupled heat exchange model be developed for the heat transfer between
the road and the surrounding environment [13]. This would better simulate the effect of
urban heat islands on pavement temperatures in built-up areas.

Urban heat islands (UHI) could be considered as a form of meso or micro-climate
occurring in urban landscapes due to the higher land coverage of paved surfaces. The
UHI effect causes increased air temperatures in metropolitan areas in comparison to
neighbouring rural areas especially during night-time, while the effect on daytime air
temperatures is minimal. This effect tends to be more pronounced in calm, clear weather
and during the winter months, and urban-rural temperature differences of up to 5.9 ◦C
have been observed at midnight in Adelaide, Australia [35]. Air temperatures up to 12 ◦C
warmer in cities have also been observed compared to less built-up surrounding areas on a
clear, calm night [36].

The maximum values used to produce temperature maps typically occur around
midday, and UHI effects may not have a significant impact on the daily extremes used
for material mix-designs. However, this may cause a reduction in the 7-day-averaged
maximum pavement temperature typically used for binder selection as a result of the
altered diurnal cycles caused by elevated night-time temperatures. Due to the material
thermal properties and the response to the daily cyclic variations of temperature, this
would influence the overall structural performance and would require further research.

Most conventional construction materials tend to store heat during the day and
release it at night, thus significantly contributing to urban heat islands. A surface material’s
absorptivity governs the amount of solar radiation absorbed by the pavement structure
and the typical values for asphalt vary from 0.85 to 0.93, which results in a 4 ◦C difference
on the calculated pavement temperatures [18].

Various studies have been conducted on the UHI phenomenon and its effect on
pavement temperatures. There are different strategies to reduce the phenomenon, and
the development of cool pavements has been identified as a potential strategy to alleviate
the effect. The different methods to achieve a “cool pavement” can fall into one of the
following categories [11]:

• Reflective pavements—aim to increase the surface albedo through different techniques
in order to reduce pavement temperatures as well as the sensible heat released from
the pavement.

• Evaporative cooling pavements—pavement systems that are designed to store water
within the pavement layers. Latent heat from the pavement surface can be greatly
reduced provided the pavement is wet and there is a steep enough humidity gradient
to allow sufficient evaporation. These pavements need to be carefully designed to
ensure their thermal performance.

• Thermally modified pavements—material and structural modifications to alter the
thermal conductivity or even to self-regulate pavement temperatures. Although this
type of pavement system can be effective in reducing daytime temperatures, it tends
to have higher night-time temperatures and should therefore be carefully designed.

An example of a reflective pavement was presented by Qin and Hiller [11], who
investigated how different pavement properties influenced pavement temperatures and
the effect on urban heat islands. They used an energy balance method to model the heat
exchange at the pavement’s surface. Similar to Williamson’s [24] model, their model
accounts for incoming solar radiation and energy loss through convection, conduction and
radiation. However, Qin and Hiller’s [11] model also accounts for energy loss by means
of evaporation. This allowed them to investigate the energy partition in relation to the
development of cool pavement systems. They found that most of the absorbed energy is
released as latent heat and long-wave radiation, particularly during the summer months,
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and so concluded that increasing the surface albedo and “enhancing the evaporative flux”
was effective in reducing the latent heat and thus creating cool pavements.

An example of a thermally modified pavement was presented by Chen et al., who
proposed an analytical approach to evaluate temperature profiles of thermally modified
asphalt pavements as well as their effect on urban heat islands [37]. The proposed model is
based on Green’s function to predict temperatures within a multi-layered pavement system
and was validated with outdoor field experiments. They were able to reduce pavement
temperatures at various depths by increasing the pavement surface albedo, which had
the effect of increasing the heat output intensity during the day and reducing it during
the night. They found that combining a highly conductive surface material and base
course showed the best thermal performance to alleviate the effect of UHI by reducing the
pavement’s overall maximum heat output intensity.

