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Abstract: In recent years, the increased use of heavy commercial vehicles with higher axle weights has
required the development of innovative technologies to improve the mechanical properties of asphalt
concrete conglomerates, such as fatigue resistance and rutting. This study offers a comprehensive
comparative analysis of different types of asphalt concrete tested in four trial sections (S1, S2, S3,
S4) of the SP3 Ardeatina rural road in Rome, under actual traffic and operational conditions. More
precisely, the pavement technologies applied include modified asphalt concrete with graphene and
recycled hard plastics for S1, asphalt concrete modified with styrene–butadiene–styrene (SBS) for S2,
asphalt concrete with a standard polymeric compound for S3, and traditional asphalt concrete for S4.
The evaluation approach involved visual inspections in order to calculate the pavement condition
index (PCI) and falling weight deflectometer (FWD) tests. In addition, back-calculation analyses were
performed using ELMOD software to assess the mechanical properties. The laboratory tests revealed
superior properties of M1 in terms of its resistance to permanent deformations (+13%, +15%, and
+19.5% compared to M2, M3, and M4, respectively) and stiffness (10,758 MPa for M1 vs. 9259 MPa,
7643 MPa, and 7289 MPa for M2, M3, and M4, respectively). These findings were further corroborated
by the PCI values (PCIS1 = 65; PCIS2 = 17; PCIS3 = 28; PCIS4 = 29) as well as the FWD test results after
5 years of investigation, which suggests greater durability and resistance than the other sections.

Keywords: modified asphalt concrete; high modulus mixture; road pavement maintenance; visual
inspection; FWD

1. Introduction

Today, flexible pavements are used in both low- and high-traffic-volume road infras-
tructures [1]. However, in recent decades there has been an increase in the dimensions
of heavy commercial vehicles [2,3], as well as a rise in the frequency of their passages
over pavements [4–7]. With this in mind, the development of innovative technologies
has aimed at improving the mechanical properties of asphalt concrete (AC) in terms of
fatigue and rutting resistance [8,9]. Over the past 50 years, bitumen has been modified with
various modifying agents to fulfill this trend [10]. Styrene–butadiene rubber (SBR) [11] and
polyphosphoric acid (PPA) were among the first polymers to be used as modifying agents
for ACs [12]. However, the most widely adopted AC polymers on the market today are
Styrene-Butadiene-Styrenes (SBSs). Their popularity is derived from their compatibility
with bitumen, ensuring effective dispersion, and high tensile strength [12], while maintain-
ing acceptable costs [13]. Currently, the focus of researchers is shifting towards the use of
recycled polymers such as low-density polyethylene (LDPE) and high-density polyethylene
(HDPE) [14,15], polyethylene terephthalate (PET) [16], and polystyrene (PS) [17]. At the
same time, attempts are being made to give new life to materials typically destined for
landfill or waste-to-energy processes, such as crumb rubber obtained from end-of-life
tires [18–21].
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The polymer modification of an AC can be carried out using two different methods,
namely the dry and wet methods [22]. Specifically, the wet method involves adding
the modifier to the bitumen before its mixing with aggregates, although the dry method
involves incorporating the modifying agent directly into the mixture during the mixing
process [17,23,24]. Modified ACs produced using the former method are commonly known
as polymer-modified bitumens (PMBs), while those resulting from the latter technique are
referred to as polymer-modified asphalts (PMAs) [25].

The use of PMBs has several advantages over the use of unmodified ACs, also de-
pending on the type of polymer used [26]. In particular, they allow the improvement of
various properties of an AC, including increased resistance to permanent deformation,
higher cracking resistance at low temperatures, and enhanced fatigue resistance [13].

PMBs are currently the most widely used. However, PMAs are gaining in importance
due to several factors. These include the fact that they are easy to produce without requiring
sophisticated equipment or major modifications to existing asphalt plants [27], and a lower
environmental impact than PMBs [28]. The increased ability to utilize co-products, such
as recycled plastics, is another aspect that highlights the growing impact of PMAs [16,29].
Specifically, plastics can be introduced into ACs either as a partial substitute for bitumen,
as a partial substitute for aggregates, or simply as an additive [17]. When using recycled
plastics with a melting point lower than the production temperature of the mixture, these
plastics fuse with the aggregates and improve the properties of the mixture by forming a
thin protective layer around the aggregates [27,30]. In addition, the size of the modifiers has
a significant effect on the properties of the mixture, as the use of smaller polymers allows
for more effective dispersion in the AC and ensures better mechanical performance [31].
Another aspect concerns the use of reclaimed asphalt pavement (RAP) in ACs. In particular,
as the use of RAP increases, there is a corresponding decrease in the demand for raw
bitumen, but this is dependent on the use of a rejuvenator [32–34]. Consequently, the total
amount of polymer that could be introduced into the material through wet techniques
(using the new bitumen) decreases as the polymer present in the RAP is degraded and has
lost its effectiveness [35]. Instead, in the dry method, the modification is made within the
mixture itself, without the need for new bitumen. This allows greater quantities of RAP to
be used by restoring the polymer content of the ACs before recycling.

