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Abstract: Biomass is one the most abundant renewable energy sources, and it can be processed
through different thermochemical methods to obtain oils that can replace the petroleum bitumen
used in road construction. For the construction industry to accept the bitumen replacement with
bio-oil, it is necessary to know its properties and determine the applicability of conventional testing
methods. This research utilized a liquified wood heavy fraction (bio-oil) obtained from waste wood
through an innovative thermochemical liquefaction process. The aim was to investigate a kind of bio-
bitumen produced by blending this bio-oil with paving-grade bitumen. The rheological behaviour in
a wide temperature range, the performance relative to fatigue cracking and permanent deformation
sensitivity, and the evolution with oxidative ageing were evaluated for the bio-bitumen and paving-
grade bitumens. The bio-oil significantly affected the rheological behaviour of bitumen through an
overall decrease in the phase angle and by failing the time–temperature superposition principle. The
strong elastic response of the bio-bitumen improved resistance to fatigue and permanent deformation
accumulation; however, resistance to oxidative ageing declined. Linear viscoelastic rheological
indicators proposed in the literature to assess the material’s performance showed a similar trend of
variation with oxidative ageing for bio-bitumen and paving-grade bitumen, though the indicators’
values could not be directly compared.

Keywords: biomass; bio-bitumen; thermochemical conversion; rheological characterization; perma-
nent deformation; fatigue; performance indicators

1. Introduction

The transportation network plays a central role in facilitating local economic growth,
thereby contributing substantially to regional and national development. However, this
vision remains unrealized in numerous medium- and low-income countries where substan-
tial investments are still required to establish essential transport connections across diverse
territories [1]. Conversely, high-income countries boast extensive networks supporting the
mobility of people and goods through various modes of transportation; yet, they grapple
with the challenge of ensuring sustainable, long-term serviceability. Simultaneously, the
pressing need to combat the impacts of climate change is compelling global investments in
technological solutions in the transportation sector, for both vehicles and infrastructure,
aimed at reducing long-term emissions.
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Relative to road transportation, in the next few decades, the most relevant transfor-
mation in vehicles will be the expansion of zero-emission vehicle fleets [2], which will
also impact the way roads will be built and maintained. Most roads are currently paved
with bituminous materials, a mixture of mineral aggregates and bitumen, with the latter
constituent being a petroleum-derived product. Hence, the intended reduction in the global
consumption of petroleum-based fuels will reduce petroleum-refined volumes [3] and, in
the end, the availability at a reasonable cost of bitumen for the road construction industry.

Bitumen binds the variable-sized aggregate fractions that allow the formation of a
cohesive and stable material under traffic, and, despite its low proportion in the mixture
(4–7% in mass), it significantly affects production and on-site performance [4]. Thus,
bitumen has complex mechanical and rheological behaviour that is strongly affected by
temperature, showing solid-to-fluid behaviour only by the effect of temperature. In addition
to that, bitumen’s properties evolve with time (ageing), causing a global hardening and
a decrease in flexibility as the result of oxidation reactions and other chemical reactions
like, for example, polymerisation [5,6]. Hence, road pavements degrade with traffic and
climatic actions, demanding frequent maintenance and rehabilitation actions during the
service life. Although reclaimed bituminous materials from distressed road pavements can
effectively be recycled [7], this process often requires the incorporation of virgin binders
and rejuvenators. For these reasons, there is an important industrial interest in developing
road paving binders from alternative sources to petroleum, namely, biomass [8,9].

Among the various renewable energy sources currently known, biomass has attracted
the attention of researchers due to its low cost, plentiful availability and reduced environ-
mental impact [10]. Biomass is treated through different physical and chemical processes
to obtain products for different applications, namely, (bio-)oils that can eventually be a sub-
stitute for bitumen. The interest in this topic is confirmed by the research studies that have
investigated the biomass treatment process and/or the bio-oil properties from different
biomasses, such as sunflower shell, walnut shell, almond shell, hazelnut shell [11], pine
tree [12], corncob, tea waste, beech wood [11], industrial wood waste [13], spruce wood,
olive husk [11], coconut husk, sawdust [14], rapeseed oil [15,16], sunflower oil [16,17], plant
residue [13], waste cooking oil [14,18–21], waste motor oil [22], soy oil residue, fish oil,
algae and swine manure [23–25].

