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Abstract: Despite its worldwide adoption in many countries, rubberized asphalt mixtures are not fully
incorporated as an alternative paving material in current Italian road specifications. This reluctance
stems from a lack of experience, resistance to change in established work practices, and, sometimes,
insufficient evidence demonstrating tangible benefits with local specifications. Furthermore, conven-
tional characterization methods such as void checks and indirect tensile strength testing by means of
IDT may not accurately capture the true benefits of using alternative paving materials. This study
introduces performance-driven characterization approaches with the final aim of evaluating whether
more advanced procedures may provide additional information compared to current practices and, in
turn, promote the use of alternative paving materials. Hence, an investigation has been conducted to
compare the rutting behavior of conventional asphalt mixtures with those modified with engineered
crumb rubber (ECR). This comparison utilized performance-driven characterization approaches,
including a basic IDT-based methodology at higher temperatures (HT-IDT), as well as two more
sophisticated approaches, the Stress Sweep Rutting (SSR) and Flow Number (FN) tests, using the
asphalt mixture performance tester (AMPT). Finally, the results were compared with those obtained
using the IDT, a conventional method as specified by the major Italian road authority. As a result,
the addition of ECR proves beneficial in enhancing the qualities of dense mixtures tailored for use
on urban and secondary roads; however, only performance-driven characterization, with both basic
and advanced methodologies, can clearly describe the pivotal role of ECR in achieving discernible
enhancements in the rutting behavior of asphalt mixtures.

Keywords: rutting; permanent deformation; performance-related characterization; tire rubber;
modified asphalt mixtures; SSR; HT-IDT; shift model

1. Introduction

In recent times, there has been a notable rush in the pavement sectors to focus on
enhancing construction methodologies, aiming to extend the lifespan of pavements and
reduce the impacts associated with maintenance and rehabilitation efforts. These efforts
are primarily associated with numerous failures occurring in flexible pavements. Several
research investigations have explored diverse methods of forecasting fundamental failure
mechanisms in flexible pavements, such as rutting occurrence [1,2]. Rutting can be defined
as the occurrence of transverse displacement caused by depression in a surface along the
longitudinal direction. As a result of heavy traffic loads, the volumetric and shear strain
accumulation results in permanent deformation/rutting [3]. Ultimately, it involves the
compression of the road’s layers, which leads to with or without a change in volume, and
shear deformation. These effects result from the continual application of traffic loads and
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adverse temperature conditions [4]. The main mechanism of permanent deformation inside
the flexible pavement structure is mainly based on three nodes, i.e., material loss, plastic
flow in the lateral direction, and densification [3,5].

One form of non-structural rutting, specifically an asphalt mixture rutting, occurs
because of service failures, when the pavement experiences an ample amount of traffic
load and an increase in temperature [6]. In such cases, the asphalt material exhibits an
immediate elastic response, followed by progressively increasing deformation over time.
This irreversible distress not only deteriorates the comfort of the ride and heightens the
potential for safety issues but also diminishes the longevity of the pavement, leading to
elevated maintenance expenses [7]. For example, the presence of rutting poses a safety
hazard, especially when the ruts are filled with water, as this can lead to vehicle hydroplan-
ing. This phenomenon, where vehicles lose complete contact with the road surface, poses
an immediate risk of sliding out of the designated lane, creating a potentially dangerous
situation [8-10]. An essential aspect in designing a flexible pavement involves material char-
acterization to ensure reliable predictions of permanent deformation [11-13]. At present,
the material characterization procedure involves the examination of various modified
materials incorporated into asphalt mixes through diverse laboratory experiments. This
approach establishes a robust basis for assessing the mechanical properties of asphalt
mixes, particularly with respect to permanent deformation [14,15]. Several researchers
have suggested different types of physical and chemical modifiers to be used in asphalt
mixtures, enhancing the pavement’s rutting resistance behavior. These diverse types of
modifiers like fillers, polymers, plastics, and rubbers along with anti-rutting agents are
widely available but are not fully implemented because of the complex issues associated
with their cost and construction on-site [16-18].