Today, the attention of the scientific community is increasingly turning to sustainable
and high-performance materials [36]. In this regard, there have been numerous studies of
PMAs produced with several types of additives [37–42]. Among them, worthy of mention
are the PMAs produced with unmodified bitumen and compounds made of graphene and
selected recycled hard plastics [43–45]. In particular, these compounds generally improve
the mechanical performance of the material and increase its durability [43,46]. At the same
time, they significantly reduce the environmental impact [47].

This comparative study presents the results of experimentation considering 1 km of
the SP3 Ardeatina rural road to the south of Rome. It was possible to identify different
sections distinguished in terms of pavement technologies. Specifically, the ACs used were:

• a modified AC with graphene and selected recycled hard plastics compound;
• a hard-modified AC with styrene–butadiene–styrene (SBS) polymer;
• a soft-modified AC with a polymeric compound;
• an unmodified AC.

Visual surveys were carried out on different sections and then the pavement condition
index (PCI) was calculated. In addition, falling weight deflectometer (FWD) tests were
performed (after 6 months and after 1, 2, 4, and 5 years). These tests, linked with subsequent
back-calculation, allowed an estimation of the stiffness modules of the materials. These
analyses made it possible to comparatively evaluate the performance over time of different
mixtures under the same traffic, temperature, and layer depth conditions.
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This article is organized as follows: Section 2 details the asphalt mixture characteristics
and performances considered in the case study; Section 3 presents the laboratory and in
situ test results in order to compare the performances of GPC-added AC with the other AC
mixtures. The article concludes with a brief summary and discussions in Section 4.

2. Materials and Methods

The case study investigates a stretch of road (Figure 1) belonging to the SP 3 Ardeatina,
in the southern part of the city of Rome, covering a length of approximately 1 km. It is
characterized by the homogeneity of subgrade bearing capacity, uniform traffic volume
(absence of intersections that could disrupt traffic flow), longitudinal slopes of about 2%,
and non-extreme climatic conditions. In greater detail, the minimum temperature recorded
during the past 10 years has been −5.3 ◦C in winter, the collected highest average weekly
temperature has been 29.7 ◦C, and the number of rainy days has been equal to 78.

Infrastructures 2024, 9, x FOR PEER REVIEW  3 of 22 
 

over  time  of  different mixtures  under  the  same  traffic,  temperature,  and  layer  depth 

conditions. 

This  article  is  organized  as  follows:  Section  2  details  the  asphalt  mixture 

characteristics  and performances  considered  in  the  case  study;  Section  3  presents  the 

laboratory and in situ test results in order to compare the performances of GPC‐added AC 

with the other AC mixtures. The article concludes with a brief summary and discussions 

in Section 4. 

2. Materials and Methods 

The  case  study  investigates  a  stretch  of  road  (Figure  1)  belonging  to  the  SP  3 

Ardeatina, in the southern part of the city of Rome, covering a length of approximately 1 

km. It is characterized by the homogeneity of subgrade bearing capacity, uniform traffic 

volume  (absence of  intersections that could disrupt  traffic  flow),  longitudinal slopes of 

about  2%,  and  non‐extreme  climatic  conditions.  In  greater  detail,  the  minimum 

temperature recorded during the past 10 years has been −5.3 °C in winter, the collected 

highest average weekly temperature has been 29.7 °C, and the number of rainy days has 

been equal to 78. 

 

Figure 1. Examined road section. 

The examined road has been divided into four sections (Figure 2), each characterized 

by the utilization of different ACs. In the manuscript, each section is identified using an 

alphanumerical code, the so‐called Si (i = 1, ..., 4). Specifically: 

 A modified AC with graphene and selected recycled hard plastics was adopted for 

S1 (PMA) 

 For S2, a hard‐modified AC with styrene–butadiene–styrene (SBS) polymer was used 

(PMB) 

 For S3, a soft‐modified AC with a polymer compound (M3) was adopted (PMA) 

 For S4, an unmodified AC (M4) was used. 

The experimental mixtures, denoted as Mi (i = 1, …, 4), are distinguished for wearing 

and binder courses by adding the extra‐subscripts w and b, respectively. 