Adebayo demonstrated how different land uses generate different microclimates in
Nigeria [38]. This was attributed to the complex interaction of incident solar radiation
with surface materials and corresponding thermal properties. It was also argued that the
interpolation techniques used for most “heat island” isoline maps are not ideal for mod-
elling urban heat islands because the land use between known points is often overlooked
with traditional approaches. This highlights the importance of the local terrain and climate
knowledge for producing representative temperature maps.

There are hotspots within urban areas that are more susceptible to heat islands than
other regions, as demonstrated through various studies in Africa [38–40]. This may need to
be taken into consideration during the material selection of the asphalt mix design process,
and a 6 ◦C difference between urban and city air temperatures could warrant a higher PG
bitumen for certain metropolitan areas. In order to account for this, the data source needs
to be at a high enough resolution and of sufficient quantity to capture the effect of urban
heat islands.

Multiple climatic factors and material properties need to be considered for accurate
pavement temperature prediction, as demonstrated above. Obtaining an extremely precise
output is not always possible and, depending on the application, not necessary. However,
certain considerations that significantly affect the pavement temperatures (such as albedo
and the transmission co-efficient of unit air mass, which is dependent on the cloud cover
and zenith angle) need to be considered for the development of pavement temperature
maps. Another aspect that may warrant further investigation is the influence of air pol-
lutants on incoming solar radiation, especially in densely populated urban areas. For
instance, Peters et al. found a reduction of about 11.5% for incoming solar radiation for PV
panels in Delhi as a result of air pollution [41]. A similar investigation was conducted in 16
other countries and found insolation reductions between 2.0% and 9.1% depending on the
city.

UHI may be detectable from weather data if there are enough active weather stations
within a built-up metropolitan area that are used in producing temperature maps. However,
this is often not the case, especially when the operating weather stations are limited and
few compared to high resolution weather data from satellite or re-analysis models.

Temperature maps showing the spatial distribution of pavement temperatures across
the city of Tshwane, South Africa, were produced during this investigation using UHI
weather data. The dataset was provided at a 1-km resolution within the city’s boundary.
The 7-day hottest pavement temperatures were calculated according to the Viljoen [18]
algorithms for the period between 2007 and 2017, and the 97.5th percentile of the data set
is shown in Figure 11.

238



Sustainability 2022, 14, 1048

Figure 11. Hottest pavement temperatures at a depth of 20 mm for the city of Tshwane.

The temperature contours are consistent with previous findings for maximum temper-
atures in the period 2000–2020 [42], where the spatial temperature distribution in Figure 11
can now be observed at a higher resolution at a municipal planning scale. It is also observed
that the temperature contour for a PG 58 is slowly moving south in comparison to the
maximum temperature map used in the national specification for PG bitumen in South
Africa [43]. This is indicative of the city’s warming climate over time, considering that the
UHI data used for the study are more recent than those used to develop the specification.

During the analysis, the effect of UHI was more detectable in the minimum pavement
temperatures compared to the maximum pavement temperatures. The minimum pavement
temperature map is shown in Figure 12.

From the analysis, relatively high minimum pavement temperatures for the city were
noted in comparison to the pavement temperature maps for the period 2000–2020, where a
previous study [42] illustrates a minimum pavement temperature classification of PG 2 for
the Tshwane area, whereas the temperatures calculated using the UHI data show that the
city is classified as a PG 8 region, with the exception of the hotspots that warrant a PG 12
minimum pavement temperature binder.

Three hotspots were detected for the city, namely within Planning Regions 1, 2 and 3,
which are among the most densely populated regions. The most densely populated region
is Region 1, which is situated in the North-West corner of the city’s jurisdiction and
accommodates 811,570 (28%) residents out of a population of 2,921,488, according to the
2011 census. The region has 28 wards and includes Soshanguve, Mabopane, Winterveld,
Ga-Rankuwa and Pretoria North, as well as a provincial road (R80) which is a Class 1
primary metropolitan distributor for that location.

The higher pavement temperatures were observed to coincide with the built-up areas,
according to the locality map which illustrates the various general land uses for the city, as
seen in Figure 13. Lower pavement temperatures were observed for the Southeast areas,
which also have a lower population density and more rural land coverage compared to the
other planning regions.
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Figure 12. Coldest surface pavement temperatures for the city of Tshwane.