Often, biomass is classified relative to the source (woody plants and agricultural prod-
ucts, herbaceous plants, aquatic plants, and manure/waste) and the natural water content
(low/high) [26]. The water content influences the biomass processing technique and the
conditions adopted, though other factors, e.g., calorific value, ash residue content, cellu-
lose/lignin ratio, etc., are also relevant to define the process. The main biomass processing
methods are gasification, pyrolysis and liquefaction [24]; however, to the best knowledge of
the authors, gasification has not been used to obtain oils for bitumen replacements. Pyroly-
sis consists of decomposing biomass in a heated environment (300–900 ◦C) without oxygen,
i.e., converting biomass into smaller molecules by heat absorption, and it is classified as
slow, intermediate or fast according to the heating rate and time of exposure [23]. Pyrolysis
is particularly suitable for drier biomasses and, in the end, the bio-oil, which sums 70–80%
of end-products, is composed of a complex mixture of oxygenated organic compounds,
including alcohols, aldehydes, esters, saccharides, phenolic compounds, carboxylic acids
and lignin oligomers [27]. Conversely, liquefaction decomposes biomass in a hot, liquid
and pressurised environment, and different liquids (solvents) can be used (e.g., water,
methanol, etc.) to treat different biomasses. Thus, the biomass does not require being dried
beforehand. Using liquefaction in water (hydrothermal processing), a hydrocarbon-rich
product (bio-crude) is obtained in the intermediate range of temperature and pressure
conditions of 300–350 ◦C and 120–180 atm (high pressure is necessary to avoid water
boiling) [28]. According to Machado et al. [29], in recent years, the thermochemical process
of pyrolysis has been chosen over liquefaction, with the latter process being used in only
30% of studies; however, in most cases (70%) the bio-oil was further processed into fuel.
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The bio-products obtained from pyrolysis and liquefaction have different properties
related to the chemical compounds formed during biomass decomposition. Thus, pyrolysis
oils usually have a significantly higher oxygen on water free basis than that of hydrothermal
liquefaction products [24]. In addition, the chemical composition of the bio-products (oil or
crude) obtained with the two processing methods changes with the biomass source and
characteristics.

For the construction industry to accept a bitumen replacement, partial or full, with
these bio-products, it is necessary to know their properties, especially the ones most
valuable to road pavement construction and performance, such as rheological properties,
adhesion to aggregates, cohesion, ductility, etc. Hence, as shown in Table 1, different
studies have evaluated the mixture of bio-oil and bitumen in the laboratory. Often, the
proportion of bio-oil substitution is small (<10%) to ensure that the physical and rheological
properties of the bio-bitumen are similar to those of conventional bitumen, i.e., as the bio-oil
viscosity is usually much lower than that of bitumen, the oil content is reduced to obtain a
satisfactory bitumen consistency for road service conditions. Based on the oil substitution
proportion, the process can be categorised as a bitumen modifier, in which the replacement
of bitumen is less than 10%; a bitumen extender, where bio-oil is used between 20% and
75%; or a direct alternative binder, where the replacement of bitumen is total (100%) [30].

Recent reviews that discuss in more detail the biomass thermochemical processes to
obtain bio-oil for road construction and the properties of bio-bitumen and bio-asphalt can
be found in [23,24,31,32]. These reviews point out that in comparison with base bitumen,
the performance of bio-bitumen can be better or worse in different temperature ranges (low,
intermediate and high), and the same occurs for bituminous mixtures. Ameri et al. [31]
showed that there is high variation among bio-oils from the same biomass source processed
with different methods and that there are no established methods for evaluating and
comparing the performance of bio-bitumens. Bio-oils have different chemical compounds
from bitumen, and the interaction between them can increase or decrease the mobility
of molecular chains at different temperatures, which affects resistance to thermal- and
fatigue-cracking and rutting [32]. Some bio-oils increase the polarity of the binder and can
contain hydrophilic compounds, changing the hydrophobic characteristic of bitumen to
hydrolytic, and these effects can facilitate the moisture damage of bituminous mixtures [31].
In addition, it was found that bio-oils with high polar compounds have increased sensitivity
to oxidation, whereas phenolic compounds act as anti-ageing agents [31].

Bio-bitumens can be a more sustainable solution than petroleum bitumen. The as-
sociation Eurobitume estimated a current environmental impact of 207.5 kg CO2 eq to
produce 1 tonne of bitumen, which includes crude oil production, transportation, refining,
storage and the required infrastructure [33]. Samieadel et al. [34] conducted a comparison
of greenhouse gas emissions between bitumen and bio-bitumen derived from swine ma-
nure oil. They reported a significant reduction in methane, carbon dioxide, and nitrous
oxide emissions for the bio-bitumen. This environmental benefit is particularly pronounced
when using waste biomasses that might otherwise end up in landfills. In their study, the
authors [34] highlighted a reduction of over 80% in gas emissions by converting swine
manure to bio-oil compared to storing it in a lagoon.
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Table 1. Production parameters of different bio-oils.

