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Abstract

The reuse and valorization of materials derived from deconstructed pavements (Re-
claimed Asphalt Pavement, RAP), represent a key strategy to enhance the sustain-
ability of the road sector. However, the aging of the bituminous binder contained in
RAP compromises its rheological properties, making the use of rejuvenating agents
essential. This research, developed within the framework of the PRIN SMASHit
project, aimed to evaluate the effectiveness of three non-petroleum based agents:
two intended for application in bituminous mixtures (RA and RB) and a sunflower
oil traditionally employed for food purposes (RC), tested for the restoration of the
viscoelastic properties of aged binders.

The experimental program involved the preparation of bitumen–rejuvenator blends at
dosages of 4% and 6% by weight, subjected to standardized aging through the Rolling
Thin Film Oven Test (RTFOT) and the Pressure Aging Vessel (PAV). Rheological
characterization was performed using a Dynamic Shear Rheometer (DSR) in frequency
sweep mode and complemented with dynamic viscosity measurements with a coaxial
cylinder viscometer, in order to describe the viscoelastic behavior and workability of
the modified binders.

The results confirmed the ability of non-petroleum based agents to influence the prop-
erties of aged binders. Overall, the study highlights their potential as a sustainable
alternative to petroleum-derived products and provides a basis for further research
and practical applications in the field of road pavements.
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Chapter 1

Introduction

1.1 Purpose and Research Goals

Road infrastructures represent a key element for the economic, social, and territorial
development of a country, as they ensure the mobility of people and goods, foster
connections between urban and rural areas, and support the functioning of the
productive system. The growing number of vehicles and the intensification of traffic
loads have led to a considerable increase in stress on the road network, causing
progressive pavement deterioration, further exacerbated by weathering and seasonal
thermal variations.

Among the different layers that make up a flexible pavement, the wearing course
is the most exposed to external agents and, consequently, the most prone to early
degradation. The adoption of appropriate technical solutions for the maintenance
of this surface layer is therefore a priority from both a technical and environmental
economic perspective. In recent years, the increasing focus on sustainability has
driven scientific research towards the development of strategies that promote the reuse
and valorization of materials, reduce waste and the consumption of new resources,
and ultimately minimize the environmental impact associated with road construction
and maintenance activities.

In this context, there is growing interest in the reuse of bituminous materials from
reclaimed pavements, commonly referred to as RAP (Reclaimed Asphalt Pavement).
The use of RAP in new bituminous mixtures helps reduce the need for virgin aggre-
gates and binders, lowers material procurement costs, and limits waste production.
However, one of the main challenges associated with RAP is the aging condition of
the bituminous binder it contains. Over time, bitumen undergoes oxidative processes
that alter its chemical structure and rheological response , resulting in increased
stiffness, reduced elasticity, and a general loss of performance.

To counteract these effects and enable the effective use of RAP, the scientific com-
munity has investigated various additives capable of partially restoring the original
properties of aged bitumen. Among them, specific products are developed and
classified as rejuvenators, while other substances, such as vegetable oils commonly
intended for food use, can act as rejuvenating agents even if not originally designed
for this function. In particular, bio-based solutions are gaining increasing attention,
as they combine good technical performance with favorable environmental profiles,
being derived from renewable and biodegradable sources.
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It is within this framework that the PRIN SMASHit Project – Sustainable
Maintenance of Asphalt Surfaces with Hybrid solutions for secondary
ITalian road networks, funded by the Italian Ministry of University and Research
(MUR), was launched. The project involves several Italian universities and aims
to develop innovative and sustainable solutions for the maintenance of secondary
road networks, through the use of alternative materials, advanced technologies, and
integrated approaches to asphalt mixture design. The project is organized into
several work packages, each with specific objectives, and is developed following a
multidisciplinary logic that integrates technical, environmental, and economic aspects.

This thesis is part of the SMASHit project, specifically within Work Package 3 –
Experimental Investigations and Technology Development of New Materials, and
more precisely in Task 3.1, coordinated by the Politecnico di Torino.

The aim of this thesis is to investigate the rheological response of aged bitumen when
treated with rejuvenating agents, with a particular focus on the influence of dosage.
Both commercial products and a non-conventional alternative have been considered.
The experimental work is aimed at assessing the extent to which the treatments are
able to restore the viscoelastic properties of the binder and at identifying an optimal
dosage range capable of bringing the material closer to the conditions of the unaged
binder.

1.2 Structure of the Thesis

This thesis is structured into 6 main chapters, that goes from the theoretical back-
ground to the experimental procedures and final discussion of results.

Chapter 2 presents a critical literature review, starting with an analysis of the
challenges posed by Reclaimed Asphalt Pavement (RAP), with particular focus on
the aging of the bituminous binder, considered the primary cause of performance loss
in recycled mixtures. The chapter then explores the most widely adopted mitigation
strategy namely, the use of rejuvenating additives by clearly distinguishing between
fluxing agents and true rejuvenators, and comparing petroleum-based products
with bio-based alternatives. The final section examines the effects of bio-based
rejuvenators on both the binder and the asphalt mixture, highlighting key findings
from the scientific literature.

Chapter 3 describes the materials and experimental methods adopted in the re-
search. The chapter outlines the characteristics of the base bitumen and the three
selected rejuvenators, followed by a detailed explanation of the laboratory aging
procedures (RTFOT and PAV) used to simulate field conditions. It also discusses the
rationale behind dosage selection and presents the mixing protocol, with emphasis
on maintaining consistent conditions to ensure reliable and reproducible results.

Chapter 4 focuses on the experimental procedure adopted for the rheological and
viscosity testing of the binders. The methodological framework includes both the
use of the Dynamic Shear Rheometer (DSR) in frequency sweep mode and the
determination of dynamic viscosity with the coaxial cylinder method. The chapter
describes in detail the operational procedure, sample preparation, instrumentation,
and data modeling approach based on the construction of master curves. Particular
attention is devoted to ensuring uniform test conditions, which are essential for
meaningful comparisons across different materials. Finally, the rheological behavior
of the rejuvenated binders is analyzed at typical mixing and compaction temperatures,

2
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as a function of temperature and additive content.

Chapter 5 presents and discusses the experimental results in an integrated manner.
Specifically, for the rheological analyses, both Black Diagrams and Master Curves
are reported and interpreted to assess the effectiveness of the various rejuvenators in
restoring the viscoelastic properties of the aged binder. As for the viscosity tests,
the chapter focuses on the evolution of viscosity over time, in order to evaluate the
rheological response and stability of the modified binders.

Chapter 6 provides the final conclusions. This section summarizes the most signifi-
cant findings of the study, highlighting distinct behaviors of the three rejuvenators,
the influence of dosage, and the comparison with manufacturer recommendations,
while also defining optimal ranges and emphasizing the relevance of a multiparametric
evaluation.

3



Chapter 2

Literature review

2.1 Reclaimed Asphalt Pavement (RAP)

About 95% of the world’s modern pavements are made of Hot Mix Asphalt (HMA) [1],
a material consisting of a mix of aggregates (coarse, fine, and filler) and bituminous
binder [2] . Recent studies have shown that annual asphalt production exceeds 1
billion tons [1]. However, during its service life, the pavement turns out to be subject
to many degradation phenomena, such as vehicular traffic and environmental changes,
as a result, the performance of the HMA decreases over time until it becomes unfit
for service.

When HMA deteriorates and is no longer capable of adequate performance, the
material recovered through process such as removal, milling and crushing of old
pavement structures, results in what is commonly known as Reclaimed Asphalt
Pavement (RAP) [3]. The amount of RAP has increased significantly over the years,
from from 67.2 million tons in 2009 to 112.6 million tons in 2022 [1]. This is because
it turns out to be an excellent alternative to be used for the construction of asphalt
pavements, both from the economic point of view by lowering production costs, and
from the environmental point of view by preserving natural resources.

Concerning the economical aspect was demonstrated by Baghaee Moghaddam et Al.
(2016) [3] , that using 100% of RAP in construction project there is a saving ranging
from 50% to 70%:

Figure 2.1: Costs of materials in hot mix recycling (Baghaee Moghaddam et Al.,
2016) [3].

4
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From an environmental perspective, the use of recycled asphalt mix (RAP) has
three main benefits: a significant reduction in air emissions and energy consumption,
reduced dependence on non-renewable resources, and a significant decrease in the
volume of waste going to landfill [3]:

Figure 2.2: Environmental benefits of using RAP in construction of new pavement
structure (Baghaee Moghaddam et Al., 2016) [3].

However, some critical issues are also highlighted in the literature, mainly related
to the greater complexity of the mix design of RAP. Inadequate design can lead to
increased maintenance costs and promote the early appearance of surface degradation
phenomena (distresses) [3].

It was amply accredited that the loss performance is mainly attributable to the aging
of the bituminous binder, which is the component most sensitive to environmental
and mechanical factors. This aging process, as will be discussed in more detail in the
following chapters, involves a series of chemical and physical transformations that
irreversibly alter the composition of the binder: there is a loss of light components
(maltenes), an increase in the asphaltenic fraction, increased viscosity and reduced
elasticity [1]. As a result, the aged binder present in RAP tends to be stiffer and
more brittle, compromising the performance of the new mix.

To overcome this problem, the use of rejuvenators, that is an additives capable
of restoring the chemical-rheological properties of the aged binder, is essential to
re-establishing a balance between its fractions and improving its workability and
adhesion capacity.

2.2 The Aging Phenomenon in Bituminous Materials

2.2.1 Aging Mechanisms in Bitumen

Bitumen is one of the most commonly used materials in road pavements due to its
viscoelastic properties, that give it an ideal combination of strength and deformability.

5
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Over time, however, bitumen undergoes aging processes that significantly affect its
performance. The aging mechanisms of bitumen can be divided into two main phases:

– Short-term aging, which already occurs during the production, transport,
laying and compaction of asphalt, as the material is more exposed to high
temperatures and air (oxidative phenomenon);

– Long-term aging, which continues throughout the life of the pavement, and
is mainly due to exposure to traffic and exhaust gases, but also to atmospheric
and environmental causes such as UV rays, seasonal and daily temperature
variations, sunlight and humidity.

These processes result in significant changes to the chemical and physical matrix of the
binder, leading to increased stiffness, reduced elasticity, and increased susceptibility
to cracking.

An aspect analyzed in many studies, is the chemical composition of bitumen, specifi-
cally its division into two main components: asphaltenes, the solid phase consisting
of polar compounds, and maltenes, the less polar liquid phase. Maltenes are further
divided into three components: saturates, aromatics and resins. This subdivision is
known as SARA analysis, named after the initials of the components: Saturates (S),
Aromatics (A), Resins (R) and Asphaltenes (A). During aging, an increase in the
fraction of asphaltenes is observed, because of the condensation of polar species, along
with a decrease in the aromatic components caused by volatilization and oxidation.

As reported by Karlsson and Isacsson and summarized by Urbano (2023) [4], aging
can be be observed through four main mechanisms:

– Oxidation: caused by the reaction of bitumen with oxygen, accentuated by
high temperatures and UV radiation. This leads to the formation of oxygen
groups and a progressive increase in viscosity [4];

– Volatilization: of light components, such as aromatic and saturated fractions,
which volatilise during exposure to heat, altering the colloidal balance and
increasing stiffness [4];

– Exudation: the migration of oily components towards the aggregates, favoured
by their porosity, resulting in the loss of the maltenic components. The
associated weakening of adhesion is due to their subsequent adsorption onto
the aggregates (as illustrated in the Figure 2.3) [4];

– Physical hardening: linked to the molecular reorganisation of bitumen at
low temperature. Unlike the other mechanisms, this is a reversible process,
which can be recovered by heating [4]. For this reason, it is generally not
considered among the aging mechanisms that can be compensated by the use
of rejuvenators.
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Figure 2.3: Asphalt binder aging phenomena (Baghaee Moghaddam et Al., 2016) [3].

To simulate the aging mechanisms described above in the laboratory, two standard
test methods are commonly adopted:

– Rolling Thin Film Oven Test (RTFOT): used to simulate short-term
aging by reproducing the conditions to which the binder is subjected during
production and laying;

– Pressure Aging Vessel (PAV): used to simulate long-term aging by repro-
ducing the conditions of exposure to oxygen and heat during the service life of
pavements.

Thanks to the large number of scientific investigations carried out over the years, these
methods have been thoroughly studied, which has generated extensive knowledge
and made them a reliable reference in bitumen research. For this reason, they were
also adopted in the present work.