One common type of these modifiers is a crumb rubber that can be obtained through
the recycling process of waste tires. This prevalent modifier is utilized in asphalt mixes [19].
Currently, technological advancements involve the integration of both synthetic and recy-
cled rubber into traditional asphalt mixes to improve the resistance to rutting [20,21]. This
approach has demonstrated effectiveness in improving the cracking resistance and has also
been found to be economical for road construction against other synthetic polymers used in
modifying asphalt mix properties [19]. However, due to the swelling at high temperatures,
crumb rubber is less likely to resist permanent deformation [22,23]. Another alternative
is engineered crumb rubber (ECR), which is a commercial product treated chemically to
manage swelling in asphalt mixtures and reduce operational temperatures during mixing
and compaction phases. The patented ECR product, developed in the United States and
now also distributed in Europe, is introduced into asphalt mixtures using a dry process [24].
Since 2021, Italian specifications (ANAS, 2021) have incorporated rubberized asphalt mix-
tures in their guidelines [25]. These specifications are not fully implemented and have a
lack of performance-related characterization, especially in terms of the rutting behavior
of asphalt mixes. The Italian road authorities currently rely on conventional IDT testing
at 25 °C, which is unable to characterize the rutting behavior at high temperatures. The
predominant factors contributing to this situation are insufficient information and training
among professionals and stakeholders, as well as a lack of support from local policies.

In addition to the integration of various modifiers into asphalt mixtures, a variety of
testing methodologies and equipment are available to evaluate the resistance to permanent
deformation. These include rutting evaluation through wheel tracker equipment, an as-
phalt pavement analyzer, HT-IDT testing, and SSR testing using AMPT [16,26,27]. These
different testing methodologies vary in complexity and cost-related issues, but are designed
to simulate the conditions of a pavement subjected to heavy traffic loads and challenging
environmental conditions. Nevertheless, compliance requirements set by the Italian road
authority still rely on volumetric properties like void content checks and mechanical param-
eters, such as IDT at 25.0 °C. These requirements are unable to include any characterization
methods specifically designed to evaluate resistance to permanent deformation. Another
issue related to the specifications of the Italian road authority is the laboratory compaction
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of the asphalt mixtures. These specifications are based on achieving a certain number of
gyrations based on the energy compaction process. However, performance-related charac-
terization is based on achieving a specific height and targeting the specific air void content
of the compacted asphalt mixtures [25,28]. The basic approach of this study with regard to
rutting characterization has an advantage in terms of characterizing the rutting based on
low-cost and easily available equipment at different research laboratories. Meanwhile, the
advanced approach considered the climate conditions to characterize the rutting behavior
of the conventional and rubberized asphalt mixes. It is notable that the regions that match
the climatic conditions of Sicily do not require any climatic data in the shift model for
rutting characterization.

Aim of the Study

To address the aforementioned research gaps concerning material advancement and
testing methodologies used by the Italian road authorities, this study aims to evaluate
the ability of current Italian road specifications to discriminate the rutting behavior of
conventional and rubberized asphalt mixtures. Moreover, this research study proposes
two approaches, i.e., Basic and advanced level, based on the availability of the equipment
in research laboratories around the globe for the better quantification of the permanent
deformation of alternative paving materials.

In this regard, an experimental program was employed with a multi-level strategy,
incorporating conventional characterization that includes volumetric (by means of void
content analysis) and mechanical characterization (by means of IDT testing at 25.0 °C).
The alternative method includes laboratory compaction that targets the 5.0% air voids
and additional characterization based on basic- and advanced-level testing of asphalt
mixtures for their rutting behavior. The basic-level testing includes an HT-IDT test at
54.0 °C. Additionally, FN and SSR tests were carried out for advanced performance-based
viscoplastic characterization. The outcomes of both approaches have been tailored to the
climatic conditions observed in the Sicily region of Italy. The organization of this research
study is based on the following sections. Section 1 provides a brief introduction on the
background of permanent deformation and the level of research already carried out on
different alternative paving materials and testing methodologies The aim of the study
has also been highlighted in this section. Section 2 provides the details of materials and
methodology of this study. While Section 3 provides details about the results and discus-
sions from QA /QC by the Italian road authorities to additional rutting characterization.
Section 4 provides a summary of the results including a comparison of the conventional and
rubberized asphalt mixtures and also a discrimination between the testing methodologies
for the evaluation of permanent deformation. This section also highlights the compari-
son of the laboratory compaction processes based on energy compaction and target air
void studies. The conclusion, results, and final recommendations to practitioners for the
use of rubberized asphalt mix and the adaptation of testing methodologies are provided
in Section 5.