Type of Bio-Oil Source Bio-Oil
Proportion (w %) Base Bitumen Bio-Binder

Penetration (0.1 mm) Study

Wood oil

Industrial
waste [18] 0.5, 10, 15 Bitumen 50/70 71.3, 114.4, 153.5 Laboratory test

Pine tree [12] 100 Bitumen 30/45 21 Laboratory test

Pine tree [35] 1, 5, 10 Bitumen 35/50 35–45, 35–85, 20–150 Laboratory test

Kraft lignin
powder [36] 5, 10, 15 Bitumen 50/70 57, 51, 42 Laboratory test

Industrial waste
(eucalyptus) [13] 5, 10, 20, 40, 60 Bitumen 50/70 79, 108, 97, 136, 168 Laboratory test

Industrial waste
(hardboard) [37] 5, 10, 20, 40 Bitumen 50/70 48–52, 45–50, 44–46,

42–45 Laboratory test

Vegetable oil

Not disclosed [38] 10 Bitumen 60/70 50–60 Laboratory test

Rapeseed [15] 7.5, 8.0 Bitumen 160/220 - Surface dressing of
roads in Iceland

Rapeseed [16] 18 Bitumen 15/25 33.7 Laboratory test

Sunflower [16] 18 Bitumen 15/25 44.9 Laboratory test

Sunflower [17] 2, 4, 6, 8, 10 Bitumen 70/100 80–90, 90–100, 160–170,
180–200, 240–260 Laboratory test

Animal oil

Fish [15] 7.0 Bitumen 160/220 - Surface dressing of
roads in Iceland

Swine
manure [18] 5, 10, 15 Bitumen 50/70 71.3, 114.4, 153.5 Laboratory test

Waste cooking oil

Not disclosed [20] 3, 4, 5 Bitumen 60/70 99, 136, 153 Laboratory test

Not disclosed [39] 5, 10, 15 Bitumen 60/70 50–60, 60–70, 70–80 Laboratory test

Not disclosed [19] 0.5, 1.0, 1.5, 2.0,
2.5, 3.0 Bitumen 50/70 33–38, 40–45, 45–50,

57–60, 58–62, 62–65 Laboratory test

Not disclosed [40] 2, 4, 6, 8 Bitumen 40/60 60–70, 80–95, 125–135,
185–195 Laboratory test

Not disclosed [21] 1, 2, 3, 4, 5 Bitumen 80/100 50–55, 70–75, 80–85,
95–100, 130–135 Laboratory test

Waste motor oil Not disclosed [22] 10 Bitumen 35/50 114 Laboratory test

2. Objectives and Scope

The main goal of this study was to assess the potential of a new kind of bio-based
bitumen—bio-bitumen—that incorporates a liquified wood heavy fraction extracted from
waste wood through an innovative thermochemical liquefaction process [29,41] to be used
in bituminous mixtures. This was accomplished by characterising its rheological behaviour
in a wide temperature range, performance relative to fatigue cracking and permanent
deformation sensitivity, and evolution with oxidative ageing. In addition, this study
analysed the applicability to the studied bio-bitumen of some linear viscoelastic rheological
performance indicators proposed in the literature for conventional bitumens.

The liquified wood heavy fraction (bio-oil) was blended with conventional bitumen
to obtain a bio-bitumen with the same consistency at intermediate temperatures as the
most-used bitumen in the country (35/50 grade). This study was conducted as part of the
“BioRoadPAV®—New Bio-Binders for Application in Road Pavements” project (2021–2023),
aiming to develop bio-binders derived from bio-oils sourced from biomass materials (waste
wood) [42].
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3. Materials and Methods
3.1. Materials

Two bitumens (B10/20 and B35/50) and one bio-bitumen were used in this study. The
hard-paving-grade bitumen B10/20 (penetration 10–20 × 10−1 mm) was blended with a
liquified wood heavy fraction (bio-oil) to obtain a bio-bitumen with a penetration within
the grade of 35/50 bitumen. A commonly used paving-grade bitumen, B35/50 (penetration
35–50 × 10−1 mm), served as the reference material in the investigation of the bio-bitumen.
The bio-bitumen and reference bitumen were studied in both unaged and (short-)aged
states, being the aged materials referred to in the text as Bio-A and B35/50-A, respectively.
The ageing procedure was the rolling thin film oven test (RTFOT), EN 12607-1 [43]

The wood biomass was converted into a bio-oil through direct liquefaction (thermo-
chemical) by a catalytic depolymerisation process that occurred at atmospheric pressure in
the presence of an acid catalyst and that did not require the drying of the biomass. In the
literature [24], the successful implementation of thermochemical liquefaction with different
types of biomasses is described. In this study, the biomass used was composed of wood
residues (pinewood) resulting from systematic cleaning interventions in forested areas or
post-fire situations. The bio-oil was produced within the BioRoadPAV® project with a new
patented process (European Patent EP 3689 847 A1) based on thermochemical liquefac-
tion in the presence of an acid catalyst and a solvent. In this process, the simultaneous
depolymerisation of the different wood structures (lignin, cellulose and hemicellulose)
present in the raw material occurs [41]. The wood waste was transformed into an oil that
was further processed, firstly by washing it with water to remove the components rich in
oxygen—mainly sugars originated by the depolymerisation of the wood structures—and,
afterwards, it was vacuum-distilled in a rotary evaporator to remove the low molecular
weight compounds. The final product (liquified wood heavy fraction) was a highly viscous
material composed of a mixture of branched polymers with contents of PAHs (polycyclic
aromatic hydrocarbons) hundreds to thousands of times lower than those of bitumen de-
rived from crude oil. The reagents used were 2-ethylhexanol (purity ≥ 99%, technical grade)
and p-toluenesulfonic acid (PTSA, purity ≥ 99%, technical grade) from a local supplier.