It should be remembered, as highlighted by Abouelsaad, as pointed out by Abouelsaad
et al (2024) [5], these laboratory tests, although standardized, cannot faithfully
reproduce real aging in the field, since they neglect determining factors such as
UV radiation, humidity, temperature excursions, and the nonuniform distribution
of degradation in the vertical profile of the pavement. For this reason, the results
obtained from RTFOT and PAV should be interpreted with caution and, where
possible, supplemented with the analysis of samples taken directly from operating
pavements, in order to better understand the actual behavior of the bitumen over
time.
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Figure 2.4: Schematic illustration of asphalt aged in the (a) field and (b) laboratory
oven (Abouelsaad et al.,2024) [5].

Looking specifically at the chemical aspect of bitumen aging, the study by Mirwald
et al. (2020) [6] analysed three binders subjected to both standard laboratory aging
(RTFOT + PAV) and an alternative low-temperature aging method (VBA). The
results show significant variations in the composition of the SARA fractions, as shown
in the Figure 2.5:

Figure 2.5: Results from the polarity based separation into the SARA fractions
(Mirwald et al.,2020) [6].

The analysis confirms, that in the aged samples there is a decrease in aromatics and
an increase in asphaltenes, in particular:

– Satures: in all cases the variations were minimal, in fact the range is between
+1 and -3 wt% [6];

– Aromatics: there was a decrease ranging from 12 to 24 wt%, in particular
binder B showed the greatest decrease between 19 and 24 wt% [6];

– Resins: here there is a noticeable increase [6];
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– Asphaltenes: there was generally an increase from 7 to 22 wt% [6].

For the sake of clarity, a table showing the percentage differences of the various
fractions from the virgin sample is shown below for all 3 bitumens:

Binder Method ∆ Satures [%] ∆ Aromatics [%] ∆ Resins [%] ∆ Asphaltenes [%]

A RTFOT + PAV −1 0 −4 +5
A VBA (3gg) −3 +2 −15 +16
B RTFOT + PAV +1 −24 +5 +18
B VBA (3gg) −3 −29 +8 +22
C RTFOT + PAV 0 −12 +5 +7

Table 2.1: Mass difference of the LtA fractions compared to the respective unaged
fractions (Mirwald et al.,2020) [6].

From the rheological point of view, the two main properties analyzed in numerous
studies are the complex modulus (|G∗|) and the phase angle (δ).

In the study by Ge et al. (2019) [7] , the behavior of a virgin bitumen and the
same bitumen subjected to short and long-term aging processes at three different
temperatures (123 °C, 143 °C and 163 °C) was analyzed. It was noted that as the
degree of aging increases, the value of the stiffness modulus at the same reduced
frequency tends to increase, indicating an increase in binder stiffness. At the same
time, a decrease in phase angle is observed, suggesting an evolution of material
behavior from a predominantly viscous condition toward a more elastic one.
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(a)

(b)

Figure 2.6: (a) Master curve of |G∗| Ge et al. (2019) [7] ; (b) Master curve of
phase angle (Ge et al.,2019) [7].

These results confirm that aging, influenced by temperature and exposure duration,
has a direct impact on the mechanical response of bitumen, reducing its elasticity
and increasing its tendency to brittleness, especially at low temperatures

2.2.2 Effects of Aging on Asphalt Mixtures

As described in Subsection 2.2.1, bitumen aging significantly alters the rheological
properties of the binder, which in turn affects the overall performance of the asphalt
mixture. The increase in viscosity and stiffness caused by aging reduces the material’s
ability to accommodate imposed deformations, facilitating the development of various
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distress mechanisms.

Among the various mechanisms, the loss of adhesion at the binder–aggregate interface
is particularly critical. The interaction between bitumen and aggregate, governed
by physico-chemical bonds, is essential to ensure the internal cohesion of the mix.
When this adhesion weakens—due, for example, to the aging of the bitumen—the
presence of water can promote the detachment of the binder from the aggregate
surface. This process initiates surface degradation phenomena such as stripping,
defined as the loss of the asphalt coating from the aggregate surface [8]. Under
these conditions, vehicular traffic further contributes to the acceleration of moisture
damage, ultimately leading to the formation of potholes over time.

Figure 2.7: low-adhesion in bitumen (Pstrowska et al.,2022) [8].

Figure 2.8: Potholes phenomenon in asphalt pavement.

Similarly, Abouelsaad and White et Al (2022) [9] found that aging reduces the micro-
mechanical adhesion force between binder and aggregate. Under critical horizontal
loading, this can lead to ravelling, as the weakened matrix causes aggregate particles
to detach. Once initiated, the process can rapidly propagate, leading to widespread
surface disintegration through a domino effect.

From a material property perspective, binder hardening due to aging is reflected in
conventional parameters: a reduction in ductility and penetration, combined with
an increase in softening point and viscosity. These changes indicate a stiffer and
more brittle binder, less capable of sustaining stresses and strains without damage.
Consequently, the aged mixture becomes more prone to cracking and fatigue, while
the reduced cohesion of the mastic and the weakened binder–aggregate bond can
accelerate surface distresses such as ravelling.
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Figure 2.9: Mechanism of ravelling (Abouelsaad and White et Al.,2022) [8].

Sreedhar and Coleri (2020) [10] investigated the effects of long-term aging on fatigue
resistance in asphalt mixtures, highlighting that oxidation leads to increased stiffness
and greater fragility of the material. To quantify this behavior, they employed the
Flexibility Index (FI), defined as the ratio between fracture energy and the post-peak
slope of the load–displacement curve, scaled by a coefficient. A lower FI value
indicates a more brittle mixture, with a higher crack growth rate and, consequently,
a greater susceptibility to fatigue-related distresses.

Further insight into fatigue behavior was provided by Singh et al. (2021) [11], who
performed the Linear Amplitude Sweep (LAS) test at three different temperatures
and two strain levels (2.5% and 5.0%). The objective was to estimate the number of
cycles to failure under repeated loading. The results confirmed that fatigue resistance
decreases with increasing aging. This decline is attributed to the stiffening of the
aged binder, which becomes less elastic and thus more vulnerable to cracking under
cyclic loads, limiting its ability to absorb and dissipate stress.

Figure 2.10: Fatigue life of asphalt binders at different aging conditions (Singh et
al.,2021) [11].
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Figure 2.11: Fatigue cracking phenomenon in asphalt pavement.

In parallel, Singh et al. (2021) [10] also examined the rutting resistance of asphalt
binders by using the Multiple Stress Creep Recovery (MSCR) test, which provides
two key parameters: percent recovery (Er) and non-recoverable creep compliance
(Jnr). Higher values of Er indicate greater elastic recovery, while lower Jnr values
correspond to reduced permanent deformation, both considered favorable for rutting
resistance. Their findings revealed notable differences among unaged, short-term,
and long-term aged binders, with oxidation contributing to increased stiffness. While
this stiffening effect may enhance rutting resistance, it simultaneously reduces fatigue
performance, emphasizing the complex trade-off introduced by binder aging.

(a)

(b)

Figure 2.12: (a) Er of asphalt binders at different aging conditions; (b) Jnr of
asphalt binders at different ageng conditions (Singh et al.,2021) [11].
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Figure 2.13: Rutting phenomenon in asphalt pavement.

2.3 Rejuvenators

Previous chapters have extensively analyzed the causes of aging in asphalt mixtures,
both from the point of view of the asphalt binder and from that of the asphalt mix.
In the present chapter, however, we take a closer look at what the scientific literature
suggests is one of the main strategies for counteracting these phenomena: the use of
regenerating additives (rejuvenators) within mixtures containing RAP.

Rejuvenator is defined as an agent that can restore the original rheological properties
of aged bitumen [12]. Its main function is to reduce the stiffness and viscosity of
the binder while increasing its ductility. The first mechanism by which recovery of
bitumen properties is achieved is by rebalancing between the solid (asphaltenes) and
fluid (maltenes) fractions, generally achieved by increasing the maltenes content.

In addition to international research, national specifications also play a crucial role
in guiding the use of such additives. In Italy, for example, the ANAS Technical
Specifications require the use of chemical softening agents (ACF) in both hot and
cold recycling processes involving RAP. These additives must enhance key binder
properties such as adhesion, thermal susceptibility, cohesion, viscosity, and aging
resistance with a recommended dosage between 0.2% and 0.8 % by weight of the total
binder. The method of incorporation may vary (e.g., added to water, virgin binder,
or directly to RAP during milling), and all products must be tested and approved by
accredited laboratories. Full technical documentation and site verification procedures
are also required for acceptance [13].

2.3.1 Rejuvenators and Fluxants

The study by Loise et al. (2023) [12] points out that the term rejuvenator is often
used loosely to refer to any additive capable of improving the properties of an aged
binder. However, it is crucial to distinguish between fluxing (or softening) agents,
which simply reduce viscosity, and real rejuvenating agents, which act more
profoundly on the chemical balance of the binder, promoting true regeneration of
the RAP.
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Figure 2.14: Scheme showing the main processes involved in bitumen aging and its
rejuvenation (Loise et al.,2023) [12].

The author of this thesis, believes that the clearest and most accurate definition,
could be the one proposed by (Abe et al.,2023) [12]:

– Real rejuvenating agents: is able to act on the internal colloidal structure of
aged bitumen, changing its organization and helping to restore the correct ratio
of asphaltenes to maltenes. This type of mechanism reproduces a condition
similar to that of virgin bitumen, both compositionally and structurally [12];

– Fluxing agents (i.e., softening agent): acts mainly by reducing the viscosity
and modulus of the bitumen through a diluting action of the continuous
(maltenic) phase. Although it improves the workability of the material, it
does not have a significant impact on the internal molecular aggregation or
self-assembly processes of polar micelles. For this reason, its effect is to be
considered more superficial and temporary than that of a true rejuvenator [12].

The difference between a softening agents and real rejuvenators has also been studied
from the point of view of physical performance, as these are different mechanisms
of action [14]. While the stiffness of bitumen is often evaluated by rapid empirical
methods developed primarily for engineering applications (such as penetration test,
softening point or viscosity), the distinction between softening agents and real
rejuvenators requires analysis techniques with a more advanced physical basis.

One of the most effective techniques in this area is Small Amplitude Oscillatory
Shear (SAOS) rheometry, or small-amplitude oscillatory rheometry, which allows
fundamental physical quantities of the material to be determined through the use
of sample-specific geometries and precise mathematical interpretation of the data.
Specifically, we evaluate the complex module G∗, which represents the total energy
required to deform the bitumen during an oscillation. This modulus is composed of:
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– G′: elastic modulus (or storage modulus), which expresses the energy stored in
the material;

– G′′: viscous modulus (or loss modulus), which represents the energy dissipated
as heat.

The relationship between these two parameters is defined as:

|G∗| =
ñ

(G′)2 + (G′′)2

In the same study, the use of so called black diagrams, in which G∗ is represented as
a function of the phase angle δ, is also explored in depth, with:

tan(δ) = G′′

G′

These diagrams make it possible to compare the viscoelastic properties of binders
without explicitly considering either temperature or frequency, thus offering a more
direct and comparative view of rheological performance [14]. However, the test under
review does not explicitly report the specific conclusions or results obtained from
these studies using black diagrams to explain how this difference between softening
agents and real rejuvenators manifests itself. It simply indicates that the technique
was used for that purpose.

More advanced techniques such as low-frequency Nuclear Magnetic Resonance (NMR)
are also being mentioned are showing great promise for distinguishing between the
two effects [14]. This technique makes it possible to analyze the relaxation times
T2, which provide insights into the degree of molecular freedom within the bitumen.
Stiffer materials or aggregates show shorter values of T2 due to greater dynamic
constraints. NMR analysis, often performed by Inverse Laplace Transform (ILT),
allows the different molecular populations and their mobility to be mapped, thus
providing an in-depth readout of the internal microstructure of the binder [14].

In order to better understand the mechanisms of softening agents and real rejuvenators,
it was interesting to analyze the study of the differences the study by Abe et al.
(2023) [12], in which the effect of recycling agents on aged bitumen is studied.

The bitumen used in the study is a 70/100, while the recycling agents used are two,
referred to as R1 and R2, both dosed at 6% by weight relative to the bitumen content.
These additives were introduced after the application of multiple aging cycles of the
binder, performed in order to reproduce as realistically as possible the operating
conditions to which the material is subjected during its service life.

Three types of analysis were conducted in the work, of which, in this paper, the
first two are discussed in detail. The choice is motivated by the fact that the first
analysis is methodologically akin to those conducted by the author of this thesis
(i.e., rheological analyses using DSR), while the second provides results that are
particularly significant for the purpose of assessing the effectiveness of rejuvenators.

The first analysis is rheological (Dynamic Shear Rheometer - DSR): in this case, the
mechanical properties of the bitumen were evaluated by means of a temperature
sweep (TS) test, which consists of a controlled and gradual change in temperature
during the test.
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In the graph below are reported the values of the complex modulus G* corresponding
to the crossover temperatures of the samples.