Figure 1. Examined road section.

The examined road has been divided into four sections (Figure 2), each characterized
by the utilization of different ACs. In the manuscript, each section is identified using an
alphanumerical code, the so-called Si (i = 1, . . ., 4). Specifically:

• A modified AC with graphene and selected recycled hard plastics was adopted for
S1 (PMA)

• For S2, a hard-modified AC with styrene–butadiene–styrene (SBS) polymer was
used (PMB)

• For S3, a soft-modified AC with a polymer compound (M3) was adopted (PMA)
• For S4, an unmodified AC (M4) was used.



Infrastructures 2024, 9, 39 4 of 23

Infrastructures 2024, 9, x FOR PEER REVIEW  4 of 22 
 

 

Figure 2. Experimental sections (S1 to S4). 

The pavement structure, which consists of a 3 cm wearing course and a 7 cm binder 

course, remains consistent across all sections. The sub‐base, approximately 10 cm thick, is 

composed of unbound granular material (UGM). The experimental sections were paved 

in 2018. 

Traffic analyses were conducted in 2019 based on vehicle weights (Table 1). 

Table 1. Traffic data for the examined sections. 

Month 
Light Vehicles (<3500 kg)  Heavy Vehicles (>3500 kg) 

Passages   % of Total  Passages   % of Total 

January 2019  142,940  84.02  27,184  15.98 

February 2019  141,676  83.61  27,791  16.39 

March 2019  185,247  84.01  35,258  15.99 

April 2019  181,014  83.52  35,727  16.48 

May 2019  192,043  83.00  39,332  17.01 

June 2019  207,741  83.74  40,323  16.25 

July 2019  216,002  82.68  45,256  17.31 

August 2019  165,138  81.49  37,504  18.51 

September 2019  196,801  83.35  39,341  16.66 

October 2019   194,612  82.93  40,055  17.07 

November 2019  145,539  80.29  35,723  19.70 

December 2019  133,540  81.06  31,214  18.95 

Annual (2019)  2,102,293  82.80  434,708  17.19 

The results show a considerable presence of heavy vehicles for the examined sections: 

it  could  be  observed  that  about  435,000  heavy  vehicles  circulated  in  2019,  which 

corresponds  to  about  17%  of  the  total  number  of  vehicles  that  transited.  Therefore, 

according to the Italian pavement catalogue, the section can be classified as heavy traffic 

[48]. 

Figure 3 provides a brief overview of the sequential steps in our study, providing a 

clear visual guide to our laboratory research methodology and its logical progression. 

Figure 2. Experimental sections (S1 to S4).

The experimental mixtures, denoted as Mi (i = 1, . . ., 4), are distinguished for wearing
and binder courses by adding the extra-subscripts w and b, respectively.

The pavement structure, which consists of a 3 cm wearing course and a 7 cm binder
course, remains consistent across all sections. The sub-base, approximately 10 cm thick, is
composed of unbound granular material (UGM). The experimental sections were paved
in 2018.

Traffic analyses were conducted in 2019 based on vehicle weights (Table 1).

Table 1. Traffic data for the examined sections.

Month
Light Vehicles (<3500 kg) Heavy Vehicles (>3500 kg)

Passages % of Total Passages % of Total

January 2019 142,940 84.02 27,184 15.98

February 2019 141,676 83.61 27,791 16.39

March 2019 185,247 84.01 35,258 15.99

April 2019 181,014 83.52 35,727 16.48

May 2019 192,043 83.00 39,332 17.01

June 2019 207,741 83.74 40,323 16.25

July 2019 216,002 82.68 45,256 17.31

August 2019 165,138 81.49 37,504 18.51

September 2019 196,801 83.35 39,341 16.66

October 2019 194,612 82.93 40,055 17.07

November 2019 145,539 80.29 35,723 19.70

December 2019 133,540 81.06 31,214 18.95

Annual (2019) 2,102,293 82.80 434,708 17.19

The results show a considerable presence of heavy vehicles for the examined sections:
it could be observed that about 435,000 heavy vehicles circulated in 2019, which corresponds
to about 17% of the total number of vehicles that transited. Therefore, according to the
Italian pavement catalogue, the section can be classified as heavy traffic [48].

Figure 3 provides a brief overview of the sequential steps in our study, providing a
clear visual guide to our laboratory research methodology and its logical progression.
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Figure 3. Experimental program flowchart.

2.1. Asphalt Mixture Characteristics

Mi are designed by properly grain-size curves, according to Italian local specifica-
tions [49].