The bio-oil was characterized by FTIR-ATR (Fourier transform infrared spectroscopy—
attenuated total reflectance) to analyse its chemical composition in terms of main functional
groups and compare it with those detected in the paving-grade bitumens. Figure 1 shows
the spectra of the oil and of B35/50. The comparison of the two spectra indicates major
differences between the bio-oil and the bitumen composition associated with the presence
of oxygen in the molecular structures, i.e., the bio-oil had a relevant proportion of functional
groups containing oxygen, contrary to the bitumen, the presence of which was not detected
in the spectrum. In the spectrum of the first one, the presence of hydroxyl (OH) groups of
alcohols was detected due to the broad band at 3600–3200 cm−1, and oxidated groups with
carbonyl bond (C=O) were detected due to the strong band at 1727 cm−1 of C=O stretching,
which can be associated with esters, aldehydes, ketones and carboxylic acids. Absorption
bands in the range of 1300–1000 cm−1, assignable to the stretching of the C-O of ethers,
esters and hydroxyl groups, were also detected.

Additionally, the bio-oil was subjected to a thermogravimetric analysis (TGA) in a
nitrogen environment within the temperature range of 25–800 ◦C [42]. The TGA results
revealed a total mass loss of 81%, with the peak mass loss rate occurring at 160 ◦C. Conse-
quently, within the intended application temperature range (<200 ◦C), the bio-oil sample
experienced a 37% loss of its mass. It is noteworthy that the bio-oil composition included a
substantial distillable fraction, which was lost due to the influence of temperature.

The content of bio-oil that could be incorporated in the bitumen was defined based on
conventional consistency tests for bitumens, i.e., needle penetration at 25 ◦C (EN 1426 [44])
and the softening point/ring and ball method (EN 1427 [45]). Table 2 compares the
consistency of the two bitumens and the bio-oil based. The penetration value of the bio-oil
was very high, meaning that it was softer than the bitumens at room temperature. However,
the softening point was also very high, which meant that the bio-oil was less deformable at
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high temperatures than the other bituminous materials. From this, the bio-oil was blended
with the hard-grade bitumen (B10/20), using two proportions in the mixture (15% and
20% by weight of the final mixture). To produce the bio-bitumen, first, the materials were
heated (190 ◦C for bio-oil and 150 ◦C for bitumen) in a ventilated oven for 45 min and then
the bio-oil was added to the bitumen. The mixtures were first homogenised by hand with
a glass rod and then with a mechanical stirrer at 1650 rpm for 20 min. The temperature
was kept between 170 ◦C and 180 ◦C during the agitation period. Figure 2 shows the
aspect of the bio-oil and the bio-bitumen in a penetration test container. The penetration
value of the bio-bitumens was 52 × 10−1 mm and 40 × 10−1 mm for the mixtures with
20% and 15% of bio-oil, respectively. Considering the initial objective of studying a bio-
bitumen with a similar consistency to that of the most-used paving-grade bitumen, which,
in southern European countries, is grade 35/50, the bio-bitumen with 15% wood-based
bio-oil was selected to continue the research. Thus, as shown in Table 1, this level of bio-oil
incorporation is in line with current practice.
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Figure 1. FTIR-ATR spectra: (a) bio-oil; (b) bitumen (B35/50).

Table 2. Consistency properties of the bitumens and bio-oil.

Property Test Method B10/20 B35/50 Bio-Oil

Penetration @25 ◦C (0.1 mm) EN 1426 17 43 213
Softening point (◦C) EN 1427 65.0 53.0 112.5
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3.2. Linear Viscoelastic Rheological Characterisation