(a)

(b)

Figure 2.15: (a) Complex modulus G* vs. temperature of R1-modified samples; (b)
Complex modulus G* vs. temperature of R2-modified samples (Abe et al.,2023) [12].

The results show that both recycling agents helped to reduce the stiffness of aged
bitumen, improving its physical properties. In particular, agent R1 proved more
effective, succeeding in restoring the material to a condition very similar to that of
virgin bitumen, even after multiple aging cycles. In contrast, R2 showed a more
pronounced softening effect, so much so that it even made the bitumen softer than
virgin bitumen in case of double application, but without fully restoring its initial
structure.

These observations indicate that R1 has greater potential for structural recovery,
while the effect of R2 appears closer to simple softening. Although rheological data
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are useful in assessing the mechanical performance of the binder, they do not always
allow a clear distinction between a regenerating and a fluxing action.

The second analysis conducted investigates Morphological Properties, which allows for
high-resolution topographic images of the material surface. This type of observation
made it possible to identify several morphological phases in the bitumen, including so-
called honeycomb structures (also known as bee structures), related to the presence of
asphaltenes, and a smoother matrix consisting of aromatic and saturated components,
associated with the maltenic fraction.

Application of the regenerating agent R1 showed the ability to partially reverse these
effects: the stiff structures are reduced in size and the maltenic matrix is restored,
giving the bitumen morphological characteristics similar to those of virgin material.
This behavior suggests that R1 interacts selectively with the asphaltenic fraction,
probably through mechanisms that hinder its molecular aggregation.

In contrast, agent R2 manifested a milder action attributable to a simple softening
effect. Although it too promotes a partial dispersion of aggregated structures and
an apparent increase in the fluid phase, no significant changes to the morphology of
honeycomb structures are observed. This suggests that R2 acts mainly by diluting
the continuous phase, without directly affecting the balance between asphaltenes and
maltenes.
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(a)

(b)

Figure 2.16: (a) Master curve of |G∗|; (b) Master curve of phase angle (Abe et
al.,2023) [12].

2.3.2 Types of Rejuvenators

Rejuvenators are classified into five categories: paraffinic oils, aromatic extracts,
naphthenic oils, triglyceride and fatty acids, and tall oils. The first three
belong to the category of petroleum-derived oils, and are used to replenish the
maltenic fraction of bitumen. Whereas the other two, are derived from agricultural
sources and contribute fatty acids and/or esters, which are used as solubilization
media. In the literature, the use of aromatic extracts (which is a refined crude oil
product) as a rejuvenator, is well-established; but in the in recent years, the use
of bio-based rejuvenators has become more widespread, both for their lower
environmental impact and for their efficacy [15].

Petroleum-based and bio-based rejuvenators will be compared on two scales of
analysis: of the binder, to understand how the rejuvenators affect the rheological
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properties of the aged bitumen; and of the asphalt mixture, to evaluate the mechanical
performance of the mixture in situations that simulate real-world conditions such as
stresses or environmental conditions.

2.3.2.1 Binder testing

The Performance Grade (PG) classification was used to evaluate the rheological
performance of rejuvenated binders across a range of temperatures. Testing was
carried out using the Dynamic Shear Rheometer (DSR) for high temperatures and the
Bending Beam Rheometer (BBR) for low temperatures. Zaumanis et al. (2014) [16]
investigated six rejuvenators applied at the same dosage (12%), including four bio-
based products (Waste Vegetable Oil, Waste Vegetable Grease, Organic Oil, Distilled
Tall Oil) and two petroleum-based products (Aromatic Extract, Waste Engine Oil).
The results showed that bio-based rejuvenators were more effective in lowering the
low PG temperature, reaching values as low as −26 ◦C, which were even lower than
those of the virgin binder:

Figure 2.17: Continuous performance grade of rejuvenated binders and G*sin δ at
25 °C (C. Zaumanis et al.,2014) [16].

Nevertheless, all rejuvenators adequately decreased the intermediate temperature
fatigue parameter G*sin δ, meeting the Superpave requirement [16].

Arafat et al. (2023) [15] confirmed these trends using different dosages for the two
types of rejuvenators (bio-based and petroleum-based). In both cases, BBR results
indicated a reduction in binder stiffness and an improvement in stress relaxation
capacity, suggesting that the addition of rejuvenators effectively counteracts the
aging effects of RAP and enhances binder performance at low service temperatures.It
obtained that the optimum dosage for bio-oil rejuvenators was 15% of the RAP
binder, compared to the required dosage for petroleum-based which turns out to be
35% of the RAP binder [15].

To understand the susceptibility to aging , mass loss tests were performed
after aging at RTFOT and PAV. WEO and WV Grease showed an increase in PG
temperature of about 4 °C after aging, suggesting accelerated aging compared with
virgin binder and unmodified RAP. WEO was the only one to exceed the allowed
volatilization limits for its “rejuvenator portion” after aging RTFO [16].
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Figure 2.18: Mass loss after RTFO (Zaumanis et al.,2014) [16].

Following a more analytical approach, Arafat et al.(2023) [15] evaluated the aging
index, calculated as the area between the master curves of the aged and unaged
binder. The results showed that the binder with bio-oil has an aging index of about
13, which is higher than both the binder with aromatic oil, about 9, confirming a
greater susceptibility to aging of the first.

Figure 2.19: Aging Index of aged binder calculated from the master curve (Arafat
et al.,2023) [15].

2.3.2.2 Mix testing

The rutting resistance was tested with the Hamburg WTT by Zaumanis et al.
(2014) [16], the results show that rutting resistance decreases with the addition of the
rejuvenators, particularly with WV Grease and WV Oil, compared with RAP Mix.
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Figure 2.20: Hamburg WTT rutting results (Zaumanis et al.,2014) [16].

The authors emphasize that notwithstanding the results, with proper mix and the
right doses, there is no risk of increased susceptibility to rutting. This assertion is
shared by Arafat et al. (2023) [15], who employing The Asphalt Pavement Analyzer
(APA) point out anceh that with petroleum-based rejuvenators with a higher dosage
than organic ones increases rutting reistance.

Figure 2.21: APA rutting test results for selected mixed (Arafat et al.,2023) [15].

The cracking resistance was evaluated through the Coaxial Shear Test (CAST)
[16], which monitors the variation of the complex modulus as a function of load
application. In the present study, up to 1.4 million cycles are recorded, with the goal
of extrapolating the breaking point (50% reduction in initial stiffness). The results
show that mixtures containing RAP in the highest percentage, exhibit high stiffness
compared to virgin or low RAP content mixtures, this due to the presence of aged
bitumen. Most of the rejuvenators reduced stiffness, however Organic Oil and for
Distillated Tall Oil, showed the opposite behavior, increasing it. Thus with almost
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all rejuvenators there was an increase in cracking resistance.

Figure 2.22: Complex modulus as determined using CAST (Zaumanis et
al.,2014) [16].

At same time Al Mamun et al. (2020) [17] performed Indirect Tensile Strenght (ITS)
to analyze fatigue, on mixtures containing WCO and WEO. In agreement with
the previously analyzed study, there is a decrease in ITS values with both mixtures,
due to binder softening, but the mixtures rejuvenated with WCO show higher ITS
values than the corresponding mixtures rejuvenated with WEO. This suggests that,
in terms of tensile strength, WCO tends to maintain greater structural integrity.

To assess the durability of bituminous mixtures, and in particular their resistance
to moisture damage, the Tensile Strength Ratio (TSR) value was evaluated.
According to Superpave criteria, to ensure good resistance to moisture, the minimum
TSR value must be 80%. The study by Arafat et al. (2023) [15], showed that
the mixtures containing regenerants, consistently exhibited TSR values above the
minimum limit of 80%, and even higher than the control mixture (without RAP).
This improvement was attributed to slightly lower air voids and higher total binder
content in the regenerated mixtures. Al Mamun et al. (2020) [17], delved into the
dosage of the specific regenerants on moisture durability went into more detail trying
to understand the dosage that improved moisture durability, highlighting that: 7%
of WEO is effective up to 40% of RAP, while 13% of WCO can be used up to 50% of
RAP.

However, the study also pointed out that excessive dosages of regenerant can com-
promise durability, causing a decrease in cohesion and adhesion and leading to TSR
values that approach or fall below the minimum limit of 80%.

2.3.3 Commercial Rejuvenators

This thesis exclusively employed bio-based rejuvenators. Among them, a widely
available and commonly used product was selected typically found as a cooking oil
and not originally intended for industrial applications. The selected material was
sunflower oil, a choice supported by its well documented characteristics in the
scientific literature.

A common feature of bio-oils is their high content of unsaturated fatty acids (UFAs).
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The type and proportion of these fatty acids significantly influence the physical and
chemical properties of the oils, and consequently affect the performance of the asphalt
mixtures to which they are added. Soybean oil, in particular, has been extensively
studied and validated as a rejuvenator, with various demonstration projects currently
underway to assess its long-term performance under real traffic and environmental
conditions. Sunflower oil exhibits a fatty acid profile very similar to that of soybean
oil, especially in terms of oleic and linoleic acid content, making it a viable alternative
for road engineering applications. Furthermore, high oleic variants of these oils offer
superior oxidation stability compared to conventional ones a property that can be
especially beneficial in enhancing the durability of asphalt materials [18].

Supporting this hypothesis, the study by J. Wang et al.,2024 [19] compared sunflower
oil (VCO) with soybean oil (SO) and palm oil (PO) at equal dosages ranging from
2% to 8%.

(a) (b)

Figure 2.23: (a) Penetration of rejuvenated asphalt with the three bio-oils at
different dosages; (b) Softening point of rejuvenated asphalt with the three bio-oils
at different dosages (J. Wang et al.,2024) [19].

The results clearly show that long-term aged asphalt (LTA) treated with sunflower
oil exhibited the highest penetration values at 25 °C, indicating a more pronounced
softening effect. Moreover, it also presented the lowest softening point values,
suggesting a reduction in stiffness and improved workability of the binder.

An in-depth analysis was also carried out on the rheological properties of the reju-
venated asphalt, considering the complex shear modulus (G*), the phase angle (δ),
and the rutting resistance parameter. The following tables show the results for an
8% dosage at various temperatures for asphalt modified with different oils:
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Temperature (°C) ORI LTA LTA + 8VCO LTA + 8SO LTA + 8PO

30 5.35 6.07 5.22 5.33 5.34
40 4.83 5.74 4.74 4.88 4.89
50 4.28 5.21 4.28 4.45 4.44
60 3.65 4.61 3.72 3.91 3.87
70 3.08 4.01 3.19 3.38 3.33
80 2.56 3.45 2.70 2.87 2.81

Table 2.2: Log of complex shear modulus of rejuvenated asphalt at the dosage of
8% (Pa) (J. Wang et al.,2024) [19].

Temperature (°C) ORI LTA LTA + 8VCO LTA + 8SO LTA + 8PO

30 73.52 54.73 64.89 61.55 63.05
40 76.23 61.80 68.28 64.72 66.75
50 78.88 66.60 71.38 67.32 69.91
60 81.90 70.94 75.71 71.44 74.62
70 84.77 76.01 80.11 76.43 79.44
80 86.91 80.82 84.10 81.47 83.60

Table 2.3: The phase angle of rejuvenated asphalt at the dosage of 8% (°) (J. Wang
et al.,2024) [19].

Temperature (°C) ORI LTA LTA + 8VCO LTA + 8SO LTA + 8PO

30 232,000 1,260,000 182,000 251,000 264,000
40 70,110 624,000 58,765 84,107 85,104
50 19,601 178,000 20,165 30,341 29,226
60 4,505 43,113 5,465 8,576 7,739
70 1,216 10,633 1,590 2,495 2,156
80 366 2,861 497 745 643

Table 2.4: The rutting parameter of rejuvenated asphalt at the dosage of 8% (Pa)
(J. Wang et al.,2024) [19].

The addition of VCO resulted in the lowest complex modulus values (5.22 Pa),
indicating improved workability of the binder. At the same time, an increase in the
phase angle (64.89°) was observed, reflecting enhanced viscoelastic behavior. Finally,
the rutting parameter reached a stable value (182,000 Pa), suggesting a balanced
compromise between workability and resistance.

This initial comparison shows that sunflower oil performs slightly better than soybean
oil in both rheological and physical aspects.

The study by Some et al. (2016) [20] also examined a direct comparison with rapeseed
oil. Although both are rich in unsaturated fatty acids, sunflower oil demonstrated
superior results: higher penetration, a slightly higher softening point, and reduced
rut depth.The master curves confirmed improved rheological behavior, with a lower
Complex Modulus (E*) and a higher phase angle.
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Figure 2.24: Binders complex modulus and phase angle master curves at 15 °C
(Some et al.,2016) [20].