During the paving of Si, material specimens were collected and initially subjected to a
binder extraction test [50], followed by the determination of the grain size curve for the
extracted aggregates [51]. The grain size curves of Si for the wearing course (Figure 4a)
and binder-base course (Figure 4b), align with the prescribed grain size ranges specified in
the standards.
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Figure 4. (a) Wearing course grain size curves; (b) binder-base course grain size curves.

In the wearing layer (Figure 4a), the aggregate mixtures exhibit continuous and
uniform grading, whereas in the binder layer (Figure 4b) there is a noticeable variation
attributed to the presence of coarse calcareous aggregates, which may undergo slight
crushing during the compaction phase. Table 2 reveals the binder percentages of each
mixture, determined by extraction tests.
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Table 2. Binder content.

MIX ID Layer Bitumen/Mixture
(% by Weight of Aggregate)

M1
Wearing 5.95

Binder-base 4.78

M2
Wearing 6.45

Binder-base 5.03

M3
Wearing 6.62

Binder-base 4.41

M4
Wearing 6.32

Binder-base 3.80

Table 3 shows the characteristics of Mi. In particular, the different mixtures were tested
in the laboratory before being laid on.

Table 3. Mixtures composition.

MIX ID Layer Type of Modified Modifier/Bitumen
(% by Weight)

RAP Surface
Layer (%) Rejuvenator (%)

M1 Wearing Graphene-based
Compound (GPC) 5 30

0.2

Binder-base 40

M2 Wearing Hard-SBS 5 30
Binder-base 40

M3 Wearing Soft-Polymer
Compound 3 30

Binder-base 40

M4 Wearing Not modified - 30
Binder-base 40

The mixtures were characterized by different types and percentages of modifying
agents. RAP quantities of 30% and 40% were incorporated into the wearing and binder-base
layers, respectively. Additionally, a rejuvenator additive at a rate of 0.2% was employed in
the current experimentation.

2.2. Asphalt Mixture Performance Tests (Laboratory)
2.2.1. Indirect Tensile Strength Modulus (ITSM) Test

The stiffness of AC is a very important parameter used for predicting its behavior
under different climatic conditions [52]. Hence, a comprehensive understanding of material
stiffness becomes pivotal in the design of road pavements [53]. Seyed et al. indicate that
the stiffness of a material can be an indicator of the load distribution capability of an AC
layer [54].

The AC mixtures were then subjected to indirect tensile strength modulus (ITSM) tests,
according to EN 12697-26 [55] at different temperatures. In particular, tests were conducted
on cylindrical specimens applying a half-sinusoidal load with a rise tie of 124 ± 4 ms.
Moreover, to compare the different mixtures, only the specimens with similar air void
content were tested: in this way, the only variable is the type of binder used in the mixture.

2.2.2. Indirect Tensile Fatigue (ITF) Test

Fatigue in AC is one of the main degradation mechanisms of road pavements [56].
It is defined as the phenomenon causing cracking due to tensile strains generated in the
pavement when subjected to load repetitions, temperature variations, and inadequate
construction practices [57].

The fatigue behavior of AC plays a pivotal role in assessing the durability of highway
and/or airport pavements [58]. In this study, the fatigue resistance was evaluated according
to [59], which involves the use of cylindrical AC specimens and an indirect tensile loading
configuration. The test is conducted by applying a constant haver-sinusoidal load (stress
control) at a frequency of 2 Hz and measuring the corresponding deformation. Each type
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of mixture was tested with three different initial strain levels (ε0) between 100 and 400 µs
strain. For each mixture, the fatigue curves were plotted (σ vs. n◦ of cycles).

2.2.3. Hamburg Wheel Tracking (HWT) Test

Permanent deformation, recognized as rutting, is one of the main distresses occurring
in asphalt pavements [60]. This phenomenon is characterized by the accumulation of
unrecoverable deformation mainly in the AC layers that appear as longitudinal depressions
in the wheel paths and small upheavals to the sides [61]. With the constant increase in
traffic loads and the number of passages, resistance to permanent deformation has become
a significant factor for the durability of road surfaces, particularly in hot climates with high
average annual temperatures [62].

In the present work, the resistance to permanent deformation for the different mix-
tures was evaluated using a wheel track device (WTD) test according to the European
standard [63]. In accordance with standard guidelines, rectangular specimens (slabs) were
prepared and then subjected to 30,000 passages of a tire, which applied a weight of 700 N,
all at a controlled temperature. It should be noted that, due to the high stiffness of the mix-
tures, the number of passes was increased from 10,000 (normally used in experimentation)
to 30,000 [64]. The slabs to be tested (length 40 cm, width 30 cm, and thickness 4 cm) were
prepared using a roller compactor according to [65], and at a defined air void value.