Figure 13. City of Tshwane’s land use map per planning region (city of Tshwane, 2015).

The effect of UHI would need to be similarly investigated for other metropolitan cities
in the continent to determine the direct effect on bituminous binder selections. While it is
acknowledged that the continent primarily consists of natural land cover, i.e., trees, shrubs,
cropland, grassland and areas with sparse to no vegetation [44], there are concentrated areas
across the continent, usually in and around metropolitan cities that can have a potentially
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significant UHI effect. Therefore, this may need to be assessed in order to understand
the impact of heat islands, particularly for the high-volume road design and construction
in these areas. The projections by [45] also indicated rapid rates of urbanization and
population growth, above 50%, for some of the fastest growing cities in Africa—namely,
Dar es Salaam (Tanzania), Nairobi (Kenya), Kinshasa (Democratic Republic of Congo),
Luanda (Angola), Addis Ababa (Ethiopia), Abidjan (Côte d’Ivoire) and Dakar (Senegal).

The high urbanization rates can subsequently lead to increased air and road tempera-
tures, and thus facilitate the need to adjust how construction materials are selected. This
may be true to maintain the integrity of roads but can also be managed to assist in reducing
air temperatures through the implementation of “cool pavements” as a potential strategy.

4. Climate Data

The data source for air temperatures along with their collection method needs to be
carefully considered, as each source is associated with a specific set of assumptions that
need to be understood before using.

For correlations and comparisons, the method and the location of data collections need
to be standardized. The ideal situation would be to compare two 20-year data sets from the
same geographical location, i.e., comparing air temperature data and measured pavement
temperature data. However, this becomes complicated considering the differences of terrain
between the two points and the presence of microclimates, thus making the comparison
unrealistic.

The different types of air temperature data sources for the temperature mapping
discussed in this chapter include:

1. Weather station data
2. Satellite data
3. Reanalysis data
4. Global Climate Models

4.1. Weather Station Data

Data from weather stations can be collected from manual or automated weather
stations. Spatially distributed and incomplete datasets from weather stations have been
encountered, affecting the accuracy of the final output [6,46]. Weather stations vary in
accuracy because they are prone to human errors, such as data recording and archiving
errors. The location and placement of weather stations will also affect the type of data
recorded and their relevance in developing pavement temperature maps. In African
countries with a handful of weather stations, such data are only useful for calibration
purposes. In addition, only a select number of weather stations measure air temperature,
as rainfall data are the most recorded.

4.2. Satellite Data

Satellite data are often used where on-site measurements are not possible, unreliable
or simply unavailable [47], or where satellite-based precipitation data and reanalysis data
were evaluated in comparison with the observed rain-gauge readings. [47] found that the
satellite data used in their investigation exhibited the highest correlation and the lowest
deviation from the observed rain-gauge measurements. The importance of the temporal
coverage was also highlighted during their investigation. Satellite-based information is
usually subject to calibration errors, but it is usually a relatively accurate source of data [48].

4.3. Reanalysis Models

Reanalysis models are derived from observed data (either from satellites or weather
stations) and are useful for areas where observed data are unavailable. The MERRA
(Modern-Era Retrospective Analysis for Research and Applications) database is an exam-
ple of data obtained from a reanalysis model and is available on the LTPP InfoPaveTM [49].
It combines computed model fields with ground-based, ocean-based, atmospheric-based
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and satellite-based observations [50]. MERRA data were compared to weather station
data and reported to be “as good and, in many cases, substantially better than equiva-
lent ground-based weather station data” [50]. A comparison was also conducted during
the development of Tanzanian pavement temperature maps, and a variation ranging
from <1 ◦C to 10.3 ◦C was observed [6]. The MERRA database showed relatively higher
temperatures and was therefore considered as a conservative option for setting the rutting
PG temperature criteria for Tanzania. Given that pavements fail at extreme conditions,
the measured historic air temperature data for South Africa and Tanzania were used to
quantify the number of days with extreme pavement temperatures over the years. The
maps developed for Tanzania used MERRA data and are shown in Figures 14 and 15.