All of this supports the author’s decision to use sunflower oil as the rejuvenating
agent in the experimental phase of this study, due to its proven rheological and
physical properties.
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Chapter 3

Materials and Methods

3.1 Bitumen

Bitumen is defined as a mixture of paraffinic and aromatic hydrocarbons with high
molecular weight, soluble in carbon disulfide (CS2) [21].

The colour is black, and it is a viscous material that becomes progressively more
fluid as the temperature increase at around 100 °C, it reaches a workable consistency,
while at room temperature it is significantly more rigid.

Approximately 85% of bitumen applications are related to road infrastructure con-
struction, due to its favourable properties: thermoplastic, waterproof, sealing, ad-
hesive, resistant to acids, alkalis, and salts, durable, modifiable and recyclable [21].
These characteristics make bitumen an ideal binder, used to hold together mineral
aggregates in asphalt mixtures. The effectiveness of this binding action is associated
with a fundamental property known as consistency, which varies with temperature
and loading time.

From a chemical point of view, bitumen can be described using the colloidal model
introduced by Nellensteyn (1924). In this representation, bitumen is considered a
colloidal system composed of: a continuous oily phase (maltene) made up of saturates
and aromatics, which give the material its viscous nature; and solid dispersed particles
known as asphaltenes, which, due to their polar nature, tend to agglomerate.

This agglomeration is prevented by the presence of resins, which surround the
asphaltenes and generate electrostatic repulsion forces that stabilize the dispersion.

Figure 3.1: Colloidal model - Nellensteyn (1924) [21].

In Italy, bitumen is traditionally classified through empirical tests such as the
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Penetration Test, Softening Point Test, Fraass Breaking Point Test, and Ductility
Test.

In the context of this research, the bitumen employed has been classified thanks to
parallel thesis work as a 70/100 penetration grade, which is widely used in road
paving applications for its optimal balance of stiffness and flexibility in temperate
climates.

3.2 Vegetable Oil Rejuvenators

The use of oils of vegetable origin as rejuvenators for Reclaimed Asphalt Pavement
(RAP) has been extensively studied in recent years. These oils are not only effective
in restoring the properties of aged asphalt, but also have significant advantages in
terms of sustainability, accessibility and reduced costs compared to rejuvenators of
petrol origin. Vegetable oils are biodegradable, renewable and can also be easily
found in supermarkets.

In the present study, are used three oils of vegetable origin, as rejuvenating agents
for bitumen. To simplify the discussion, these rejuvenating agents were identified as
“RA”, “RB” and “RC” (Figure 3.2). Specifically, RA consists of a mixture of fatty
acids and glycerophospholipids, RB is composed of a blend of vegetable oils, while RC
corresponds to a commercial sunflower oil. Each rejuvenating agent was mixed with
grade 70/100 bitumen, previously described in the materials section (Section 3.1).

(a) (b) (c)

Figure 3.2: (a) RA; (b) RB; (c) RC.

The main physical characteristics, density ρ and viscosity η of the rejuvenator
analyzed are shown below, to highlight the differences and assess their effectiveness
in restoring the rheological properties of the aged bitumen.

Rejuvenator ρ η

(-) g/cm3 mPa·s

RA 0.95 (20 °C) 50–90 (40 °C)
RB 0.85–0.95 (25 °C) 50–150 (25 °C)
RC 0.918—0.923 (20–25 °C) 29.7 (40 °C)

Table 3.1: Physical properties of rejuvenators

The density and viscosity values attributed to the sunflower oil (RC) are approximate
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and do not derive from the specific technical datasheet of the product used. Instead,
they are based on general characteristics of commercially available sunflower oils.

3.3 Bitumen Aging Methods

The bitumen was initially subjected to a short-term aging process using the RTFOT
(Rolling Thin Film Oven Test) method, performed according to BS EN 12607-1:2014
- BRITISH STANDARD [22], to simulate the short-term aging conditions that the
material undergoes during mixing with aggregates and paving.

For the test, 8 glass cylinders were prepared, each containing (35 ± 0.5) g of bitumen,
totaling approximately 280 g. According to the RTFOT procedure [22], the cylinders
were then rotated to ensure that the bitumen spread uniformly along the inner
surface, creating a thin film. This operation is essential to simulate the short-term
aging conditions during mixing and laying phases, allowing the hot air to effectively
interact with the exposed bitumen surface during oven conditioning.

(a) (b)

Figure 3.3: (a) Filling the glass with bitumen ; (b) Rolling the glass to create a
thin film.

The cylinders were placed on a cooling rack for a period of 60 minutes, before being
quickly inserted into the special holes of the oven, to minimize temperature variations.
Once the cylinders have been inserted, a rotation at 15 ± 0.2 r/min is activated,
while maintaining an air flow set at (4,0 ± 0,2) l/min, as the procedure. To ensured
a stable thermal condition the oven temperature had to (163 ± 1) °C within 15
minutes [22].

29



Materials and Methods

Figure 3.4: Glass cylinder on the cooling rack.

Figure 3.5: Glass cylinder in the oven.

Once the set temperature was reached, the timer was started for a duration of (75
± 1) minutes. At the end of the test, the cylinders were removed, making sure to
recover at least 90% of the material, corresponding to 252 g in the case of the 280 g
total, and 32 g for each cylinder. In total, two RTFOT tests were performed.

Subsequently, the bitumen was subjected to a long-term aging process using the
Pressure Aging Vessel (PAV) method, conducted according to BS EN 14769:2023 -
BRITISH STANDARD [23], to simulate the changes that the binder undergoes in
situ after approximately 5 to 10 years of service.
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Figure 3.6: Schematic of Typical PAV Test System (AASHTO R 28-22) [24].

The previously RTFOT-aged material was distributed into 10 PAV pans, each
containing 50 g of bitumen, placed inside the pan holder and inserted into the
hermetically sealed pressure vessel.

Figure 3.7: 4 PAV pans filled with 50 g of RTFOT aged bitumen.
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Figure 3.8: PAV holder.

When the internal temperature of the vessel reached between 5 °C and 20 °C below
the aging temperature of 100 °C, compressed air was activated, which reached a
pressure of (2.1 ± 0.2) MPa. The aging process was maintained for a duration of 20
hours (±10 minutes). At the end of the treatment, it was verified that the pressure
never fell outside the range of (2.1 ± 0.2) MPa for a period of more than 30 minutes.

The appearance of the aged binder at the end of the PAV test is shown in (Figure 3.9).

Figure 3.9: Pan filled with PAV aged bitumen.

3.4 Preparation of Bitumen–Rejuvenator Blends

The rejuvenators described in Section 3.2 were subsequently mixed with bitumen
grade 70/100.

For all three rejuvenators tested, two dosages were adopted, equal to 4% and 6%
by weight of bitumen. This choice was made in order to enable a direct comparison
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between the different products, while maintaining consistent experimental conditions.

The selected dosages were based on the recommendations provided by the manufac-
turers. For the rejuvenator RA, a dosage range between 0.2% and 0.4% on RAP
is suggested. Assuming an average bitumen content in RAP of 5%, the corresponding
amount to be added directly to the bitumen was calculated as follows:

0.2%
5% = 4%,

0.4%
5% = 8%

Thus, the dosage on the bitumen ranges between 4% and 8%. Initially, a single
dosage of 6% was selected, representing an intermediate value within the defined
range for RA. Subsequently, with the introduction of the rejuvenator RB, for which
the manufacturer recommends a range of 0.1%–0.3% on RAP, the same calculation
was applied:

0.1%
5% = 2%,

0.3%
5% = 6%

This indicates that the dosage on the bitumen should range from 2% to 6%. In order
to ensure a consistent comparison with RA, the 6% dosage was also used for RB.
However, an additional dosage of 4% was also considered, representing the average
of the recommended range for RB. In this way:

– RA was tested at its minimum (4%) and intermediate (6%) values;

– RB was tested at its intermediate (4%) and maximum (6%) values.

To maintain methodological consistency, the same dosages (4% and 6%) were also
applied to the rejuvenator RC, introduced later in the study.

Finally, considering a fixed binder quantity of 50 g for each test, the amount of
rejuvenator to be added was calculated as:

50 g × 0.04 = 2.0 g, 50 g × 0.06 = 3.0 g

Therefore, for each dosage:

– 2.0 g of rejuvenator were added for the 4% dosage;

– 3.0 g of rejuvenator were added for the 6% dosage.

Mixing was carried out using a mechanical rod mixer RZR 2041 ‘Heidolph’, set
at a speed of approximately 200 rpm (revolutions per minute) for a duration of 3
minutes.
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Figure 3.10: RZR 2041 “Heidolph”.

The temperature during this phase was maintained at approximately 140 °C. To
reach and sustain this level, the container ("cookie") holding the 50 g of bitumen
was placed on a heated support inside an oven set to the same temperature. The
support consisted of a vessel filled with refractory stones that surrounded the can
on which the cookie was placed, thereby creating a thermally insulated and stable
environment. This setup ensured uniform temperature distribution throughout the
treatment process.

Figure 3.11: Heated support for mixing process.

The rejuvenator was added gradually to the bitumen, using a pipette. This method
ensured an even distribution within the bitumen matrix. The addition was carried
out in small quantities to avoid excessive viscosity variations and to ensure uniform
mixing.
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Figure 3.12: Addition of the rejuvenator using a pipette.

During the mixing process of all three rejuvenators, no issues were encountered. All
three products exhibited satisfactory consistency, although the RA appeared slightly
more filamentous compared to the other two.
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Experimental Tests

4.1 Rheological Testing

4.1.1 Frequency Sweep Test

Continuous loading tests do not realistically represent the stresses transmitted by
vehicles to road pavements, as the loads applied under real conditions vary over time
and are not constant. For this reason, rheological tests adopt an oscillatory regime,
in which the material is subjected to a stress that follows a sinusoidal law:

τ(t) = τ0 · sin(ωt) (4.1)

where:

– τ(t) is the instantaneous shear stress;

– τ0 is the amplitude of the applied stress;

– ω is the angular frequency (rad/s);

– t is the time.

Figure 4.1: Harmonic stress applied in the linear viscoelastic regime [21].

Considering the viscoelastic nature of bitumen, the strain response is not in phase
with the applied stress, but is delayed in time. This behavior is expressed by the
following relationship:

γ(t) = γ0 · sin(ωt − δ) (4.2)
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where:

– γ(t) is the instantaneous strain;

– γ0 is the strain amplitude;

– δ is the phase angle, representing the time shift between stress and response.

Figure 4.2: Strain out of phase with respect to stress: viscoelastic behavior [21].

The phase angle δ provides a direct indication of the balance between the elastic
(recoverable) and viscous (dissipative) components of the material:

– for δ = 0◦, the material behaves as a purely elastic solid;

– for δ = 90◦, the behavior is typical of an ideal viscous fluid.

Given the stress and strain values, the complex modulus G∗ can be defined,
representing the ratio between the two quantities:

G∗ = τ(t)
γ(t) (4.3)

The complex modulus can be represented as a vector in the complex plane, with
a real part G′ (elastic component) and an imaginary part G′′ (viscous component).
The relationships linking these components are:

G′ = |G∗| · cos δ G′′ = |G∗| · sin δ |G∗| =
ð

G′2 + G′′2 (4.4)

Figure 4.3: Vector representation of the complex modulus G∗ [21].

The harmonic behavior described above forms the theoretical basis of the rheological
test known as the frequency sweep, which is fundamental for the viscoelastic
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characterization of bituminous binders. The aim of this test is to evaluate the
evolution of the complex modulus G∗ and the phase angle δ as a function of
angular frequency, within a range between 1 and 100 rad/s.

The test is conducted within the linear viscoelastic range (LVE), ensuring that
the material response remains independent of the strain amplitude. Under these
conditions, it is possible to observe how the binder shifts from a predominantly
viscous behavior, typical of low frequencies or high temperatures, to a more elastic
response, which occurs at high frequencies or low temperatures.

The experimental outputs of the frequency sweep test allow for the interpretation of
the binder’s rheological behavior through various graphical representations. Among
these,a particularly useful tool is the Black diagram, it correlates the logarithmic
value of the complex modulus (log |G∗|) with the corresponding phase angle (δ). This
representation enables the assessment of the consistency of the material’s viscoelastic
behavior and the comparison of binders with different rheological characteristics or
aging levels.

Another fundamental representation is the Master Curve, which describes the
trend of the complex modulus as a function of reduced frequency, combining on a
single curve the data obtained at different temperatures. This procedure is based on
the application of the time–temperature superposition principle, which allows for a
virtual extension of the analyzable frequency range.