2.3. In Situ Tests

Road tests were carried out to assess the behavior of Mi. In this section, the methods
and procedures used in the paper for evaluating pavement conditions are described.

2.3.1. Pavement Condition Index (PCI)

The Pavement condition index (PCI), as defined by ASTM D6433 [66], provides a
quantitative assessment of the current state of the pavement. It takes into account the
type, extent, and severity of identified road distress [67,68]. More precisely, the detection
and assessment of road surface distress are grouped for flexible pavements into cracking,
distortion, disintegration, and skid hazards. The PCI classification, as shown in Table 4,
is expressed by a numerical range that varies from 0 (i.e., failed pavement) to 100 (i.e.,
pavement in good condition).

Table 4. Standard PCI rating scale.

PCI Values Short Description

86–100 Good

71–85 Satisfactory

56–70 Fair

41–55 Poor

26–40 Very Poor

11–25 Serious

0–10 Failed

An essential element in the calculation of PCI values is the delineation of sections that
are homogenous about traffic and material composition within the pavement The sections
are then divided into sample units (SUs), homogeneous pavement areas of 225 ± 90 m2.

The PCI index is computed through a visual inspection process, which involves
identifying and categorizing each defect on the road surface. In this study, a combination of
semi-automated techniques was employed for road inspections. The methodology has been
described in a previous study [69]. Therefore, data were collected as shown in Figure 5.
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Once all the defects identified during the visual inspections have been recorded, the
PCI index is calculated using the equation provided in the standard [66], expressed in
Equation (1).

PCI = 100 −
P

∑
i=1

mi

∑
j=1

α
[
Ti, Sj, Dij

]
·F(t, d) (1)

where α is the deduct weighting value depending on the distress type Ti, level of severity Sy,
and density of distress Dij, i = 1, . . . P, j = 1, . . . mi and the function F(t,d) is the adjustment
factor for multiple distress, which varies with the total summed deduct value t and the
number of deducts d.

The PCI value of the analyzed section is obtained by Equation (2).

PCISection =
∑n

i=1 PCISU i·ASU i

∑n
i=1 ASU i

(2)

where PCISU i is the PCI value of the SU, and ASU i is the surface of the SU.

2.3.2. Falling Weight Deflectometer Tests (FWD)

In this study, the analysis of structural pavement degradation evolutions is based on
falling weight deflectometer (FWD) tests. Three different load cycles equal to 40, 55, and
85 kN were employed, using a 150 mm diameter plate. The application of each load cycle
induces a deflection that is detected by geophones positioned at increasing distances, as
shown in Figure 6. These instruments are designed to measure the vertical deflection of the
road surface resulting from the application of the load cycles.
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The initial outcome of the FWD test is a deflection basin, which requires a back-
calculation process to determine the stiffness moduli of the materials. To enhance this
analytical procedure, the equivalent thickness method (MET) [70,71] is incorporated to
estimate the mechanical properties of different pavement layers, such as the stiffness
modulus. This estimation is based on deflection basin data and accounts for the nonlinearity
of the foundation and subgrade.

Initial iteration values are assigned in accordance with material types (i.e., bonded
materials at 2500 MPa, unbound granular materials (UGMs) at 400 MPa, and subgrade
at 100 MPa), considering the simplification provided by the MET in converting complex
multilayer systems into an equivalent single layer for analysis. This approach uses a multi-
layer elastic model enhanced by the MET. It attempts to emulate the identical load cycle
observed in the FWD tests, thereby generating a deflection basin. During this process,
iterative adjustments are made to the Young’s modulus and Poisson’s ratio for each layer.
The goal is to match as closely as possible the deflection basin recorded during the FWD
test. These parameters continue to be refined over several iterations until there exists a
remarkable congruence between the modeled and field measured deflections. The final
result is a set of stiffness modulus values that theoretically represent the material’s response
to the applied load cycle during the FWD test. This provides an accurate estimate of the
mechanical properties of the various layers without the need for a physical specimen.