Reanalysis data are advised for African countries where missing weather station data
is a common occurrence. Due to the nature of reanalysis data, bias correction for daily
extreme points is recommended in order to obtain representable temperatures for binder
selection.

Unless special precautions have been taken into consideration during the data collec-
tion process, the sources do not account either for complex landscapes or their potential
effects on air temperatures.

The method used to obtain air temperature data will also affect the quality of the raw
data. For instance, weather stations utilize thermometers placed inside Stevenson boxes
to measure air temperature, whereas satellites measure radiances in different wavelength
bands and mathematically invert them to obtain temperature inferences [51,52]. Even
sources with common attributes will show differences in the data, as certain formulations
and calibrations will differ and alter the data produced [53]. It is also important to consider
the sensitivity of the equipment used by a source, as it could also affect the data produced.

Data from the various sources can vary significantly due to inherent methodical, oper-
ator and instrumental errors leading to more pronounced effects on pavement temperature
calculations depending on the model used.

Figure 14. Tanzanian maximum pavement temperatures at a depth of 20 mm [6].
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Figure 15. Tanzanian minimum surface pavement temperatures [6].

4.4. Global Climate Models

Climate models are fundamentally based on the laws of physics and use mathe-
matical equations to simulate global climates. Downscaling techniques are employed
to obtain a higher geographical resolution and to better represent the regional climates
usually required for road design procedures. Even with downscaling techniques, micro or
meso-climates are often not well represented by climate models [54] and would require a
customized approach for specific road sections.

To obtain high-resolution climate data, climate model simulations covering the historic
and future climate (1960–2100) were performed at a 50 km horizontal resolution globally,
using the conformal-cubic atmospheric model (CCAM). The CCAM model is a variable-
resolution global climate model (GCM) developed by the Commonwealth Scientific and
Industrial Research Organization (CSIRO) [55–57]. The CCAM model is run coupled with a
dynamical land-surface model known as the CSIRO Atmosphere Biosphere Land Exchange
(CABLE). For the global runs, the two GCM models were used to force CCAM-CABLE
with bias-adjusted sea-surface temperatures (SSTs) and sea-ice concentration. The GCMs
in this study are the Community Climate and Earth-System Simulator (ACCESS1-0) and
the National Centre for Meteorological Research Coupled Global Climate Model, version
5 (CNRM-CM5). Both GCMs’ outputs, used as CCAM-CABLE forcing data, formed part
of the Coupled Model Intercomparison Project Phase Five (CMIP5) and the Assessment
Report Five (AR5) of the Intergovernmental Panel on Climate Change (IPCC).

The obtained CCCAM-CABLE native model outputs were further downscaled to a
high resolution of 8 km (0.08◦ degrees in latitude and longitude) using a spectral-nudging
strategy. Subsequently, the 8 km horizontal was further downscaled to a 1 km resolution
using CCAM-CABLE coupled with an urban canopy scheme that is based on the Town
Energy Budget approach [58]. The native CCAM-CABLE data used in this case derived
from the proceeding downscaling experiment with CNRM-CM5 model forcing data. All
the high-resolution downscaling model experiments were conducted with CCAM-CABLE
prescribed with atmospheric CO2, sulphate and ozone under the Representative Concentra-
tion pathway 8.5 (RCP8.5), which is commonly referred to as the low-mitigation scenario
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for the 21st century. The ability of CCAM-CABLE to simulate climate over Southern Africa
has been showcased in several scientific outputs [59–64].

The 8-km horizontal downscaling based on ACCESS1-0 forcings is used to demon-
strate South Africa’s wide long-term average pavement spatial pattern temperatures, while
the spatial features of the urban pavement temperature at 1 km are depicted using CCAM
native outputs obtained from the CNRM-CM5 model downscaling.

Depending on the data collection method, data cleaning is required particularly along
the coastal regions, as shown in Figure 16, and within the proximity of other large water
bodies prior to processing, so that the road temperatures are accurately represented. This is
essential in order to avoid skewed results leading to lower temperature grades of bitumen
being allocated to certain regions.