2. Materials and Methods
2.1. Materials

The asphalt mixtures examined in this study were formulated in a laboratory setting
specifically for surface courses, designed for urban areas with low traffic volumes, fol-
lowing the guidelines of the Italian road authority [25]. Two compositions of mixtures
were analyzed, namely, conventional asphalt concrete, identified as “AC8 CONV”, and
rubberized asphalt mix, referred to as “AC8 ECR”. The designated maximum aggregate
size was 8.0 mm for both the conventional and rubberized asphalt compositions. AC8 ECR
is a rubberized asphalt mixture produced by incorporating engineered crumb rubber (ECR)
through a dry process where the rubber is added to the mixer as an additional fine particle.
ECR is an innovative rubber chemically treated to prevent excessive swelling during laying
and compaction operations. It also aids in improving the pavement’s life cycle with lower
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maintenance. The addition of ECR in asphalt mixes ranges from proportions of 0.5 to
1.5% by weight of the total mixture weight [20]. The grading characteristics of both the
conventional and rubberized mix are highlighted in Figure 1, respectively. The gradation
curve was adopted from “USURA B” Italian specifications for wearing surfaces [25,29].
As can be seen in Figure 1, AC8 ECR is covering almost all the sieve sizes and has a finer
gradation for wearing surfaces.
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Figure 1. Gradation curve of conventional and rubberized mixes.

Specimen Preparation

The mixture composition is summarized in Table 1. The specimens were produced
using a gyratory compaction method, applying a vertical pressure of 600 kPa [30]. The
compaction process involved a gyration speed of 30.0 rpm, an external gyration angle set
at 1.25°, and utilized a mold with a diameter of 150 mm. Two compaction methods were
adopted, based, respectively, on compaction energy and target air void studies. The first
method involved energy compaction to check the air void content of the mixtures and to
ensure compliance with the Italian road authority (ANAS) [31]. The air void contents were
determined using a hydrostatic process according to UNI EN 12697-5 [32]. After successful
compliance of the mixes, the second compaction method was carried out by targeting 5.0%
air voids for performance-based characterization, using a height of 180.0 mm as required
for advanced laboratory testing [33,34]. For conventional and basic-level characterization
that includes IDT testing, the dimensions of the specimen were 50 mm (height) x 100 mm
(diameter). After achieving the targeted mass of the 5.0% air voids, the new Superpave
gyratory specimens were compacted and were cored and cut to obtain the dimensions
necessary to carry out the basic and advanced laboratory tests.
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Table 1. Composition of mixtures.
. . Asphalt Binder o . <1 (o
Mixtures Binder Type Content (%) Rubber Content (%) Target Air Voids (%)
AC8 CONV 50/70 4.80 - 5.0
AC8 ECR 50/70 5.20 0.50 5.0
2.2. Methods
The conventional and rubberized asphalt mixes were first checked to ensure the
compliance with the Italian road authority. Conventional characterization is based on void
content checks and IDT testing starting from 20 &+ 5 °C. The air void content range for a
certain number of gyrations can be seen in Table 2. Once the mixes were found to comply
with the Italian standards, the methodology was further extended for performance-related
characterization in terms of the rutting behavior, using AC8 CONV conventional mix and
ACS8 ECR rubberized mix by targeting the 5.0% air voids in both mixes.
Table 2. Benchmark values for conventional characterization.
Characterisation Property Benchmark Values Standards/Specifications Reference (s)
No. of gyrations Void content (%)
N10 11-15
C . Void content check N120 3-6 UNI EN 12697-5/ ANAS [25]
onventional
(QA/QC—Ttalian Indirect tensil ITé\I é\}[(l)’ ) 075 1 60
iy ndirect tensile a /-1
road authorities) strength at 25.0 °C ITS (MPa) >06 UNI EN 12697-23/ ANAS [25]
Indirect tensile CTI (MPa) >65
coefficient at 25.0 °C CTI (MPa) 50-150 UNI EN 12697-23/ ANAS [25]

Performance-related characterization (PRC) on a basic level was carried out with
HT-IDT at 54.0 °C. However, FN tests at 54.0 °C and SSR tests at a low temperature of
20.0 °C and a high temperature of 54.0 °C were conducted to characterize the mixes on an
advanced level.

Each approach exhibited an increasing level of intricacy for assessing the rutting resis-
tance of the conventional and rubberized asphalt mixtures. The experimental procedure is
shown in Figure 2.