The linear viscoelastic (LVE) behaviour of the different bituminous binders was char-
acterised under dynamic oscillatory testing using a parallel plates setup. The rheological
functions considered were the norm of the complex shear modulus (|G*|) and the phase
angle (δ) over a defined range of frequencies and temperatures. The equipment used
was the SmartPave (Anton Paar) rheometer equipped with a Peltier system to control the
specimen temperature. The test procedure generally followed the European standard EN
14770:2012 [46]. A frequency sweep test from 0.1 rad/s to 100 rad/s was performed at
temperatures from −30 ◦C to 82 ◦C with 6 ◦C steps, which allowed for the characterisation
of the rheological viscoelasticity of the materials from the near-glassy behaviour up to a
state dominated by the viscous component. Given the wide range of temperatures and
the samples’ stiffness, three plate sizes (diameters) were used (4 mm, 8 mm and 25 mm).
The 4 mm diameter plates with a 1.75 mm gap were adopted from −30 ◦C to 10 ◦C, the
8 mm diameter plates with a 2 mm gap were used from −6 ◦C to 40 ◦C and the 25 mm
diameter plates with a 1 mm gap were used from 28 ◦C to 82 ◦C. The highest temperature
limit for Bio-A was increased up to 106 ◦C because of its consistency. An overlap of two
or three temperatures was performed with the 4 mm and 8 mm plates and with the 8 mm
and 25 mm plates to ensure that adequate measurements, i.e., within the compliance limits
of the equipment and test geometry, were obtained for all tested materials. To ensure
that materials were tested in the linear viscoelastic region (LVR), previous strain sweep
tests from 0.001% to 10% at the two extreme frequencies (0.1 rad/s and 100 rad/s) were
performed at the lowest and highest test temperature for each plate diameter. The strain
amplitude ranges selected for the different materials were 0.001–0.003%, 0.010–0.100% and
0.100–0.500% for the geometries of 4 mm, 8 mm and 25 mm, respectively.

3.3. Multiple Stress Creep and Recovery Test

The multiple stress creep and recovery test (MSCRT) was carried out based on
EN 16659 [47] to characterise the susceptibility of the material to accumulating permanent
deformation. The test procedure was implemented in the rheometer with parallel plates
of 25 mm with a gap of 1 mm at 60 ◦C. The test consisted of subjecting the disc-shaped
specimen to 20 cycles of shear loading for 1 s and a rest period of 9 s. The load applied was
0.1 kPa for the first 10 cycles and 3.2 kPa for the other 10 cycles. At least two specimens
were tested for each material. During the test, the shear strain was monitored to determine
the percentage of recovery (%R) and the non-recoverable creep compliance (Jnr). The %R
value in cycle N (%RN) was calculated as follows:

%RN =
100·

(
εN

1 − εN
10
)

εN
1

(1)

in which εN
1 is the strain value after 1 s (end of loading) and εN

10 is the strain value after 10 s
(end of the rest period). The individual values of %RN determined the average value of the
percentage recovery at each stress level (%Rτ) and the value of Rdiff indicated the effect of
the stress level on the material response, as follows:

%Rτ =
1

10∑10
N=1 %RN

τ (2)

Rdi f f = 100· (%R0.1kPa − %R3.2kPa)

%R0.1kPa
(3)

The non-recoverable creep compliance at cycle N and at stress level τ (kPa) (JN
nr τ) was

calculated as follows:

JN
nr τ =

εN
10
τ

(4)
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Similarly to the percentage recovery, the JN
nr values were averaged at each stress level

and the quantity Jnr-diff was determined as follows:

Jnr τ =
1

10∑10
N=1 JN

nr τ (5)

Jnr−di f f = 100· (Jnr 3.2kPa − Jnr 0.1kPa)

Jnr 0.1kPa
(6)

3.4. Fatigue Resistance–Linear Amplitude Sweep Test

To evaluate the fatigue behaviour of the bitumens, the linear amplitude sweep (LAS)
test defined in AASHTO T 391-20 was adopted [48]. This is an oscillatory test in which the
shear strain amplitude is progressively (linearly) increased. The test was conducted in a
rheometer with a parallel plate setup. Plates with a diameter of 8 mm and a 2 mm gap were
used and 100 cycles were applied at every strain level (frequency of 10 Hz). In this study,
the temperature of 20 ◦C was adopted, which is representative of intermediate conditions
in-service. During the test, stress and strain were monitored to calculate the shear modulus
and phase angle.

The LAS test results were then processed based on viscoelastic continuum damage
(VECD) mechanics to determine the material’s fatigue law:

N f = A·γ−B (7)

where Nf is the number of cycles to failure, γ is the strain amplitude and A and B are
material constants. In this study, the procedure described by Carl et al. [49] was used,
which uses the pseudo-strain energy density to quantify work and adopts the constant α,
as follows:

α = 1 +
1
m

(8)

where m is the maximum slope of the logarithm values of the storage shear modulus versus
the angular frequency. To determine the m value, the cyclic damage test was preceded by a
frequency sweep test in linear viscoelastic conditions (0.1% strain, 0.2–30 Hz). Additional
information relative to the VECD mechanisms and the methods used to analyse the LAS
results can be found in the literature [49–51].