Figure 16. Pre-processing of climate model data for points over water.

4.5. Designing for Current vs. Future Scenario

Past research has shown that, due to climate change, there is a necessity to plan and
design pavements for expected climatic conditions rather than historic climates [65–69].
This can be challenging because there are limited standardized procedures to do so. It
is also not a simple exercise because climate models are not predictions or forecasts, but
rather projections according to the likelihood of future CO2 emissions. Therefore, using
exact outputs from the models for engineering design purposes may not be appropriate.
Simulation outputs are best used to allow informed planning that can provide indicators
for the development of guidelines.

The importance of considering climate change projections in this process and incorpo-
rating the expected future increases in temperatures has been previously demonstrated,
due to the potentially adverse effects that climate change may have on bituminous binder
selection [42]. The authors incorporated a high-resolution model simulation of present-day
climate as well as future climate projections for South Africa. With coupling and correc-
tions for specific terrains, the conformal-cubic atmospheric model (CCAM) [55–57] has a
proven ability to realistically simulate the present-day Southern African climate. Although
a low-mitigation scenario climate model was used based on average air temperatures, the
observed impact appeared significant and prompted the South African pavement industry
resolution to research mitigation measures.
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They demonstrated an increase of up to 7 ◦C in maximum pavement temperatures
between four 20-year periods spanning between 1980 and 2060. Figure 17 shows a trend
depicting an increase in extreme temperatures.

Figure 17. Effect of climate change on maximum pavement temperatures over 80 years between (a)
1980 and 200; (b)2000 and 2020; (c) 2020 and 2040; (d) 2040 and 2060 [42].

Given the impacts of climate change on the air and, consequently, on the pavement
temperatures, there is a need to develop a customized approach for Africa with projections
of extreme pavement temperatures into future scenarios, for incorporation into designs
and bitumen selection specifications.

5. Mapping Considerations

To assist during the process of specifying the asphalt bitumen, country pavement
temperature maps are generated from calculated pavement temperature points according
to the latitude and longitude co-ordinates.

In order to extend these data points across a country, an interpolation process is
applied. The selected general interpolation technique is the Kriging method or a Gaussian
process of regression [43,70]. Kriging assumes that the distance or direction between the
sample points reflects a spatial correlation that can be used to explain the variation in the
surface. The Kriging tool fits a mathematical function to a specified number of points, or
all points within a specified radius, to determine the output value for each location. Like
most interpolation techniques, Kriging is built on the basis that things that are close to one
another are more alike than those farther away (quantified here as spatial autocorrelation).

The input dataset obtained from weather stations is not always comprehensive but
is still considered to be the most representative. Given the limited number of data points
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from weather stations and the Kriging interpolation used to generate the maps, based
on the interpolation technique, the most accurate pavement temperatures are obtained
within the proximity of the existing weather stations. This contrasts with temperature
maps developed from climate modelling data, where the calculated points are based on
grid points obtained from downscaling techniques and not from weather station locations.

The factors to consider, which affect the reliability of pavement temperature maps
include the number and distribution of data points as well as the accuracy of the Kriging
interpolation method at points between known values.

Therefore, there is a need for a statistical methodology to define the distribution with
respect to the road network.

Figure 18 shows the weather stations superimposed onto the current South African
temperature map based on the data from 122 weather stations [43], where the national road
network is illustrated in blue. Given the difference in nature of both data sources (weather
station vs. climate model), a direct comparison of the spatial distribution between both
maps cannot be made.

Figure 19 shows the comparison of the distribution of the weather station points
vs. the 8 × 8 km grid acquired from the climate model across South Africa. The current
temperature maps [43] are based on measured data but limited to only a few sites in
comparison to the climate model. This results in less accuracy, particularly in areas where
weather stations are far from one another.

A comparison was therefore made between the results obtained from an 8 × 8 km
grid and selected data points from the same model. The reduced points were located at the
same position as the weather stations used for producing the current maps.