4.1.1.1 Master Curve Modeling Using the CAM Model

The Master Curves obtained were modeled using the Christensen–Anderson–Marasteanu
(CAM) analytical model, which allows for the description of bitumen’s viscoelastic
behavior over a wide range of reduced frequencies through a continuous mathematical
formulation. To apply this model, it was necessary to identify an optimal set of
parameters, using an optimization process conducted with Microsoft Excel Solver.

The main parameters of the CAM model are:

– Gg: the glassy modulus, represents the limiting stiffness of the material at
extremely high frequencies. It is considered constant for each type of bitumen
and, in this study, an initial value of log Gg = 6, corresponding to Gg = 1 MPa,
was assumed.

– ωc: the crossover frequency, that is, the frequency at which the equality
between the elastic and viscous components of the complex modulus occurs
(G′ = G′′), corresponding to tan δ = 1 or δ = 45◦. This value was estimated
from the experimental data by identifying the point at which δ approaches 45°.

– R: the rheological index, which describes the difference between the glassy
modulus and the complex modulus at the crossover frequency. It expresses
how quickly the curve approaches the glassy asymptote. In the model, it is
expressed as:

R = log
3

Gg

G∗(ωc)

4
(4.5)

– m: a shape parameter.

The CAM model is defined by the following equations:
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|G∗| = Gg

1 +
3

ωc

ωr

4 log 2
R

− mR
log 2

(4.6)

δ = 90 · m

1 +
1

ωr
ωc

2 log 2
R

(4.7)

To determine the reduced frequency ωr, necessary for constructing the Master
Curve, the time–temperature superposition principle was applied using the
Williams–Landel–Ferry (WLF) equation:

log aT = − C1(T − T0)
C2 + (T − T0) (4.8)

where:

– T : test temperature;

– T0: reference temperature (assumed equal to 20 °C);

– C1 = 19 and C2 = 92: values suggested for road bitumens.

Through the optimization performed with Solver, the sum of the deviations between
the experimental and theoretical values of G∗ and δ was minimized by adjusting the
parameters log Gg, log ωc, R, C1, C2 and m in order to improve the model’s fit to
the experimental data. The final goal was not to obtain a punctual value of G∗

LV E ,
but rather an optimized continuous curve describing the rheological behavior of
bitumen across the entire spectrum of reduced frequencies.

Below are reported C1, C2 and the CAM model parameters obtained from the
analysis:

Material T0 C1 C2 log(Gg) log(ωc) R m
[°C] [-] [°C] [kPa] [rad/s] [kPa] [-]

O 20 12,27 110,12 5,52 2,81 1,32 1,03
R 20 14,20 121,23 5,64 1,76 1,69 1,08
P 20 18,64 159,84 5,65 0,00 2,12 1,18
RA4_p 20 15,35 130,74 5,82 0,26 2,31 1,25
RA6_p 20 14,46 134,67 5,62 1,26 2,16 1,19
RB4_p 20 13,98 117,24 5,73 1,16 1,97 1,15
RB6_p 20 13,09 112,15 5,61 2,01 1,72 1,08
RC4_p 20 15,43 132,49 5,77 0,65 2,21 1,19
RC6_p 20 15,05 131,01 5,72 0,86 2,18 1,19

Table 4.1: C1 and C2 coefficients and CAM model parameters.

Passing from the unaged condition to more severe states, the crossover frequencies
decrease (reduction of log(ωc)), confirming the progressive hardening of the binder.
Compared to sample O, both material P and the regenerated mixtures show lower
log(ωc) values, with a less pronounced reduction in some formulations (e.g., RB6_P),
which indicates a more stable rheological response. With regard to the rheological
index R, aging consistently leads to an increase in this parameter, resulting in flatter
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master curves and a more gradual transition from the viscous to the glassy state.
The magnitude of this increase is not uniform: in some mixtures (e.g., RB6_P) it is
more limited, while in others (e.g., RA4_P) it is more evident. The glassy modulus
(log(Gg)) remains relatively stable across the different materials, with only minor
variations: in some cases (e.g., RA4_P) a slight increase is observed, whereas in others
the variation is less significant. Finally, the coefficients C1 and C2 highlight differences
among the binders, pointing to a distinct thermal sensitivity. In particular, some
regenerated mixtures exhibit a moderate reduction in these parameters compared to
the reference material, an effect associated with the combined influence of aging and
the presence of the rejuvenating additive.

4.1.2 Dynamic Shear Rheometer

The rheological characterization of bituminous binders was carried out using a
Dynamic Shear Rheometer (DSR), an essential tool for evaluating viscoelastic pa-
rameters, particularly the complex modulus (G*) and the phase angle (δ). These
parameters describe the behavior of bitumen as a function of temperature and load-
ing frequency, simulating the actual operating conditions to which the material is
subjected in road pavements.

The Dynamic Shear Rheometer (DSR) applies a sinusoidal torque T to a sample
positioned between two surfaces one fixed and one movable inducing a shear de-
formation. This deformation is expressed as a rotational displacement, denoted by
the angle φ, and allows for the determination of the material’s stress and strain
responses. Depending on the characteristics of the binder and the testing conditions,
two different measurement geometries can be adopted:

– Plate–plate: the sample is placed between two parallel circular plates, the
parameters are evaluated as:

τ = 2T

πr3 (4.9)

γ = φ · r

h
(4.10)

Where:
r and h are respectively the radius and the height of the specimen.

Figure 4.4: Plate-Plate System.

– Cone–plate: the upper plate is replaced by a cone with a defined angle (θ),
ensuring a uniform stress distribution.The parameters are evaluated as:

τ = 3T

2πr3 (4.11)
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γ = φ · r

h
= φ · r

r · tan(θ) = φ

tan(θ) = φ

θ
(4.12)

Figure 4.5: Cone-Plate System.

4.1.3 Laboratory Equipment and Testing protocol

In the present thesis, the tests were conducted using Anton Paar MCR 301 and
MCR 302 rheometers (Figure 4.6), both using plate–plate configuration, fol-
lowing the AASHTO T 315-22 standard [25]. The rheometers are equipped with a
thermostatically controlled upper hood and a refrigerated lower plate connected to
an external cryostat, which maintains a constant testing temperature. The thermal
circuit pressure is regulated between 4 and 5 bar via a pressure gauge.

(a) (b)

Figure 4.6: Rheometers: (a) MCR 301 "Anton Paar"; (b) MCR 302 "Anton Paar".

Depending on the temperature range, two different geometries were adopted:

– 25 mm plate-plate with 1 mm gap, for medium/high temperature tests (34-
82 °C), used with MCR 302 rheometer;
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– 8 mm plate-plate with 2 mm gap, for low-temperature tests (4-34 °C), conducted
with the MCR 301 rheometer.

(a) (b)

Figure 4.7: Parallel plate geometries:(a) PP08; (b) PP25.

Plate dimensions and gap values are in accordance with the standard [25], which
defines specifications for the accurate determination of the viscoelastic properties of
bituminous binders.

The specimens were prepared using silicone moulds of 8 mm and 25 mm diameter,
filled with bitumen taken from previously cast beams. To determine the quantity of
bitumen to be poured into the silicone moulds, the theoretical volume of the specimen
was first calculated based on the selected geometry and standard gap setting.

For the 25 mm specimens, assuming a height (gap) of 1 mm, the corresponding
volume was calculated as:

V = π ·
325

2 mm
42

· 1 mm = 490.62 mm3 (4.13)

Considering a bitumen density of approximately 1 g/cm3 (i.e., 1 g = 1000 mm3),
this volume corresponds to about 0.49 g. However, to ensure complete filling of
the mould and compensate for potential material loss during handling, a mass of
approximately 1 g, roughly twice the theoretical value, was used.

For the 8 mm specimens, the required mass was determined empirically based on
preliminary tests, and ranged between 0.230 g and 0.250 g.

The bitumen was previously heated to facilitate pouring:

– Aged or rejuvenated bitumens: heating at 150 °C for 10 minutes;

– Virgin bitumen: heating at 130 °C for 5 minutes.
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Next, for all geometries and levels of aging, the samples were allowed to cool for 5
minutes at room temperature, followed by further cooling in the freezer for another
5 minutes to facilitate handling and installation on the rheometer.

(a) (b)

Figure 4.8: Bitumen samples placed in silicone molds before oven heating:(a) 8 mm;
(b) 25 mm.

(a) (b)

Figure 4.9: Bitumen samples placed in silicone molds after oven heating: (a) 8 mm;
(b) 25 mm.

Removed from the silicone mold, the specimen is placed on the lower plate of the
rheometer, which is previously heated so as to ensure thermal uniformity before
measurement begins, specifically:

– Aged or rejuvenated bitumens: the preheating temperature is set at 50 °C;

– Virgin bitumen: the preheating temperature is set at 46 °C

Once the specimen was placed on the bottom plate, the positioning between the
plates was managed using RheoPlus software, which allows automatic control of the
distance (gap) between the surfaces. By clicking on the “Measuring Position” option,
the plates are initially brought to a distance slightly larger than the nominal gap:
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– 2,100 mm for the geometry of 8 mm;

– 1,050 mm for the geometry of 25 mm.

This slight excess space promotes the formation of a thin curvature of the excess
bitumen beyond the edge of the specimen. Once this step is completed, the excess
material is carefully trimming with a spatula, following a standardized procedure
to obtain a flat, even surface. Only after this operation is the ’Continue’ command
clicked, which automatically lowers the top plate to its final measurement position,
i.e., 2,000 mm for the 8 mm plate and 1,000 mm for the 25 mm plate [25].

(a)

(b) (c)

Figure 4.10: (a) placement of the sample on the lower plate; (b) sample before
trimming, after the gap has been set; (c) sample after trimming.
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After this procedure, the actual test begins. For both geometries used (8 mm and 25
mm), an initial thermal conditioning phase of 30 minutes is carried out to ensure
uniform temperature distribution within the sample. The oscillatory frequency sweep
test then starts, with a total duration that varies depending on the geometry selected.

4.2 Viscosity Testing

4.2.1 Coaxial cylinders method

In order to complete the rheological analysis of the binders, the dynamic viscosity
of the bitumen samples blended with the three different rejuvenators was also
determined. This parameter describes the material’s resistance to flow and is defined
as the ratio between the applied shear stress and the shear rate, expressed in Pa·s.

According to the BS EN 13702-2:2003 standard [26], the test principle involves placing
the sample in a beaker, into which a cylinder is inserted. The material is subjected
to stress through the rotation of either the cylinder or the beaker itself. The torque
applied is then measured and, combined with the shear rate data, allows the dynamic
viscosity to be calculated. This parameter represents the material’s resistance to
deformation under flow.

Operationally, viscosity is determined by measuring the torque required to maintain
a constant rotational speed of the metal cylinder immersed in the bitumen. Since the
shear stress is proportional to the product of viscosity and shear rate, the viscosity
value can be obtained by knowing the applied flow conditions.

The test was carried out using a Dynamic Shear Rheometer (DSR) MCR 302 by
Anton Paar (Figure 4.6), equipped with the coaxial cylinder system CC17/T200/SS,
also manufactured by Anton Paar.
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(a) (b)

Figure 4.11: (a) Anton Paar MCR 302 DSR configured with coaxial cylinder
geometryn ; (b) Coaxial cylinder system CC17/T200/SS.

The analysis was carried out at three different reference temperatures: 160 °C, 135 °C,
and 100 °C. For each temperature, different shear rate values were applied in order
to evaluate the material’s response under various deformation regimes.

– 160 °C: 30 s−1, 100 s−1 e 300 s−1;

– 135 °C: 10 s−1, 30 s−1 e 100 s−1;

– 100 °C: 3 s−1, 10 s−1, 30 s−1 e 100 s−1.

The test procedure involves preheating the instrument to 160 °C, followed by heating
the bitumen sample to 170 °C for a sufficient time to ensure adequate fluidity. The
material is then poured into the coaxial cylinder system up to the reference mark
indicating the correct volume. Once the upper cylinder is lowered, the sample aligns
flush with the lower cylinder, a necessary condition for starting the test. At this
point, the test can begin, during which the system applies the predefined shear rate
values, allowing the dynamic viscosity to be recorded as a function of temperature
and the imposed shear rate.
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Discussion of Results

5.1 Analysis of Frequency Sweep Test Results

The data obtained from the frequency sweep tests were initially represented as
Black Diagrams, with the aim of detecting any inconsistencies and validating the
applicability of the time–temperature superposition principle.

A total of nine diagrams were produced, one for each material and aging condition,
all of which confirmed the consistency and reliability of the experimental data.
Were performed two repetitions using the 8 mm plate, and two repetitions with the
25 mm plate. The use of duplicate tests was intended to assess the repeatability
and reliability of the measurements, which was confirmed by the strong agreement
observed between repetitions.