3.5. LVE Rheological-Based Performance Indicators

The importance of an accurate rheological and mechanical characterisation of bitu-
minous materials has been acknowledged by the scientific and technical community at
least since the development of the Strategic Highway Research Program (SHRP) [52] in the
USA from 1987 to 1993, which resulted in the Superpave performance-based specifications
(PG system). From this research, the PG system adopted criteria (maximum/minimum
values) for some rheological measurements of the bitumens that were related to the most
expressive distresses in asphalt pavements (thermal cracking, fatigue cracking and rut-
ting) [53]. The thermal cracking performance was related to the creep stiffness and the
slope of the stiffness master curve, both obtained with a bending beam rheometer (BBR),
and the fatigue cracking and rutting performance were related to the dynamic response ob-
tained with a dynamic shear rheometer (DSR) in terms of the |G*|·Sin(δ) and |G*|/Sin(δ),
respectively. Also, considering the expected evolution of the rheological behaviour with
ageing, these criteria needed to be met at different ageing states (original, short- and/or
long-term). However, since then, different research studies have reported the limitations
of these criteria to avoid the poor field performance of some bitumens [54] or validate the
enhanced performance of other bitumens (e.g., polymer-modified bitumens) [55]. Nev-
ertheless, other studies have proposed different rheological-based indicators, which can
be expected to be included in the next bitumen specifications, such as in the upcoming
revisions of the European standards [56]. In addition, bitumens incorporating biomaterials
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are non-conventional bituminous binders, and the proposed rheological indicators may
not apply to them. From this, some relevant LVE rheological-based performance indicators
that have been proposed and discussed in recent years were selected as the materials to be
studied. The indicators selected were the following: glass transition temperature (Tg) and
modulus (|G*|g); crossover temperature (Tc) and modulus (|G*|c); R-value; intermediate
region temperature amplitude (∆TIR); and temperature (T50kPa and T5MPa) and phase angle
(δ50kPa and δ5MPa) of iso-moduli |G*| = 50 kPa and |G*| = 5 MPa.

Glass transition temperature is related to material performance in very cold weather,
i.e., thermal cracking distress, and it can be determined with different test methods, includ-
ing rheology [57]. Thus, based on polymer science, Elwardany et al. [58] investigated the
use of the temperature at which the loss modulus is the maximum, as a substitute of Tg
determined from differential scanning calorimetry, and concluded that the two methods
correlated well. Although bituminous binders have an almost constant glass shear modulus
of 1 GPa, irrespective of the origin and ageing state [5], to provide a detailed characteri-
sation of the studied materials, the modulus at Tg was also determined. An increase in
Tg was expected with ageing [57] and the opposite variation was expected with softening
agents (e.g., oils) [59].

The crossover point corresponds to the transition—with increasing temperatures—
from elastic dominant behaviour (δ < 45◦) to viscous dominant behaviour (δ > 45◦), and it is
claimed to mark the high-temperature limit of the intermediate region in bitumen rheologi-
cal behaviour [58]. The other regions—below and above the intermediate region—are the
glassy region and the terminal region, respectively. Hence, the temperature intermediate
region amplitude ∆TIR is the difference between Tg and Tc. Also, the logarithm difference
between |G*|c and |G*|g, known as the R-value, has also been related to bitumen fatigue
performance [57]. Due to the effect of ageing, previous research [60] reported an increase of
Tc and a decrease of |G*|g, which then leads to an increase in the R-value.

The other indicators correspond to two stiffness levels (|G*| = 50 kPa and |G*| =
5 MPa) that have been intensively discussed regarding their inclusion in the revisions of
the European standards for bituminous binders, despite them requiring for now only the
reporting of test values. The temperature at the highest stiffness (5 MPa) is aimed at giving
an indication of fatigue cracking performance so that the lower the temperature is, the
better the expected performance [56]. In opposition, the higher the temperature for the
lower stiffness level (50 kPa), the better the expected performance for rutting resistance [56].
Besides the iso-stiffness temperatures, the phase angles have also been determined. Both
temperatures are expected to increase with the hardening of bitumen caused by the ageing
process, and the opposite trend is expected for the phase angles.

In previous studies, e.g., [57,58,61], several of these indicators were determined from
the master curves of the shear modulus and phase angle versus the reduced frequency
or reduced temperature; however, as shown in Section 4.2, bio-bitumen is not a thermo-
rheologically simple material. Hence, in this study, all indicators were determined from
the isochrone curves of the shear modulus and phase angle obtained in the LVE range
at the frequency of 10 rad/s. This loading frequency is the same used to determine the
|G*|·Sin(δ) and |G*|/Sin(δ) values in the PG bitumen specifications and in the draft
versions of the upcoming European standards. Although the isochrone curves could be
obtained from the data obtained in frequency sweep tests at different temperatures, a single
frequency test (10 rad/s) was conducted for the complete temperature range, considering
15 measurement points and 20 min for stabilisation at each testing temperature. Figure 3a,b
compare, respectively, the |G*| and δ values obtained in the single frequency test and
frequency sweep test for the tested materials (B10/20, B35/50, B35/50-A, Bio and Bio-A).
The test results were nearly identical for all temperatures, which demonstrates that the
frequency sweep test at different temperatures was sufficient to obtain a complete LVE
rheological characterisation.
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Figure 3. Comparison of single-frequency and frequency sweep test results at 10 rad/s (all test data):
(a) norm of the complex shear modulus; (b) phase angle.