Figures 20 and 21 illustrate the difference in temperature maps depending on the
number of points as well as the distribution of those points. It is demonstrated that a change
in the number and distribution of points affects the distance between the contour plots
and the resolution of the maps, which becomes more important for regional road planning,
design and construction. In areas with few and distant spatialized weather station data, the
bitumen performance-grading requirement of local roads can be inaccurate. This effect is
demonstrated by the steep contour plots observed in the Western Cape region, where there
are several weather stations located near each other in comparison to the rest of the country.
An increase in the PG binder requirement is observed in Polokwane as well as along the
Northern/Western Cape border, with a higher resolution data source. The introduction of
a PG 58 zone in the Western/Eastern Cape is also observed for the same reason.

The Kernell Density “interpretation” process, which was used for developing the
maps, relies on more points to increase the accuracy of the maps, thus making the modelled
data more advantageous due to its higher resolution and regular distribution across the
country.

For the foreseeable future, the use of climate models and mapping for material selec-
tion presents a promising outlook for engineering design, where expected weather events
resulting from a changing climate can be accommodated for in the provision of resilient
road infrastructure. The effects of climate change usually affect a region spanning multiple
countries, which may also influence the process of using downscaled climate models.
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Figure 18. South African 7-day-average maximum pavement temperature map with weather station
locations.

Figure 19. Comparison of South African weather station points and climate model points.
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Figure 20. 2020–2040 map and national road network from the 8 × 8 km grid.

Figure 21. 2020–2040 map and national road network generated using limited climate model points.
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6. Conclusions

The African case studies presented in this paper show the critical factors for the devel-
opment of the temperature maps that are necessary for the performance-graded bitumen
selection used in asphalt pavement design and construction. The findings highlight the
influence of the following identified parameters:

1. The selection of a pavement temperature model
2. The effect of urban heat islands on bituminous binder selection
3. Source of climate data
4. Mapping considerations and scale of use

The calculation of pavement temperatures is the foundation of temperature zoning,
and, depending on the model, it must take into consideration the pavement structure and
the material’s thermal properties, as well as the weather conditions, which are dependent
on the prevailing regional climate. Most pavement temperature models are fundamen-
tally based on the theory of heat transfer and can be categorized based on the method of
calculation. For the purpose of producing national temperature maps, empirical models
can be used and are usually preferred over analytical and numerical models, since less
computation is required and they usually provide a simplified relationship between pave-
ment temperatures and key weather parameters. With the use of empirical models, the
calibration against other areas within the country is also recommended in order to obtain
pavement temperatures that are representative of the various climatic zones prevalent in
the country.

For this paper, an urban heat island model for a local South African municipality was
used to develop corresponding pavement temperature maps, and minimal differences were
observed in the maximum pavement temperatures. However, the formation of heat island
hotspots in the city had a significant effect on the minimum pavement temperatures, where
an increase by two performance grades was observed in comparison to the calculated
minimum pavement temperatures at the national scale. The findings indicated that a
conservative PG allocation for minimum temperatures can be expected in areas where
urban heat islands occur.

The ideal air temperature source for pavement temperature calculations is provided
by the most recent observed measurements. This paper showed that due to the sparse
distribution of weather stations and the sometimes inconsistent datasets produced by the
weather stations, parameter outputs from reanalysis or satellite models are a more conve-
nient solution, given that they are based on observed measurements. Engineering designs
are often based on historical and extreme weather observations, but this is restricting when
infrastructure is designed and built to withstand expected conditions. With a changing
global climate, it is necessary to make informed planning and design decisions based
on the expected changes in climatic conditions. This paper discussed the usefulness of
downscaled Global Climate Models for adaptive engineering design, as they can simulate
expected climates for specified emission scenarios.

Finally, the paper also presented and discussed geographical mapping considerations
for the purpose of selecting performance-graded bitumen. Pavement temperature visu-
alization in the form of geographical maps is a particularly useful tool for engineers in
selecting the most appropriate binder for a particular location. This paper showed that,
depending on the specific scale and use required, the choice of data source will affect the
resolution and accuracy of the map.
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