The different materials and their respective aging or treatment conditions are identified
by specific labels:

– O: original binder;

– R: binder aged with RTFOT;

– P: binder aged with PAV;

– RA4_P and RA6_P:PAV-aged binder treated with rejuvenator A at 4%
and 6%, respectively;

– RB4_P and RB6_P: PAV-aged binder treated with rejuvenator B at 4%
and 6%, respectively;

– RC4_P and RC6_P: PAV-aged binder treated with rejuvenator C at 4%
and 6%, respectively;
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Figure 5.1: Black Diagram of the base bitumen in Original, RTFOT and PAV-aged
conditions.

Figure 5.2: Black Diagram of PAV-aged bitumen rejuvenated with RA at 4% and
6%.
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Figure 5.3: Black Diagram of PAV-aged bitumen rejuvenated with RB at 4% and
6%.

Figure 5.4: Black Diagram of PAV-aged bitumen rejuvenated with RC at 4% and
6%.
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As shown in Figure 5.1, the comparison between the original bitumen (O, red), the
short-term aged binder (R, blue), and the long-term aged binder (P, green) clearly
highlights the effect of oxidation. With increasing aging, a progressive increase in
|G ∗ | can be observed, indicating higher stiffness, together with a reduction in δ,
which reflects the predominance of the elastic over the viscous component. This
behavior confirms that the binder, as it undergoes aging, progressively loses its
dissipative capacity and becomes more brittle.

Building on this initial evidence, the analysis was extended to rejuvenated binders,
with the aim of evaluating the influence of the different additives and their dosage.
The graphs report the comparisons between PAV-aged binders treated with three
types of rejuvenators (RA, RB, and RC), each applied at two dosages (4% and 6%).

Regarding RA (Figure 5.2), the effect of dosage appears quite evident. The curve
corresponding to 6% (RA6_P, orange) is slightly shifted to the left compared to
the 4% curve (RA4_P, pink), indicating a reduction in the phase angle and thus
an increase in the elastic component. At the same time, a moderate increase in the
complex modulus can be noted, suggesting a stiffer response. It is worth noting,
however, that the two curves remain very close in the range between 40° and 70° of
δ, suggesting that the additional dosage mainly affects the extreme regions of the
viscoelastic behavior.

A different trend is observed with RB (Figure 5.3). The comparison between
RB4_P and RB6_P shows that, at low δ values, the two curves are almost coincident,
while at medium-to-high values the 4% sample exhibits higher |G ∗ | and lower δ
than the 6%. In this case, therefore, the increase in dosage does not provide any
additional benefit and even seems to result in a slight deterioration in performance.
This behavior suggests the existence of a threshold beyond which the action of
the rejuvenator becomes less effective, possibly due to saturation phenomena or a
non-optimal distribution of the additive within the binder matrix.

Finally, RC (Figure 5.4) stands out for its remarkable stability with respect to
dosage variation. The curves corresponding to RC4_P and RC6_P are practically
overlapping throughout the entire δ range, indicating that the additive already reaches
its full effectiveness at the 4% dosage. In other words, increasing the content from
4% to 6% does not produce any significant variation, highlighting a more linear and
predictable behavior compared to the other rejuvenators.

Overall, the analysis of Black Diagrams reveals a clear differentiation among the three
additives. RA shows a certain sensitivity to dosage, with moderate but appreciable
effects; RB displays a non-linear behavior, with the risk of overdosing; while RC
appears to be the most stable and independent of the applied quantity. These
results provide useful insights not only into the reactivity of the different rejuvenators
but also into their optimal management in practical applications, underlining the
importance of carefully calibrating dosage in relation to the characteristics of the
base binder and the desired performance targets.
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Master curves were constructed from the data obtained through the frequency
sweep test. The experimental results, i.e. the direct output of the rheometer, were
compared with the modeling performed using the CAM model, already described in
Section 4.1.1.1, in order to provide a continuous and comparable representation of
the viscoelastic behavior.

The master curves were developed in four different configurations: the complex
modulus (G∗) as a function of the reduced frequency (ωr), the phase angle (δ) as a
function of the reduced frequency (ωr), and the variations of G∗ and δ as a function
of the temperature, fixing the reference frequency at 10 rad/s.

Since the aim of the study was to evaluate the effectiveness of RA, RB, and RC,
each set of curves was constructed considering all the material combinations under
analysis.

So we have a direct comparison between the behavior of the original and aged binders
and that of the binders modified with rejuvenators, in order to assess the actual
capability of the additives to restore the viscoelastic properties.
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Figure 5.5: Master Curve - Normalized Complex Modulus with RA.

Figure 5.6: Master Curve - Phase Angle with RA.
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Figure 5.7: Master Curve - Normalized Complex Modulus vs. Temperature with
RA.

Figure 5.8: Master Curve - Phase Angle vs. Temperature with RA.
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Related to RA, in the graph of the complex modulus (G∗) (Figure 5.5) as a function
of the reduced frequency (ωr), it is possible to observe how the binder behavior
changes depending on the aging state and the presence of the rejuvenator. The red
curve, corresponding to the original material (O), lies at the lowest values for low
reduced frequencies; however, around ωr ≈ 1 rad/s, it intersects with the yellow
curve, representing the binder with 6% rejuvenator (RA6_P), thus inverting their
relative positions. As expected, the green curve, corresponding to the binder aged
with PAV (P), is located at the top, consistent with the higher stiffness induced by
long-term aging, while the blue curve, representing the RTFOT-aged material (R), is
positioned in between, reflecting the less severe oxidation.

Considering the rejuvenated binders, the pink curve (RA4_P) is located between
P and R, indicating a partial recovery of properties with respect to the PAV-aged
binder, while the yellow curve (RA6_P) shifts even lower, highlighting a greater
rejuvenating effectiveness at higher dosage.

The graph of the phase angle (Figure 5.6) is consistent with these observations: the
curve of the original binder is the highest, followed by R, while P shows the lowest
values. Similarly, the rejuvenated binders progressively move closer to the original
binder, with the effect being more pronounced for the 6% dosage.

The second pair of graphs (Figure 5.7 and Figure 5.8), showing the variation of
G∗ and δ as a function of temperature at a constant frequency (10 rad/s), further
confirms these findings. The PAV-aged binder displays significantly higher G∗

values, indicating greater rigidity and resistance to deformation, whereas the original
binder maintains the lowest values between approximately 30 °C and 90 °C, before
intersecting with the RA6_P curve and inverting the relative trend. The observation
that the binder rejuvenated with 6% additive appears softer than the virgin binder is
consistent with the results reported by Abe et al.,2023 [12]. In that study, under the
same dosage conditions, the curve of the PAV-aged binder treated with 6% rejuvenator
was observed to lie entirely below that of the virgin binder. The introduction of
the rejuvenator results in a progressive reduction of the complex modulus, with a
clear distinction between RA4_P and RA6_P: the latter approaches the behavior of
the original binder more closely, confirming the higher effectiveness of the increased
dosage. At the same time, the phase angle increases, indicating an enhanced viscous
component and a reduction of the brittleness induced by aging.
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Figure 5.9: Master Curve - Normalized Complex Modulus with RB.

Figure 5.10: Master Curve - Phase Angle with RB.
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Figure 5.11: Master Curve - Normalized Complex Modulus vs. Temperature with
RB.

Figure 5.12: Master Curve - Phase Angle vs. Temperature with RB.
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Also in the case of (RB), the reference curves – namely those of the original binder
(O), the RTFOT-aged binder (R), and the PAV-aged binder (P) – remain the same
as those considered for the analysis of RA, and therefore represent the baseline for
evaluating the effectiveness of the treatment.

In the graph of the complex modulus (G∗) (Figure 5.9) as a function of the reduced
frequency, the pink curve (RB4_P) is consistently located between the green curve
(P) and the blue curve (R), but it lies closer to the latter, indicating a greater
attenuation of the aging effects compared to what was observed for RA4_P. The
yellow curve (RB6_P), while maintaining the same relative position already observed
for RA6_P, also tends to move closer to the blue curve (R), showing a behavior
more similar to the RTFOT-aged binder rather than to the PAV-aged one. The
intersection with the red curve (O) occurs only at very high values of ωr, confirming
a partial but not complete recovery of the properties of the original binder.

The graph of the phase angle (δ) (Figure 5.10) is consistent with these observations:
the yellow curve (RB6_P) shows higher values, approaching those of the blue curve
(R), suggesting a stronger viscous component compared to the PAV. Similarly, the
pink curve (RB4_P) is positioned in an intermediate location but closer to R,
confirming a more pronounced rejuvenating effect than that obtained with RA.

Turning to the graphs describing the variation of G∗ and δ as a function of temperature
at 10 rad/s (Figure 5.11 and Figure 5.12), it can be seen that the pink curve
(RB4_P) approaches the blue curve (R), becoming almost superimposed on it over a
wide temperature range, while the yellow curve (RB6_P) is located closer to the red
curve (O) compared to what was observed for RA, highlighting greater effectiveness in
restoring the mechanical properties. Consistently, the δ values confirm this trend: the
increase in the phase angle of the rejuvenated samples, particularly at the 6% dosage,
indicates a reduction in brittleness and an enhancement of the viscous component,
pointing to a better balance between elastic and viscous responses of the material.
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Figure 5.13: Master Curve - Normalized Complex Modulus with RC.

Figure 5.14: Master Curve - Phase Angle with RC.
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Figure 5.15: Master Curve - Normalized Complex Modulus vs. Temperature with
RC.

Figure 5.16: Master Curve - Phase Angle vs. Temperature with RC.
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Also in the case of (RC), the reference curves remain unchanged and serve as the
baseline for evaluating the effectiveness of the treatment.

In the graph of the complex modulus (G∗) (Figure 5.13) as a function of the reduced
frequency, it can be observed that the yellow curve (RC6_P) largely overlaps with
the blue curve (R) at low values of ωr, showing an almost identical stiffness behavior.
The pink curve (RC4_P), on the other hand, behaves similarly to what was observed
for RB4_P: it is positioned between P and R but much closer to the blue curve. This
indicates that the addition of RC, both at 4% and 6%, tends to reduce the stiffness
of the PAV-aged binder to values comparable with those of the RTFOT-aged binder,
rather than restoring it to the original material.

The graph of the phase angle (δ) (Figure 5.14) confirms these trends. The yellow
curve (RC6_P) is very close to the blue curve (R), suggesting a similar viscoelastic
response, while the pink curve (RC4_P) also shows an increase in δ, positioning
itself in an intermediate range but still closer to the RTFOT-aged binder. Overall,
this behavior highlights an increase in the viscous component and a reduction in
brittleness compared to the PAV-aged binder.

In the graphs describing the variation of G∗ and δ as a function of temperature
at 10 rad/s (Figure 5.15 and Figure 5.12), it can be seen that the yellow curve
(RC6_P) is almost superimposed on the blue curve (R) over the temperature range
between 30 °C and 90 °C, indicating a close similarity with the behavior of the
RTFOT-aged binder. The pink curve (RC4_P), while still remaining close to the
blue curve, intersects it at one point, thus confirming an intermediate behavior. From
the perspective of the complex modulus, both RC dosages reduce stiffness compared
to PAV, bringing it closer to R. Regarding the phase angle, the addition of RC
leads to an increase in δ, more evident at the 6% dosage, indicating a higher viscous
component and a partial mitigation of the long-term aging effects.
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To synthesize the results of the master curves, comparative histograms of G∗-CAM
and δ-CAM were developed, allowing both a qualitative and quantitative assessment
of the rejuvenating effect.

Figure 5.17: (G∗-CAM) values for the different aging conditions and rejuvenated
binders.

Figure 5.18: (δ-CAM) values for the different aging conditions and rejuvenated
binders.

The histogram of the complex modulus (Figure 5.17) confirms the expected hierarchy:
the PAV-aged binder (P) shows the highest stiffness, with a G∗ value of about 4886
MPa, whereas the original binder (O) is considerably softer, with 1035 MPa. The
RTFOT-aged binder (R) occupies an intermediate position (2313 MPa), and several
rejuvenated binders fall close to this reference. Notably, RB4_P (2302 MPa)
and RA4_P (2439 MPa) are practically aligned with R, suggesting that at 4%
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dosage both additives reproduce the mechanical condition of a short-term aged binder.
RC4_P (2157 MPa) also remains in this range, although slightly lower. The effect
of increasing dosage is particularly evident for RC6_P (1631 MPa) and RB6_P
(1380 MPa), which approach the modulus of O and thus display a stronger softening
action. A remarkable case is RA6_P, which drops to only 796 MPa, even lower
than the original binder. This over-softening indicates that the higher dosage of RA
does not simply restore the aged properties, but exceeds them, leading to a binder
more deformable than O.