In this study, the back-calculation on the deflection basins was performed using the
commercial software ELMOD 6 (evaluation of layer modules and overlay design) [72],
already applied in various scientific research projects [73–76].
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3. Results and Discussion
3.1. Laboratory Test Results
3.1.1. ITSM Results

The results of the ITSM tests performed on Mi are shown in Figure 7.
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M1 exhibited the highest stiffness modulus values, followed by M2, M3, and finally
M4, regardless of the test temperature. Specifically, the percentage of increase in stiffness
was more pronounced at high temperatures (40 ◦C), with values of +30% compared to
M2, and a substantial +73% compared to both M3 and M4. The increased stiffness at
elevated temperatures can be attributed to the reduced influence of the bituminous binder
as the material approaches its softening point. The GPC, on the other hand, continues to
provide stability and thus represents a significant improvement over materials containing
SBS polymers and especially over soft-modified or unmodified materials [77]. This is a
good result because higher stiffness at high temperatures also means higher resistance to
rutting phenomena [78]. Consequently, at 20 ◦C, the stiffness enhancement achieved by the
GPC-modified mixture (M1) amounted to +16%, +41%, and +48% when compared to M2,
M3, and M4, respectively. Finally, at lower temperatures (5 ◦C), these increments decrease
to +20%, +22%, and +30%. This is also a positive observation, as an excessive increase in
stiffness at low temperatures can potentially be harmful to mixtures and be the cause of
thermal cracking problems [79].

3.1.2. ITF Results

As depicted in Figure 8, M1 exhibited the most favorable fatigue behavior, as the
fatigue line consistently remained above the corresponding lines for the other materials at
every stress level. For instance, when considering a medium-stress level of 350 kPa, the
number of cycles leading to fatigue failure (Nf) is as follows: 15,637 for M1, 2701 for M2,
7688 for M3, and finally 2663 for M4. It should be noted, however, that these results were
extrapolated from tests all conducted at medium/high-stress levels, and thus further tests
(at low-stress levels) should be carried out to validate this aspect.



Infrastructures 2024, 9, 39 11 of 23
Infrastructures 2024, 9, x FOR PEER REVIEW  11 of 22 
 

 

Figure 8. Fatigue regression lines for the four different mixtures. 

3.1.3. HWT Results 

Figure 9 shows the results of the HWT test. 

 

Figure 9. Permanent deformation vs. number of passages. 

In particular, the graph highlights the rutting depth (mm) as a function of the number 

of wheel passages, for each of the materials tested. The results show that M1 has the best 

performance against the accumulation of permanent deformation, due to the presence of 

GPC. Specifically, the final rut depth (1.49 mm) was about 13% less than M2 (1.64 mm), 

15% less than M3 (1.71 mm), and finally 19.5% less than M4 (1.78 mm). 

Another method  for  interpreting  the  test  involves measuring  the proportional  rut 

depth (PRD), calculated as the percentage between the rut depth formed as a result of the 

test (after 30,000 wheel passes) and the initial thickness of the specimen. The PRD values 

were 3.72%, 4.27%, 4.11%, and 4.45% for M1, M2, M3, and M4, respectively, confirming 

the best performance of M1. Furthermore, it can be seen that Mi returned values below 

the limits imposed by local specifications, which usually impose a maximum acceptance 

threshold (5%). 

These  results  are  consistent  with  those  obtained  from  the  ITSM  test  at  high 

temperatures, as a mixture that exhibits a higher modulus in the ITSM test demonstrates 

greater resistance to rutting. 

Figure 8. Fatigue regression lines for the four different mixtures.

3.1.3. HWT Results

Figure 9 shows the results of the HWT test.
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In particular, the graph highlights the rutting depth (mm) as a function of the number
of wheel passages, for each of the materials tested. The results show that M1 has the best
performance against the accumulation of permanent deformation, due to the presence of
GPC. Specifically, the final rut depth (1.49 mm) was about 13% less than M2 (1.64 mm), 15%
less than M3 (1.71 mm), and finally 19.5% less than M4 (1.78 mm).

Another method for interpreting the test involves measuring the proportional rut
depth (PRD), calculated as the percentage between the rut depth formed as a result of the
test (after 30,000 wheel passes) and the initial thickness of the specimen. The PRD values
were 3.72%, 4.27%, 4.11%, and 4.45% for M1, M2, M3, and M4, respectively, confirming
the best performance of M1. Furthermore, it can be seen that Mi returned values below
the limits imposed by local specifications, which usually impose a maximum acceptance
threshold (5%).
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These results are consistent with those obtained from the ITSM test at high tempera-
tures, as a mixture that exhibits a higher modulus in the ITSM test demonstrates greater
resistance to rutting.

3.2. In Situ Test Results
3.2.1. PCI Results

To conduct visual surveys, it is essential to identify the survey units (SU), considering
the requirement for homogeneity. Therefore, before defining the SUs, sections S1 to S4 must
be located on the pavement. Segments of variable length (i.e., transition zones) separate
these four sections. These transition zones were prepared during construction to create
a buffer between the various types of wearing course and binder, preventing localized
discontinuities and ensuring a smoother material transition. In this study, the PCI was
calculated for the entire study area (Figure 10), except for the transition zones.
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Figure 10. Localization of Si and SU.