2.2.1. Conventional Characterization (QA/QC—Italian Road Authority Requirements)
Conventional IDT Testing

Conventional characterization involves the completion of an IDT test. The IDT test
was carried out using UNI EN 12697-23 at 25.0 °C; three trials were conducted for each
examined mixture [25]. At this temperature, there was no need to modify the specimens for
further conditioning. Referring to Table 2, the ANAS Italian road specifications for quality
assurance and quality control (QA/QC) recommend a minimum tensile strength between
0.72 and 1.60 MPa for asphalt mixtures, while the ANAS CSA ACUSTICA (QA/QC)
specification recommend a minimum range of greater than or equal to 0.6 MPa. The peak
load at the specimen’s fracture and its dimensions are used to compute the ITS, as indicated
by Equation (1).

The formula for indirect tensile strength (ITS) is expressed as

ITS = 2P/ (7DH) (1)

Here, P stands for the peak load, H denotes the specimen’s height, and D indicates the
diameter of the specimen.

The indirect tensile coefficient (CTI) of both the mixtures was calculated by the formula
in Equation (2) [25]. The minimum range recommended by the ANAS for the CTI is greater
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than or equal to 65 MPa, while for the ANAS CSA ACUSTICA, the minimum recommended
range is between 50 and 150 MPa.

CTI = .ITS.D/2. 5y @)

Here, in Equation (2), y represents the vertical displacement of the specimen recorded
at the point of failure. D is the diameter of the specimen.

i No of gyrations (N210)
i (EN12697-5)

,,,,,,,,,,,,, (" Conventional Characterisation ).

Italian Road authority requirements
Quality control/Quality assurance of the asphalt mixtures
1

Mechanical properties

Indirect Tensile Strength
Test (IDT) at 25.0 °C
(EN 12697-23)

Indirect Tensile coefficient
(CTI)
(EN 12697-23)

Volumetric properties

Voids content (%) check
(EN12697-5)

Are the current Italian road
specifications able to discriminate the
utting behavior of conventiona
and alternative
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J
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v

A
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Figure 2. Schematic representation of the research study.

2.3. Additional Rutting Characterization
2.3.1. Basic Level
High-Temperature Indirect Tensile Strength (HT-IDT) Evaluation

Similar to IDT tests conducted at 25.0 °C, the fundamental performance-related
test was executed under elevated temperatures using a high-temperature HT-IDT test
at 54.0 °C [16]. The specimens were conditioned at the testing temperature, set as 10.0 °C
lower than the average temperature observed over a week, taking into account the highest
pavement temperature. The HT-IDT test was conducted by following the specifications of
ALDOT-458. Furthermore, the benchmark values for characterizing the rutting resistance
are provided in Table 3. Mixtures having an equal or greater strength than 0.44 Mpa have an
excellent rutting resistance while a mixture with a strength less than 0.20 MPa is considered
a poorly rutting-resistant mixture [16]. Similar to the CTI obtained at 25, the indirect tensile
coefficient (CTI) of both the mixtures were calculated using the formula in Equation (2)
with a temperature of 54 °C.
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Table 3. Benchmark values for rutting resistance of the asphalt mixtures.
Characterization Level Standard Parameter Performance
>0.44 Excellent
Basic 0.32 <044 Good
(rutting resistance) ALDOT-458 HT-ITS (MPa) 0.20 < 0.32 Fair
<0.20 Poor
Advanced AASHTO T378-171 Flow number (FN) Traffic (10° ESALSs) Minimum FN
(rutting resistance) <3 -
3to <10 50
10 to <30 190
>30 740
Traffic (10° ESALSs) RSI (%)
<10 <12 (S)
AASHTO TP 134-22 Rutting strain index (RSI) 10 to 30 <4.0 (H)
>30 <2.0(V)
>30 slow traffic <1.0 (E)

2.3.2. Advanced Level
Flow Number (FN) Assessment

The assessment of advanced-level performance focuses on studying rutting resistance
using an AMPT following the guidelines of AASHTO TP 79-13. The FN examination was
performed to check the lasting permanent deformation in asphalt compositions. The FN
test was conducted under the specifications of AASHTO T 378-171. FN is a typical type of
test used to evaluate permanent deformation based on pass and fail criteria. The load cycles
align with the smallest rate of variation in the lasting axial strain throughout a repetitive
load assessment. The FN test performed at 54.0 °C is an adapted form of the repeated-load
rutting test method employed by researchers since the 1970s to gauge the rutting potential
of asphalt concrete. The minimum recommended range, summarized in Table 3, for 3 to
10 million ESALs of traffic is 50. Mixtures having an FN greater than 740 have excellent
rutting resistance and can be used for roadways having greater than or equal to 30 million
ESAL:s [35,36].