The phase angle results (Figure 5.18) complement this analysis. As expected, P
shows the lowest value (44.6°), consistent with its brittle and stiff character, while
O reaches the maximum (66.8°), reflecting the higher viscous contribution. R, with
56.4°, again represents the intermediate condition. Most rejuvenated binders fall
between P and R: RA4_P (49.8°), RC4_P (50.8°), RC6_P (52.3°), and
RB4_P (53.3°), indicating only partial recovery of viscous behavior. RA6_P
(55.7°) is almost coincident with R, confirming the softening capacity of RA though
not sufficient to reproduce O. The best performance is observed for RB6_P (58.7°),
which moves beyond R and closer to O, representing the most balanced compromise.

Taken together, these results show that RA and RB at 4% dosages reproduce
the RTFOT condition with great accuracy, whereas higher dosages, particularly
RA6_P, may lead to excessive softening. RB6_P proves the most effective in
recovering viscous behavior without overshooting stiffness, while RC shows a
moderate but consistent action, less efficient than RA and RB. Overall, RB
emerges as the most balanced rejuvenator in terms of restoring binder properties
within practical dosage ranges.

5.2 Analysis of Viscosity Test Results

This part focuses on the analysis of experimental results derived from coaxial vis-
cometer testing. For each material analyzed, including samples representing different
aging levels (virgin, RTFOT, and PAV) as well as bitumens modified with different
rejuvenators and dosages, two full repetitions of the test were performed in order to
improve result reliability and assess the repeatability of the experimental procedure.

The two repetitions showed good consistency. To provide a quantitative evaluation,
the relative difference between the two datasets was calculated and is reported in
Table 5.1. In all cases, the values remained below 10%, with the majority of
materials exhibiting very limited variations (generally around 1–3%). Only in a
few cases, such as RB6_P and RC4_P, slightly higher fluctuations were observed,
although still within an acceptable range. These findings confirm the robustness and
repeatability of the experimental procedure.
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160 135 100 [°C]

30 100 300 10 100 300 3 10 100 300 [s−1]

M
at

er
ia

l
O 2.82 2.78 2.95 3.06 3.14 3.12 4.39 4.35 4.59 4.57
R 0.51 0.51 0.07 0.46 0.48 0.56 0.77 0.88 0.74 0.79
P 1.63 1.54 1.53 1.21 1.86 1.94 1.30 1.46 1.48 0.88
RA4_P 4.76 1.38 5.31 3.47 4.44 6.23 0.24 0.35 0.47 0.30
RA6_P 1.43 3.30 6.54 3.30 4.36 6.33 0.66 0.74 1.36 1.60
RB4_P 0.26 1.26 1.45 0.24 0.21 0.23 0.24 0.06 0.11 0.13
RB6_P 7.15 8.26 10.22 4.52 4.42 4.19 6.89 6.84 6.73 6.56
RC4_P 6.49 4.82 9.90 3.81 4.63 4.54 7.28 6.80 7.35 7.54
RC6_P 3.07 2.86 6.70 6.83 7.72 8.07 3.83 3.99 3.52 2.67

Table 5.1: Relative difference between repetitions [%].

160 135 100 [°C]

30 100 300 10 100 300 3 10 100 300 [s−1]

M
at

er
ia

l

O 142 143 142 414 414 414 3400 3399 3392 3367
R 196 196 195 616 616 616 6105 6108 6093 5983
P 292 291 289 1034 1030 1030 13722 13700 13500 12876
RA4_P 211 207 200 670 666 661 7484 7475 7427 7220
RA6_P 167 164 155 521 518 514 5200 5195 5165 5061
RB4_P 200 199 189 647 647 646 6721 6714 6706 6572
RB6_P 155 152 147 466 462 458 4238 4293 4232 4190
RC4_P 209 207 201 684 681 684 7421 7428 7489 7201
RC6_P 184 184 180 579 576 579 5949 5960 5918 5769

Table 5.2: Mean of Dynamic viscosity values [mPa·s] – Between Repetition 1 and
Repetition 2

After reporting the average values of dynamic viscosity obtained from the two
experimental repetitions, the graphical representation of viscosity over time was
carried out. Each graph refers to a specific type of rejuvenator (RA, RB, and RC),
analyzed at two different dosages (4% and 6%), and compared with the reference
binders: original (O), short-term aged (R), and long-term aged (P):
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Figure 5.19: Dynamic viscosity over time for bitumen samples modified with
rejuvenator RA.

Figure 5.20: Dynamic viscosity over time for bitumen samples modified with
rejuvenator RB.
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Figure 5.21: Dynamic viscosity over time for bitumen samples modified with
rejuvenator RC.

The graphs illustrate the time-dependent behavior of the tested binders’ dynamic
viscosity (η), expressed in mPa·s and plotted on a logarithmic scale to more effectively
highlight the differences among materials. The temperature profile (cyan line), shown
on the secondary vertical axis, allows for a direct correlation between viscosity
variations and the corresponding thermal changes imposed during the test. The
black vertical lines indicate the final three minutes of the test, during which both
temperature and shear rate remain stable; this interval was selected for the calculation
of average values, assumed to be representative of each binder’s steady-state behavior.

The dashed lines represent the reference binders:

– Red: original binder (O);

– Green: short-term aged binder (R);

– Blue: long-term aged binder (P).

Conversely, the continuous lines represent the binders modified with rejuvenator:

– Pink: 4% dosage;

– Yellow: 6% dosage.

In the first graph (Figure 5.19), related to the rejuvenator RA, it is evident that
the addition at 4% (RA4_P) leads to a significant decrease in viscosity compared
to the severely aged binder P, placing it between P and R. This indicates that the
rejuvenating effect is already visible at a relatively low dosage. When the content is
increased to 6% (RA6_P), the curve moves closer to R, suggesting a more advanced
recovery of fluidity, although with a potential risk of over-softening if higher dosages
are used.
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The rejuvenator RB (Figure 5.20) exhibits a similar behavior but with slightly
greater intensity. At 4% (RB4_P), the viscosity nearly reaches the level of the R
binder, demonstrating strong regeneration efficiency. At a 6% dosage (RB6_P), the
curve approaches the original binder (O), highlighting the ability of RB to significantly
reduce viscosity while maintaining mechanical balance. These results suggest that
RB is particularly suited for binders with advanced aging.

The rejuvenator RC (Figure 5.21), on the other hand, displays a more restrained
but remarkably stable behavior. Even at a 4% dosage (RC4_P), the viscosity values
are already close to R, and the increase to 6% (RC6_P) results in only a modest
further reduction. This consistent and controlled response indicates that RC operates
in a more conservative manner compared to RA and RB, making it suitable in cases
where preserving the original viscoelastic balance is a priority.

Overall, all three rejuvenators demonstrate the ability to restore the fluidity of aged
binders, albeit with different degrees of intensity. RA and RB stand out for their
more pronounced action, particularly at 4%, which already provides substantial
recovery without risk of over-regeneration. RC, by contrast, appears more stable and
conservative, ideal for situations that require fine control over mechanical properties.

These observations align with the findings obtained from dynamic rheological tests:
RA and RB had already shown superior performance in recovering the viscoelastic
behavior of aged binders through the master curves of G∗ and δ, confirming their
effectiveness from both a viscosimetric and performance-based perspective.

After collecting all the viscometric data, the rheological behavior of the materials
was analyzed, with particular focus on the relationship between viscosity and shear
rate. At each test temperature, the viscosity values measured across different shear
rates showed limited variation, suggesting asubstantial independence of viscosity with
respect to shear rate.

To verify this observation more rigorously, the following power-law expression was
applied:

η = K · γ̇n−1 (5.1)

where:

– η is the apparent viscosity (Pa·s);

– γ̇ is the shear rate (s−1);

– K is the consistency index;

– n is the flow behavior index.

The values of n − 1 were calculated and, in the Table ??, the mean of the two
repetitions together with their semi-difference is reported for each temperature and
across the different shear rates:
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Material 160 ◦C 135 ◦C 100 ◦C

O 0.001 ± 0.000 0.000 ± 0.000 -0.001 ± 0.000
R -0.001 ± 0.001 0.000 ± 0.000 -0.002 ± 0.000
P -0.004 ± 0.000 -0.001 ± 0.001 -0.008 ± 0.000
RA4_P -0.022 ± 0.001 -0.002 ± 0.002 -0.004 ± 0.000
RA6_P -0.031 ± 0.011 -0.002 ± 0.002 -0.004 ± 0.001
RB4_P -0.023 ± 0.003 0.000 ± 0.000 -0.002 ± 0.000
RB6_P -0.024 ± 0.007 -0.003 ± 0.000 -0.001 ± 0.000
RC4_P -0.017 ± 0.007 0.000 ± 0.001 -0.003 ± 0.000
RC6_P -0.010 ± 0.008 0.000 ± 0.002 -0.004 ± 0.001

Table 5.3: Mean n − 1 values with standard deviation.

The parameter n − 1 provides a direct indication of how strongly viscosity depends
on shear rate and allows for the classification of the material’s rheological behavior:

– When n − 1 = 0, viscosity is completely independent of shear rate, and the
material exhibits an ideally constant behavior. This condition characterizes
Newtonian fluids, such as water or light oils, though it is rarely observed in
bituminous binders.

– When n − 1 < 0, the material shows a shear-thinning behavior, in which
viscosity decreases as shear rate increases. This is typical of bitumens and
complex polymeric materials, where internal structures tend to break down
under stress, promoting flow.

– When n − 1 > 0, the material displays a shear-thickening behavior, where
viscosity increases with shear rate. Although uncommon in bituminous binders,
this behavior may occur in the presence of unstable dispersions or structures
that stiffen under stress.

In the analyzed materials, the calculated values of n − 1, determined at each temper-
ature and confirmed through two independent replicates, were consistently negative
but close to zero. This confirms a slightly shear-thinning behavior, with a modest
dependence of viscosity on shear rate, which becomes even less significant at higher
temperatures. As such, this dependence was considered negligible for comparative
purposes.

In light of these considerations, a common shear rate value of 300 s−1 was selected for
the direct comparison of viscosity across the tested materials. This approach simplifies
the analysis while remaining consistent with both the experimental observations and
the numerical interpretation derived from the applied rheological model.

Table 5.4 reports the mean dynamic viscosity values [mPa·s] obtained at 300 s−1,
considering only the final stabilized condition of each test. The data represent the
average between the two experimental repetitions carried out for each material at
three reference temperatures: 160 °C, 135 °C, and 100 °C.
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Material 160 °C 135 °C 100 °C
O 142 414 3392
R 195 616 6093
P 289 1030 13500

RA4_P 200 666 7427
RA6_P 155 518 5165
RB4_P 189 647 6702
RB6_P 147 462 4232
RC4_P 201 684 7409
RC6_P 180 579 5918

Table 5.4: Dynamic viscosity values at 300 s−1 [mPa·s] – Mean of two repetitions.

Based on these values, the following graph shows the viscosity distribution for all
materials at the same reference temperatures. Vertical lines are used to highlight
the spread between binders at each temperature, emphasizing the differences in their
rheological response.

Figure 5.22: Viscosity spread between materials at fixed temperature.

Based on the previously discussed results, an additional analysis was carried out
to investigate the relative viscosity behavior of the tested materials. Specifically,
the logarithmic ratio between the viscosity of each binder and that of the long-term
aged binder (P) was computed, in order to quantify the deviation from the reference
condition. This method provides a normalized measure of viscosity variation and
offers a direct evaluation of the effectiveness of each rejuvenating treatment.

This approach is particularly relevant since all the rejuvenated binders were formulated
by modifying the aged binder P with different types and dosages of rejuvenators. As
such, evaluating the deviation from P allows for a direct assessment of how much
each treatment was able to reduce the viscosity and improve the flowability of the
aged binder.
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Table 5.5 presents the calculated values of log10(η/ηP ) for each material at three
reference temperatures: 160 °C, 135 °C, and 100 °C. As expected, the P binder
exhibits a value of zero in all cases, while all other binders show negative values,
indicating lower viscosity (i.e., higher fluidity) compared to P.

Notably, the differences become more pronounced as the temperature decreases. At
100 °C, the original binder (O) shows a deviation of −0.60, which corresponds to
a viscosity approximately one quarter that of P. The binder RB6_P also displays
a significant reduction (−0.50), while RA4_P and RC4_P exhibit values of −0.26,
indicating a viscosity that is closer to the aged binder.

At higher temperatures (160 °C), the deviations are generally smaller. The maximum
deviation is observed again in binder O (−0.31), while the majority of the rejuvenated
binders range between −0.16 and −0.30. This trend confirms that at elevated
temperatures, the natural softening of bitumen reduces the differences between
binders, and the influence of rejuvenators becomes less pronounced.