Table 3 summarises the LVE rheological performance parameters that were selected
and Figure 4 illustrates their determination from the isochrone curves of the complex shear
modulus and phase angle at 10 rad/s of bitumen B35/50.

Table 3. LVE rheological-based performance indicators.

Performance Indicator Variables Method Performance
Indication

Expected
Evolution

with Ageing

Glass transition point:
temperature and modulus

Tg
|G*|g

Peak in isochrone G′′ at
10 rad/s

Thermal cracking
Tg

|G*|g
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Figure 4. Illustration of the LVE rheological-based performance indicators for bitumen B35/50:
(a) |G*| and δ vs. T; (b) G′ and G′′ vs. T.

4. Results and Discussion
4.1. Consistency Properties

The penetration and softening points of the bituminous binders, unaged and short-
term aged, are presented in Table 4. In the unaged state, the bio-bitumen with 15% bio-oil
had a similar penetration value to the B35/50; however, the softening point was much
higher (11.4 ◦C). EN 13108-1 [62] indicates that the penetration or softening point of the
binder of a mixture when reclaimed asphalt is used can be estimated simply by propor-
tionally weighing the two binders. Adopting the same rule for the mixture of bio-oil and
bitumen, Figure 5 shows that the softening point can be predicted well using the proposed
rule; however, the penetration is significantly under-predicted.
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The penetration index, which measures the effect of temperature on the consistency,
increased from 0 (B10/20) to +3 with the incorporation of 15% of bio-oil. This very low-
temperature susceptibility is typical of polymer-modified bitumens in which the polymer
chains provide a new structure to the bitumen, resulting in a decrease in deformability
at high temperatures [63]. However, the bio-bitumen was significantly affected by the
oxidative ageing induced in the rolling thin film oven test. The penetration value de-
creased to 31% of the initial value and the softening point increased by 27.1 ◦C, which
exceeded for both tests the limits in the European specifications for paving-grade bitumens
(EN 12591 [64]). Conversely, B35/50-A showed variation within the specification limits.

Table 4. Consistency properties of bituminous samples.

Property Limits B10/20 B35/50 B35/50-A Bio Bio-A

Penetration @25 ◦C (0.1 mm) 10–20 (1)

35–50 (2) 17 43 31 42 13

Softening point (◦C) 60–76 (1)

50–58 (2) 65.0 53.0 59.2 74.4 101.5

Penetration index −1.5 to
+0.7 (2) 0 −0.8 −0.2 +3.1 +3.8

Retained penetration (%) ≥53% (2) - 72 31
Increase in softening point (◦C) ≤11 ◦C (2) - 6.2 27.1

Notes: (1) limits for bitumen 10/20 (EN 13924-1 [65]); (2) limits for bitumen 35/50 (EN 12591).

4.2. Linear Viscoelastic Rheological Properties

The Black curves of the complex shear modulus versus the phase angle shown in
Figure 6 provide, for the five binders, a general view of the rheological behaviour within
the linear viscoelastic region. Under these conditions, paving-grade bitumens are usually
“thermo-rheologically simple” materials, which means the rheological properties (|G*|
and δ) are only dependent on temperature and time, and master curves can be generated
by applying simple shift factors (time–temperature superposition principle, TTSP) [66].
Thus, the Black curve of a “thermo-rheologically simple” material should exhibit a smooth
continuous variation between |G*| and δ, which the unaged bitumens B10/20 and B35/50
and RTFOT-aged B35/50-A were seen to follow. These bitumens presented single-curvature
curves, showing the continuous decrease of |G*| with increasing δ that results from
a certain overlap and continuity of the values obtained at different temperatures and
frequencies. At very low temperatures, the complex shear modulus approached the value of
1 GPa, with a very small phase angle (<5◦), whereas, at high temperatures, the modulus was
close to null and the phase angle was 90◦. Similar results have been reported before [67,68].