Stress Sweep Rutting (SSR) Assessment

The SSR test was conducted using the AASHTO TP 134-22 standard, involving the
testing of four cylindrical specimens for each mixture. In the SSR assessment, both high
(Ty at 54.0 °C) and low (T, at 20.0 °C) temperatures are taken into account. The testing
temperatures were calculated by using the equation given in AASHTO TP 134-22. At each
temperature setting, a vertical pressure is exerted over 600 cycles across three different
deviatoric stress levels (with 200 loading increments for every segment). The sequence of
the deviatoric stress levels is 483, 689, and 896 KPa for T1, while for Ty, the sequence is
689, 483, and 896 KPa. This is because of the construction of the reference curve at 689 KPa.
A pressure of 69.0 KPa is introduced using a loading pulse lasting 0.4 s, succeeded by a
relaxation period of 3.6 s for Ty and 1.6 s for Ty, [26,37].

Determination of Permanent Strain Using Shift Model

The outputs from the SSR tests are also used to evaluate the permanent strain using
FlexMAT™ rutting. The working mechanism of this tool is based on the shift model.
The shift model assesses how loading duration, temperature, and vertical force influence
rutting performance. The shift model bears resemblance to the 2s2p1D model for stiffness
assessments using the dynamic modulus test. The effect of temperature, vertical stress,
and loading time is shifted by using the shift factors to check the rutting performance.
The initial assessment is based on the first 200 cycles at a high temperature, generating a
reference curve at a deviatoric stress level of 689 KPa. The outputs of the shift model also
aid in the calculation of the RSI [26,38,39].
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Rutting Strain Index(RSI) Quantification

The RSI measures the enduring deformation in an asphalt layer in relation to the
layer’s thickness at the end of the pavement’s service lifecycle. This evaluation is carried
out through 30 million repetitions of an 18-kip standard axle load, taking into account a
standard structure [40]. The recommended range of RSIs for asphalt mixtures according
to the specifications are summarized in Table 3. An RSI greater than or equal to 12 is for
standard traffic having less than 3 million ESALs, while for extremely heavy traffic, the RSI
should be less than 1.0 [41].

3. Results and Discussion

3.1. QA/QC Assurance—Italian Road Authority Requirements
3.1.1. Conventional Characterization

Volumetric Analysis

The air void content analysis was carried out by using the energy compaction process.
According to the Italian road authority, each asphalt mixture should have a specific range
of air voids depending on the design’s number of gyrations in Table 2 [25]. As can be seen
in Figure 3, the air void content consistently decreases in the AC8 ECR mix, especially at
a higher number of gyrations, where the difference in the void content is 58%. It can be
concluded that the addition of rubber particles to the mix reduces the air voids.

Void Content Check
18
14.97 Voids Content for ANAS requirements
16 13.63 No of Gyrations Voids content (%)
--------------------------- max N10 11-15
14 N120 36
- N210 )
s 12
o
:g 10 B ACSCONV ®mACSECR
=
.5
< 8
| [ P .
4
2
0

10

120 210
No of Gyrations

Figure 3. Void content analysis for conventional characterization.

3.1.2. Conventional IDT and CTI Analysis

The conventional IDT test analysis was carried out on conventional and rubberized
asphalt mixes to check the effect of strength on the energy compaction (N210) and the
targeted 5.0% air void mixtures. Notably, these mixtures, when targeting the 5.0% air
voids inside both the mixtures, demonstrate an almost similar ITS value, with a percentage
difference of only 1.89% and 2.33%, as shown in Figure 4. Importantly, both mixtures meet
the stipulated requirements of the Italian road authority (ANAS) [25]. The minimum range
for the ITS testing can be seen be in Table 2. Furthermore, if the ITS comparison is carried
out between the conventional and rubberized asphalt mixes, then the difference is around
35.0%. However, it should be noted that the IDT at 25.0 °C was only measured to check
its compliance with the road authorities. The further goal was to compare the laboratory
compaction process based on the energy compaction and target air voids.
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3 o,
Conventional (IDT) at 25.0 °C ANAS requirements for IDT

ITS (MPa) 0.72-1.60
ANAS CSA ACUSTICA specifications
ITS (MPa) =0.6

25
214 2.19
&
2
=
E ) max
~ 15
[95]
=

28

=
e

AC8 CONV (N210) AC8 CONV (5% voids) ACS8 ECR (N210) AC8 ECR (5% voids)

Figure 4. Indirect tensile strength analysis for conventional characterization.