Material 160 °C 135 °C 100 °C
O -0.31 -0.40 -0.60
R -0.17 -0.22 -0.35
P 0.00 0.00 0.00
RA4_P -0.16 -0.19 -0.26
RA6_P -0.27 -0.30 -0.42
RB4_P -0.18 -0.20 -0.30
RB6_P -0.30 -0.35 -0.50
RC4_P -0.16 -0.18 -0.26
RC6_P -0.21 -0.25 -0.36

Table 5.5: Logarithmic viscosity ratio log10(η/ηP ) at 300 s−1.

To provide a clearer overview of the viscosity test results, a comparative histogram
was constructed using viscosity values measured at 135 ◦C and at a constant shear
rate of 300 s−1. This condition was selected as representative, since the relative trends
among the binders were consistent across the other tested temperatures.
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Figure 5.23: Viscosity values for the different aging conditions and rejuvenated
binders.

From the comparison it is evident that the original binder (O) shows the lowest
viscosity value (414 mPa·s), while the long-term aged binder (P) reaches the highest
value (1030 mPa·s), confirming the pronounced hardening effect induced by oxidation.
The short-term aged binder (R, RTFOT) is positioned at an intermediate level (616
mPa·s), as expected for a less severe aging condition.

The rejuvenated binders display a behavior consistent with what was previously
observed in the viscosity curves. The binders treated with a 6% dosage (RB6_P, 462
mPa·s; RA6_P, 518 mPa·s; RC6_P, 579 mPa·s) are positioned close to the original
binder, thus indicating an effective recovery of fluidity. The corresponding samples
with a 4% dosage (RB4_P, 647 mPa·s; RA4_P, 666 mPa·s; RC4_P, 684 mPa·s) are
instead closer to the R binder, showing a noticeable but less pronounced rejuvenating
effect compared to the higher dosage.

Overall, the histogram confirms the general trend: the original binder maintains the
highest fluidity, the PAV binder represents the stiffest condition, and the rejuvenated
binders lie in between, with a clear improvement at increasing dosages. Among the
three additives, RB at 6% appears the closest to the original binder, while RA and
RC provide a more moderate yet stable recovery.

5.3 Determination of Optimal Rejuvenator Dosage

The initial dosages of RA, RB, and RC were set at 4% and 6%, with the aim of
evaluating the effectiveness of the treatment in restoring the rheological properties
of the aged binder. Beyond the direct comparison of the results at these two fixed
dosages, a further analysis was carried out in order to estimate the optimal dosage
required to match the target values of the reference binders, namely the original
binder (O) and the RTFOT-aged binder (R).

This procedure was applied both to the frequency sweep test results (through the
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complex modulus G∗ and the phase angle δ) and to the viscosity data, thereby
providing a more comprehensive evaluation of the rejuvenating effect. The general
approach consisted in calculating, for each treated material, the position of the
sample relative to the reference binders within the rheological framework defined by
the O–R–P system. In this way, it was possible to quantify the rejuvenating action
independently of the specific test performed.

To determine the exact dosage, the results obtained at 4% and 6% were interpolated
using the following formula:

%opt = %1 +
3

X1 − XO/R

X1 − X2

4
· (%2 − %1) (5.2)

where:

– %opt is the optimal rejuvenator dosage to be calculated;

– %1 and %2 are the two tested dosages (e.g., 4% and 6%);

– X1 and X2 are the average rheological parameters (e.g., η, G∗, or δ) at dosages
%1 and %2;

– XO/R is the target value corresponding to the reference binder, either the
original (O) or the RTFOT-aged binder (R).

This generalized formulation made it possible to identify, for each rejuvenator, the
optimal dosage capable of restoring the binder properties to levels comparable with
those of the selected references:

Rejuvenator Dosage for O [%] Dosage for R [%] ∆ Dosage [%]
RA 5.7 4.2 27
RB 6.7 4.0 41
RC 8.3 3.4 59

Table 5.6: Optimal dosages (%) of each rejuvenator to match the complex modulus
of reference binders O and R.

Rejuvenator Dosage for O [%] Dosage for R [%] ∆ Dosage [%]
RA 9.8 6.2 37
RB 9.1 5.1 43
RC 25.2 11.4 55

Table 5.7: Optimal dosages (%) of each rejuvenator to match the phase angle of
reference binders O and R.

Rejuvenator Dosage for O [%] Dosage for R [%] ∆ Dosage [%]
RA 7.5 5.0 33
RB 6.4 4.4 31
RC 11.0 6.0 45

Table 5.8: Optimal dosages (%) of each rejuvenator to match the viscosity of
reference binders O and R.
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The evaluation of the optimal dosages of the three rejuvenators, carried out with
reference to the complex modulus, phase angle, and viscosity, highlights both common
trends and significant differences among the products. Considering first the complex
modulus, RA emerges as the most balanced solution, since both the RTFOT-aged
and the original binder can be matched with dosages (4.2% and 5.7%) that fall well
within or close to the investigated range. RB, although effective in reproducing the
RTFOT-aged condition with 4.0%, requires slightly higher amounts to reach the
modulus of the original binder (6.7%), thus proving less versatile than RA. RC, on
the other hand, shows the least favorable behavior: while the dosage to match the
RTFOT-aged binder (3.4%) falls below the tested interval, the recovery of the original
binder requires 8.3%, far beyond the practical experimental range. Interestingly,
these values align with the findings of J. Wang et al.,2024 [19], where sunflower oil
was tested between 2% and 8%, thus falling within the optimal range identified here.

A similar trend can be observed for the phase angle, though with more pronounced
differences. RA shows an appreciable effect, with values of 6.2% and 9.8% required
for RTFOT and original binders respectively, yet these lie outside or above the
experimental window, indicating only partial recovery within the tested dosages. RB
confirms its reliability, since 5.1% is sufficient to match the aged binder, although
restoring the original binder would require 9.1%, beyond the tested conditions. RC
again appears the least effective, with very high dosages (11.3% and 25.1%) needed to
reproduce R and O, values that highlight its limited applicability in practical terms.

Finally, viscosity analysis further consolidates this hierarchy. RA and RB both show
good alignment with the experimental dosages: RA requires 5.0% to reproduce R
and 7.5% for O, while RB requires 4.4% and 6.4% respectively, thus confirming RB
as the closest to optimal within the tested range. RC, in contrast, can reproduce
the aged binder with 6.0% but needs as much as 11.0% for the original condition,
underscoring once again its lower efficiency compared with RA and RB.

An interesting aspect that emerged from the analysis of the optimal dosages, obtained
by considering the complex modulus, the phase angle, and the viscosity, is that the
increase required to shift from the RTFOT-aged binder to the original binder is
approximately constant for each rejuvenating agent. Specifically, this increase is
around 30% for RA, 40% for RB, and 50% for RC, confirming a consistent behavior
regardless of the rheological parameter considered.

Moreover, it is worth noting that the optimal dosage values identified through viscosity
lie in an intermediate position between those obtained from the complex modulus and
the phase angle. This suggests that viscosity can represent a reliable and balanced
parameter to be considered when defining the most appropriate rejuvenator dosage.
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Chapter 6

Conclusion

This thesis aimed at the rheological characterization of an aged bituminous binder
subsequently treated with three non-petroleum based rejuvenating agents (RA, RB,
and RC). The study was carried out on a 70/100 penetration grade binder, subjected
to standardized short-term (RTFOT) and long-term (PAV) aging to simulate in-
service conditions, and subsequently blended with the selected rejuvenators at 4%
and 6% by weight.

The experimental program combined oscillatory shear tests with the Dynamic Shear
Rheometer, from which master curves of complex modulus and phase angle were ob-
tained, with dynamic viscosity measurements performed through a coaxial viscometer
to evaluate binder workability at typical production and laying temperatures. This
dual approach enabled an integrated interpretation of the results and allowed a direct
comparison of the different “rheological fingerprints” imparted by each rejuvenator.

The outcomes highlighted clear differences in performance:

– RA exhibited the highest rejuvenating efficiency, restoring the rheological
properties of the aged binder to values close to those of the virgin binder.
However, at higher dosages it led to over-softening, reflected in an excessive
reduction of stiffness and increased thermal susceptibility, requiring careful
control of the applied percentages.

– RB demonstrated the strongest sensitivity to dosage, with coherent and mea-
surable variations in complex modulus (G∗) and phase angle (δ). These shifts
enabled a gradual recovery towards both the virgin and the RTFOT-aged
binders, making RB particularly suitable for dosage calibration.

– RC provided only partial recovery, positioning the binder in an intermediate
condition. Comparable effects with respect to the commercial rejuvenators
were achieved only at significantly higher dosages, reducing its competitiveness
from both a technical and economic perspective.

Overall, the results confirmed that commercial rejuvenators specifically developed for
bituminous applications are more effective than the non-conventional agent, which,
despite its non-petroleum origin and potential sustainability interest, showed limited
efficiency and required elevated percentages to approach similar performance levels.

Moreover, the comparative analysis revealed that even among commercial products
the response to dosage variation is not uniform: while RA induced more pronounced
rheological shifts, RB allowed for more controlled adjustments of G∗ and δ.
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Conclusion

Finally, by integrating the results of DSR and viscosity tests, it was possible to
identify an optimal dosage, defined at intermediate frequencies and temperatures
for the complex modulus and at typical mixing temperatures for viscosity, capable of
balancing binder workability with adequate mechanical performance.
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Appendix A

This appendix reports the results of the two repetitions of the dynamic viscosity
measurements at different temperatures and shear rates, as well as the corresponding
first and second repetitions of the calculated n − 1 values.

160 135 100 [°C]
30 100 300 10 100 300 3 10 100 300 [s−1]

M
at

er
ia

l

O 140 141 140 407 407 408 3325 3325 3290 3314
R 195 195 195 615 614 615 6081 6081 5959 6070
P 289 289 287 1028 1021 1020 13633 13600 12819 13400
RA4_P 206 206 195 658 652 640 7493 7488 7231 7445
RA6_P 168 166 160 530 530 530 5217 5214 5101 5200
RB4_P 200 198 188 646 647 646 6729 6706 6577 6706
RB6_P 160 158 154 476 472 468 4384 4383 4327 4375
RC4_P 202 202 191 671 668 666 7150 7175 6930 7137
RC6_P 181 181 174 559 556 553 5836 5841 5692 5814

Table 1: Dynamic viscosity values [mPa·s] – Repetition 1

160 135 100 [°C]
30 100 300 10 100 300 3 10 100 300 [s−1]

M
at

er
ia

l

O 144 145 144 420 421 421 3474 3474 3440 3444
R 196 196 195 618 617 618 6128 6135 6115 6007
P 294 293 291 1040 1030 1040 13811 13900 13560 12831
RA4_P 216 209 206 682 681 681 7475 7410 7410 7209
RA6_P 166 161 159 514 510 510 5200 5136 5060 5011
RB4_P 200 194 188 646 645 648 6690 6690 6660 6568
RB6_P 149 146 144 490 482 480 4299 4303 4275 4239
RC4_P 216 216 211 697 690 702 7483 7481 7411 7405
RC6_P 187 186 186 599 601 600 6063 6070 6023 5846

Table 2: Dynamic viscosity values [mPa·s] – Repetition 2
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Appendix A

Material 160 ◦C 135 ◦C 100 ◦C

O 0.001 -0.336 -0.157
R 0.000 -0.362 -0.169
P -0.003 -0.402 -0.188
RA4_P -0.023 -0.380 -0.203
RA6_P -0.020 -0.374 -0.176
RB4_P -0.025 -0.386 -0.174
RB6_P -0.017 -0.367 -0.167
RC4_P -0.025 -0.393 -0.186
RC6_P -0.017 -0.366 -0.172

Table 3: n − 1 values – Repetition 1

Material 160 ◦C 135 ◦C 100 ◦C

O 0.001 -0.336 -0.157
R 0.000 -0.363 -0.169
P -0.004 -0.409 -0.187
RA4_P -0.024 -0.379 -0.200
RA6_P -0.020 -0.383 -0.178
RB4_P -0.026 -0.389 -0.180
RB6_P -0.016 -0.369 -0.165
RC4_P -0.020 -0.377 -0.175
RC6_P -0.002 -0.369 -0.171

Table 4: n − 1 values – Repetition 2
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Appendix B

This appendix presents the test reports of the frequency sweep and viscosity test
carried out with the DSR.

The reference code that is used in this research is defined as 3.1./3.1.X.Y./Z:

– 3.1 = Task 3.1 from PRIN project

– X = Material type, non-petroleum based rejuvenator;

– Y = Experimental test

– 1 = Complex Modulus and Phase Angle;
– 2 = Viscosity test;

– Z= Number of report.
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