The identified sections had widths ranging from 2.9 to 3 m, with surface areas varying
between 188 and 226 m2. This division led to the creation of three SUs for each section.
Each SU has a length between 66 and 77 m. Table 5 provides an overview of the SUs along
with their respective areas, lengths in relation to the road’s longitudinal axis, and their
associated sections.

Table 5. Sample units description.

Section SU ID Area (m2) Length (m) Average Width (m)

S1

#1 193.7 66.0 2.93

#2 195.6 66.8 2.93

#3 192.5 65.9 2.92

S2

#4 190.6 66.3 2.87

#5 188.1 65.6 2.87

#6 193.3 65.5 2.95

S3

#7 195.1 65.8 2.97

#8 189.6 65.9 2.88

#9 190.4 66.1 2.88

S4

#10 193.0 66.1 2.92

#11 193.1 66.2 2.92

#12 225.8 77.2 2.92
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Table 6 lists the types of distress observed during the surveys, including their dimen-
sional parameters and associated causes.

Table 6. Distress based on ASTM D6433 and their cause.

ASTM Name Unit of Measure Cause

Alligator cracking m2 Traffic load

Rutting m2 Traffic load

Longitudinal and transverse cracking m Climatic/Construction defect

Potholes [-] Traffic load

Depression m2 Poor soil/Construction defect

To quantify the prevalence of each type of distress in the four sections, the density
(the ratio of distress area to the total SU area) for each type of distress was subsequently
computed for each SU (as shown in Figure 11). Among all the distresses identified during
the visual inspection, the densities of the most common distresses, such as alligator cracking
(Figure 11a), rutting (Figure 11b), potholes (Figure 11c), and longitudinal and transverse
cracking (Figure 11d), are presented.
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The densities displayed in Figure 11 were calculated according to the ASTM D6433
standard [59] concerning the area of the SUs shown in Table 5. In the diagram, because the
areas of the SUs are comparable and the qualified operator who performed the inspections
was always the same, the average value of the three SUs of each section for the most
common distresses was reported.
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Section S1 exhibits a lower density of alligator cracking, rutting, and potholes in both
absolute terms and severity levels when compared to sections S2–S4. However, it exhibits
a higher density of longitudinal and transverse cracking. This type of distress is more
influenced by climatic factors than by loading, as indicated in Table 6. This finding is
consistent with previous studies [8,80], which have shown that high-modulus asphalt
pavements tend to be more susceptible to thermal stress.

The sections exhibit similar distress types to each other at a different severity level
compared to the control section S4, with causes attributable mainly to traffic load.

Based on the density of each type of distress, the PCI index of each SU was calculated
using Equation (1). Therefore, the overall PCI index of Si was calculated using Equation (2).
The ultimate findings, as presented in Table 7, include the PCI value for each SU, the main
distress, a photograph of the SU, and the PCI value for the entire section.

Table 7. PCI values results for each SU and each section Si.

Section SU ID Prevalent Distress PCI Sample Photo

S1

#1 Longitudinal and
transverse cracking (L) 91
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Table 7. Cont.

Section SU ID Prevalent Distress PCI Sample Photo

S2

#4
Alligator cracking (H)

Rutting (M)
Potholes (M)

11
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Table 7. Cont.

Section SU ID Prevalent Distress PCI Sample Photo
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Table 7. Cont.
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PCIS4 = 29

Localized defects during construction processes, such as inadequate compaction dur-
ing paving or excavation and subsequent backfilling for utilities, or point infiltration from
the subgrade, may account for the difference in PCI found for the same Si in different SUs.

3.2.2. FWD Results

In order to compare the performance of different Sis, the structural response of the
entire pavement should be homogeneous. Therefore, FWD tests were carried out in 2018
(before the experimental sections were paved) to investigate this condition. Figure 12 shows
the FWD test results for the foundation and subgrade layers.
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Figure 12. Elastic modulus back-calculated from FWD tests for foundation and subgrade layers.

The investigations conducted before paving reveal that the foundation and subgrade
layers have comparable values. It is noted that S1 exhibits the lowest resilient modulus
values for both the foundation and the subgrade, whereas the highest values are recorded
for section S3.

After surfacing the four experimental sections, the following monitoring was carried
out at the following intervals:

• Phase 1: six months after paving;
• Phase 2: one year after paving;
• Phase 3: two years after paving;
• Phase 4: four years after paving;
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• Phase 5: five years after paving.