The indirect tensile coefficient (CTI) for both the conventional and rubberized asphalt
mixes are calculated from the IDT obtained at 25.0 °C. The minimum range recommended
by the Italian road authority (ANAS) can be seen in Table 2. Figure 5 exhibits the results of
both mixtures and it can be seen that the Italian road authority requirements can be fulfilled
by both mixes [25]. Based on the CT], it can be observed that there is no clear difference
found between the energy compaction process (N210) and 5.0% target air voids between
each mixture. However, it should noted that the difference between the conventional and
rubberized asphalt mixtures based on the 5.0% target air voids is around 69.0%. However,
with conventional characterization, the IDT measured at 25.0 °C does not allow us to
highlight the strength advantages of the crumb rubber in asphalt mixtures in terms of the

rutting behavior.
Indirect Tensile Coefficient (CTI) at 25.0 °C

160
140 ANAS requirements for CTI

CTI (MFa) 265

ANAS C5A ACUSTICA specifications
170 CTI (MPa) 50-150
100

= -

E % 74.86 7751

urt N

=0 g -
60 Ass% |
40 \
20

ACS CONV (N210) AC8 CONV (5% voids) ACS ECR (N210) ACB ECR (5% voids)

Figure 5. Indirect tensile coefficient analysis of conventional and rubberized asphalt mixes.

3.2. Summary of the Conventional Characterization

Based on Figures 4 and 5, it can be summarized that based on the ITS and CTI, both the
mixtures can be investigated further for performance evaluation in terms of their rutting
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behavior. Therefore, the results of this research recommend target air void study instead of
energy compaction for the additional rutting behavior of the conventional and rubberized
asphalt mixes.

3.3. Additional Rutting Characterization
3.3.1. Basic-Level Rutting Behavior
High-Temperature (HT-IDT) and CTI Analysis

The high-temperature IDT was performed to characterize the conventional and rubber-
ized asphalt mixes for the rutting behavior. In Figure 6, the HT-IDT results are presented,
highlighting that the AC8 ECR mix stands out in terms of its average strength as compared
to the conventional AC8 CONV mix. Meanwhile, AC8 CONYV is categorized as having
“poor” rutting resistance according to the standards summarized in Table 3, whereas AC8
ECR attains an “average” rating [42]. Based on the high-temperature indirect tensile
strength test results, the addition of the rubber particles shows better resistance as com-
pared to the conventional mix. As the conventional mix is able to bear the load of <3 million
ESALs, it lies in the “poor” category described by the standard, while the rubberized mix
lies in the “fair” category. Although the rubberized asphalt mix is 73.0% better in terms
of resistance to permanent deformation, it still cannot be recommended for heavy traffic
(>30 million ESALs). One reason for this is that at a high temperature, the rubber particles
may melt inside the mixture, and subsequently, the stiffness of the mixture decreases
because of the softness of the rubber particles [43,44].

HT-IDT at 54.0 °C

.......................................................................................... > 0.44 MPa (Excellent)
ANAS requirements for CTI
0.42 CTI (MPa) 265
ANAS CSA ACUSTICA specifications
CTI (MPa) 50-150
0.35 0.26
- | 0.32 £ 0.44 MPa (Good) |
& o2s
E A
-~ 0.15
9]
B o2
""""""""""""""""""""""""""""""" | 0.20 = 0.32 MPFa (Fair) |
0.14
0.07 | < 0.20 MPa (Poor) |
0
ACS CONV ACBECR

Figure 6. High-temperature indirect tensile strength analysis.

The indirect tensile coefficient (CTI) for both the conventional and rubberized asphalt
mixes are calculated from the high-temperature IDT obtained at 54.0 °C. As can be seen
in Figure 7, both the conventional and rubberized mixes exhibit a drastic difference in the
CTI at 54.0 °C as compared to the CTI at 25.0 °C. The difference in the CTI between the
conventional and rubberized asphalt mixes is around 77.65%. One reason for the minimum
values of the CTI at high temperatures could be the softness of the mix. However, it is
recommended that more research needs to be carried out on the CTI [43].
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e
o ~]

Excellent =30 (Million ESALS)
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e e e
Ll £ S ¥~ -

CTT (MPa)
o
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Figure 7. Indirect tensile coefficient analysis at high temperature for rutting behavior.