The results of the FWD measurements, after back-calculation, provide an overview of
the elasticity modulus of the layers. In this case, the results allow us to plot the variation
over the years of Mi elasticity moduli, as shown in Figure 13.
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It can be observed that the highest moduli are reached one year after paving (phase 2),
which is consistent with the rheological behavior of ACs. After this phase, the moduli
decrease due to the formation of cracks. The development of cracks and their propagation
from the lower layers to the surface, known as fatigue cracking, leads to a gradual decrease
in material stiffness. This reduction in moduli was observed in this study. To illustrate this
behavior more effectively, the averages of the FWD test results across the sections were
computed and are depicted in Figure 14.
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Figure 14. Average elastic modulus from FWD tests.

M1 exhibited an initial elastic modulus of 6424 MPa, representing an 80% increase
over M2 (3567 MPa), a 176% increase over M3 (2327 MPa), and a 66% increase over M4
(3855 MPa) from the first survey. After 5 years, the high-modulus asphalt M1 experienced a
modest reduction of approximately 17% in its initial modulus. In contrast, M2, M3, and M4
experienced more significant reductions of 42%, 15%, and 32%, respectively. This reduction
in modulus is indicative of the progression of crack development [81]. After the same
number of years, M1 demonstrated the best stiffness performance (5506 MPa), followed by
M4 (2931 MPa), M2 (2518 MPa), and finally, M3 (2030 MPa).

Finally, Table 8 shows the price per unit of the four mixtures obtained from the regional
price schedule of the Lombardy Region [82], the only Italian authority that has provided
such analyses for Mi.
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Table 8. Prices from the price schedule of Lombardy Region.

Mixture Layer Price (€/m2) Total Price (€/m2)

M1
Wearing 10.43

29.31
Binder-base 18.88

M2
Wearing 8.23

25.27
Binder-base 17.04

M3
Wearing 7.94

22.77
Binder-base 14.83

M4
Wearing 7.54

21.57
Binder-base 14.03

In particular, M1 is 36% and 16% more expensive than M4 and M2 (reference for
modified mixtures), respectively. However, at the end of the test period, the improved
mechanical performances of M1 return an acceptable residual life in the long term (Table 7
and Figure 14), compared to the other sections that are in a critical condition and require
expensive and urgent maintenance activities.

Thus, a proper economic evaluation of the four proposed solutions should include a
comparison of all direct and indirect costs incurred by the community over the service life
of the pavement over a sufficient interval of analysis (i.e., from paving to full rehabilitation).
Such an analysis would be the subject of further studies that are beyond the scope of this
research paper.

4. Conclusions

In this study, a comparative analysis of four distinct ACs through laboratory and in
situ tests was conducted. More precisely, the research aimed to compare the performance of
an AC modified with a GPC with three other mixtures commonly used in road construction
(i.e., a mixture of SBS-modified bitumen, a mixture modified with a polymer compound,
and finally a mixture consisting of unmodified bitumen). The conclusions of the research
are summarized below:

• Laboratory ITSM tests indicated that the material containing the GPC exhibited the
highest stiffness values at different temperatures, especially at intermediate to high
temperatures (+16% at 20 ◦C and +30% at 40 ◦C when compared to M2);

• ITF test results demonstrated the best fatigue behavior in the GPC mixture, which was
further confirmed by in situ tests;

• The addition of the GPC also led to a significant improvement in terms of resis-
tance to permanent deformation at high temperatures (HWT), aligning with the high-
temperature ITSM test results (+13%, +15%, and +19.5% compared to M2, M3, and
M4, respectively);

• The surveys conducted and the calculation of the PCI index provided a clear picture
of the level of degradation reached at the end of the life cycle of the four sections. S1
had a PCI index of 65, while S2 to S4 sections returned PCI values equal to 17, 28, and
29, respectively. The significant difference in the index between S1 and the remaining
sections indicates that the mixture M1 proved to be the most adept at enduring heavy
traffic loads, but was more susceptible to thermal cracking;

• Over a five-year monitoring period, the FWD test results have provided significant
knowledge into the long-term performance of the different ACs. S1 consistently
showed higher modulus values than the other sections. This is an indication of a
long-term structural integrity and superior resistance to deformation under traffic
loads over 6 years. On the other hand, S2, S3, and S4 showed a gradual decrease in the
elastic modulus. This trend suggests a greater susceptibility to structural degradation
over time. These long-term FWD results are critical in demonstrating the effectiveness
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of the GPC mixture in extending the life and maintaining the structural integrity of
road pavements, particularly given high traffic loads and varying climatic conditions.

In terms of cost, M1 is 16% more expensive than M2 at zero time. On the other hand,
modified asphalt with a graphene-enhanced polymeric compound could be considered a
suitable innovative technology for paving high-traffic roads as maintenance costs are cut
down during the service life.
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