3.3.2. Advanced-Level Rutting Behavior
Flow Number (FN) Analysis

As illustrated in Figure 8, AC8 CONV has a higher slope and therefore a higher level
of deformation is observed than that in AC8 ECR. The conventional mix deforms plastically
before the rubberized mix. The linear analysis of AC8 CONV showed less resistance to

permanent deformation as compared to the rubberized asphalt mix.
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Figure 8. Linear analysis of conventional and rubberized asphalt mix for flow number.
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No significant difference has been found by performing linear regression on both the
conventional and rubberized asphalt mix. But the FN was calculated for AC8 CONV and
ACS8 ECR, as shown in Figure 9, and the minimum range recommended by the standards
are summarized in Table 3. The difference in the resistance to permanent deformation
between AC8 CONV and AC8 ECR was found to be 34%. Referring to Figure 9, it can be
concluded that rubberized asphalt shows a significant difference in terms of the resistance to
permanent deformation and is recommended for a load greater than or equal to 30 million
ESALs [45,46]. Furthermore, it can also be seen that rubberized asphalt mixes are not
recommended for heavy traffic because the rubberized mix is unable resist permanent
deformation and would not achieve a higher flow number. At a high temperature, the
rubber particles become soft and the stiffness of the mix becomes reduced, due to which,
plastic flow may occur inside the rubberized mix.

Flow number analysns Flow Number Traffic

10000 NIL <3 million ESALs
50 3 to <10 million ESALs
190 10 to 30 million ESALs
1000 :l 740 =30 million ESALSs
Excellent
-
: —
E 100 Good
2
2
m
10
1

AC8 CONV ACB ECR

Figure 9. Flow number evaluation of conventional and rubberized asphalt mixes.

Stress Sweep Rutting Test (SSR) and RSI Results

The average permanent strain results at both 54.0 °C and 20.0 °C are shown in
Figure 10a,b, along with the trend in the permanent deformation accumulation across
varying cycle counts. This clearly indicates a distinct advantage for the AC8 ECR mixture.
Specifically, this mixture consistently demonstrates minimal permanent strain, both at low
and high temperatures, showcasing its superior resistance to rutting [1]. In comparison
to the conventional AC8 CONV mix, the modified AC8 ECR proves to be significantly
less susceptible to rutting, with an average percentage difference of around 9.0%. But the
difference between the conventional and rubberized asphalt mix is not more than 9.0%
and 24%. It can be concluded that based on permanent strain accumulation, there is not a
significant difference. By taking environmental conditions, vertical stress values, and SSR
outputs into account, the RSI can be calculated to further characterize these mixtures in
terms of the different categories of traffic loading and layer thicknesses.

To gain a more comprehensive understanding of the permanent strain developed in
conventional and rubberized asphalt mixtures, an advanced analysis was conducted, using
the FlexMAT rutting tool to elaborate the calculation of the RSI [41,47]. The calculated
RSI values for AC8 CONV and AC8 ECR were compared with the standard, as shown in
Figure 10. For the conventional mixture AC8 CONYV, the RSI value obtained was 6.53%
and so it was recommended for standard traffic. The RSI for AC8 ECR is 3.89%, which
means it is recommended for heavy traffic, according to the standard values shown in
Figure 11. The recommended ranges for the RSI are summarized in Table 3. From the
RSI calculations, it can be concluded that a lower amount of permanent strain is likely to
occur in rubberized asphalt mix as compared to the conventional mix. This highlights the



Infrastructures 2024, 9, 113

13 of 18

superior performance of AC8 ECR in terms of rutting resistance compared to conventional
mixtures. But the rubberized asphalt mix is still unable to resist permanent deformation
caused by heavy and extreme traffic conditions. Rubberized asphalt mix provides better
resistance to permanent deformation but, likewise, in HT-IDT and FN, at high temperatures,
the rubberized asphalt mix became less stiff and unable to resist permanent deformation.
This may happen because of the melting of rubber particles at high temperatures.
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Figure 10. (a) Permanent strain at high temperature. (b) Permanent strain at low temperature.
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Figure 11. Rutting strain index analysis of conventional and rubberized asphalt mixes.

4. Summary of the Results

This study indicates the difference in the target air void study and energy compaction
process that is used by the Italian road authorities and also highlights the incorporation of
ECR in modifying the rutting behavior of conventional asphalt mixtures, specifically for
wearing courses.

Volumetric properties:

e  Similarities were found for both the energy compaction method for quality assurance
and quality control (QA/QC) by the Italian road authorities and 5.0% target air voids.
The difference observed was 1.89 and 2.33%.
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Mechanical properties:

e  The difference in the IDT at 25 °C for QA /QC using ITS and CTI test parameters were
35% and 70%, respectively.

e  The basic-level HT-IDT at 54 °C appears to play a pivotal role in improving the
material’s ability to resist permanent deformation by means of additional rutting
behavior (a 73.0% difference was observed), while a difference of 77% in HT-CTI
was observed.

e  With the rutting behavior measured using the advanced-level approach, the FN 54.0 °C
showed a difference of 34%. The SSR at both low (20.0 °C) and high (54.0 °C) tem-
peratures provided differences of 9.0% and 24.0%, respectively, at 600 cycles, and a
deviatoric stress level of 896 KPa.

e  The RSI analysis showed that a clear transformation from a standard traffic status to
an exceptional capability to withstand heavy traffic is indicative of the pronounced
benefits of incorporating ECR into conventional asphalt mixtures. The difference in
the RSI (%) was 40.0% between the conventional and rubberized asphalt mixtures.

5. Conclusions and Recommendations

This research study aims at assessing the differences in predicting permanent defor-
mation for conventional asphalt mixtures and those modified with ECR. The following
conclusions have been made from the summarized results, shown in Table 4.

e In terms of the volumetrics, the following was concluded:

o For conventional characterization, it can be concluded that the target air void
study procedure as required for the performance analysis can be adopted
instead of the energy compaction process.

e In terms of the mechanical properties, the following was concluded:

0 The conventional characterization for quality assurance and quality control
(QA/QC) by the Italian road authorities showed a comparable difference
(<35%) between the conventional and alternative paving materials (rubber-
ized asphalt mixes) in terms of bearing capacity by means of the ITS. Instead,
when looking at flexibility, by means of the CTI, the investigation always
showed a huge difference (>70%) between the conventional and rubberized
asphalt mixes.

o The additional rutting behavior assessed at the basic level (by means of both
HT-ITS and HT-CTI) always showed a huge difference (>70%) between the
conventional and rubberized asphalt mixes.

o A significant difference (>36% and <69%) between the conventional and alterna-
tive rubberized asphalt paving material mixes were found using the additional
rutting behavior assessed at the advanced level (by means of AMPT).

Regardless of the complexity of the approach, both the basic and advanced rutting
related characterizations clearly demonstrated differences in evaluating the permanent de-
formation between the mixtures. Thus, this research highlights that while the conventional
IDT parameter, as per Italian specifications, may not exhibit a discernible impact with the
addition of ECR, the addition of specific rutting-related testing through both basic- and
advanced-level approaches reveals a substantial difference amongst the mixtures. It must
be highlighted that the advanced-level testing offers valuable insights into the nuanced
development of permanent strains over a prolonged period of 240 months, particularly
under diverse climatic conditions. However, based on the results of this research, it can
be concluded that both the basic- and advanced-level approaches are adoptable for rut-
ting characterization of alternative paving materials depending upon the availability of
apparatus in different research laboratories around the globe.
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Table 4. Comparison of the conventional and rubberized asphalt mixtures. = (35% comparable); + (36-69% significant difference); ++ (>70% huge difference).

Trends in Characterization of Conventional and Rubberized Asphalt Mixes

Mixture Type
Characterization type Test type Test parameter Test temperature (°C) A(((:Zir?t?ol;;v (Rﬁgfe}iiils d) Trend
Conventional IDT ITS 25.0 1.62 MPa 2.19 MPa 35% (=)
QA /QC—Italian road authority requirements CTI 25.0 77.51 MPa 131.71 MPa ++70%
Basic HT-IDT ITS 54.0 0.15 MPa 0.26 MPa ++73%
(rutting behavior) CTI 54.0 9.13 MPa 16.22 MPa ++77%
Advanced FN 54.0 200 268 35%

(rutting behavior) SSR (RSI 20.0 and 54.0 6.53% 3.89% + 40%
g
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It is evident that a further obstacle to the widespread adoption of alternative paving ma-
terials is represented by specifications. This study highlights how additional performance-
related testing for rutting might provide different predictions compared to testing devel-
oped for more conventional bituminous paving materials. On the basis of these conclusions,
this study suggests that in order to catch the benefits of alternative paving materials and im-
prove their widespread adoption, road authorities worldwide should adapt their QA /QC
procedures towards performance-related specifications. In the case of rubberized asphalt
mixtures in Italy, it is suggested to keep using an IDT-based system (ITS and CTI) comple-
mented with the addition of any of the above rutting-related characterization methods.
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