Conversely, the Black curves of the unaged and aged bio-bitumens had three dis-
tinct features that differentiated them from the paving-grade bitumens. Firstly, with the
exception of the very high |G*| values obtained near the glassy state, the δ values of bio-
bitumen were much lower than those of the bitumens for the same |G*| value, indicating
a greater proportion of elastic behaviour. The second feature was the global trend of |G*|
versus δ exhibiting double curvature, with a concave curve in the middle of two convex
curves. The middle section—representing behaviour at the intermediate range of testing
temperatures—had a steep slope, meaning that the |G*| value varied significantly with a
small change in the phase angle. The third feature was the discontinuity in the intermediate
part of the curve that was caused by measurements obtained at consecutive temperatures
only overlapping for low test frequencies. In the literature [66], the partial discontinuity or
branching in the Black curves has been attributed to different testing and material factors,
such as testing outside of the linear viscoelastic region, compliance errors of the testing
equipment and/or structural changes in the material during testing. Since the deformation
applied with different geometries was determined from deformation sweep tests at dif-
ferent temperatures to ensure that it was within the linear viscoelastic region and that the
rheometer was used within the normal working limits, this complex rheological behaviour
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of bio-bitumen can be attributed to structural changes with the changes in temperature.
Thus, Eckmann et al. [69] reported a similar type of “branching” in the Black curve of
bitumen with a GEL-type structure, and they also concluded that the more structured the
bitumen, the higher the phase angle is for the same given stiffness. Airey [66] found that
bitumen modification with an EVA (ethylene vinyl acetate) polymer could create a strong
discontinuity in the Black curve, which was explained by the somewhat changed crystalline
structures in the material with changes in temperature. The strong effect of the studied
bio-oil was also different to that reported in other studies that investigated different types of
wood-derived oils in bitumen. In [12,18,35], the bio-oils caused a content-related shift of the
Black curve to the right and slightly downwards, with an increased curvature, but the curve
maintained the global shape. However, refs. [12,18] shows that the experimental results
obtained at different temperatures are not always fully aligned; the authors concluded
that bitumens with a higher bio-oil content (>10%) had only partial thermo-rheological
simple behaviour.
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Figure 6. Black curves: (a) B10/20 and Bio; (b) B35/50, B35/50-A, Bio and Bio-A.

In addition, the RTFOT ageing treatment affected the Black curves. Similar to findings
reported in previous studies [49,66,70], the curves moved to the left and slightly upwards,
and these changes were more expressive in the bio-bitumen than in B35/50. However,
as indicated by Airey [71], the increase in the complex shear modulus with ageing may
not be perceptible from the Black curves because this effect occurs simultaneously with
the decrease in the phase angle, and the resulting curves may be rather close together in
the plot.

To further investigate the rheological behaviour of tested materials and analyse the
effects of bio-oil and ageing, the isotherms of |G*| and δ at three temperatures (−18 ◦C,
22 ◦C and 64 ◦C) were plotted (see Figure 7) and Cole-Cole diagrams were drawn (see
Figure 8).

The isotherms showed a clear increase along with the temperature in the variation of
the rheological parameters among the materials. The amplitude of the variation in δ and
the ratio of the |G*| values (max/min) for the different materials were approximately 10◦

and 6.2 at −18 ◦C, whereas, at 64 ◦C, these values were 49◦ and 1089. Thus, at 22 ◦C and
64 ◦C, the paving-grade bitumens (B10/20 and B35/59) had similar rheological behaviour,
with the |G*| and δ values showing opposite trends (increase and decrease, respectively)
with increasing frequency, and the stiffer the material was, the lower the phase angle
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was, i.e., the material was less affected by viscous behaviour. Conversely, the unaged
bio-bitumen showed a lower variation of |G*| with frequency at the various temperatures,
and its δ values were significantly lower compared with the bitumens. Also, at 22 ◦C, the δ
value was nearly constant with the frequency, which gave the nearly vertical “branches”
seen in the middle part of the Black curve (see Figure 5). In addition, the effect of ageing
treatment was very clear from the isotherms. Although the |G*| value increased and the
δ value decreased with the ageing treatment for both materials, the magnitude of change
was larger for the bio-bitumen, especially at the highest temperature (64 ◦C). Thus, it was
observed that the aged bio-bitumen had largely elastic behaviour (δ < 45◦) over the range
of temperatures represented (−18 to 64 ◦C), which was not anticipated.
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Figure 7. Isotherms of B35/50, B35/50-A, Bio and Bio-A at temperature (a) 64 °C, (b) 22 °C and
(c) −18 °C.

From the Cole-Cole diagrams shown in Figure 8, it is possible to verify that B10/20
and B35/50 presented a similar balance between the viscous (loss), G′′, and elastic (storage),
G′, components of the complex shear modulus, resulting in curves with a parabolic shape.
It was also noted that the incorporation of the bio-oil changed the curve of the B10/20 both
in shape and values. The two curves (B10/20 and Bio) were only coincident for the lowest
values (highest test temperatures), and, by decreasing the temperature, the curve generally
rotated clockwise, which corresponds to more elastic behaviour for a certain absolute shear
modulus. Different from the paving-grade bitumens, the Bio curve did not show a peak
marking the transition to the low-temperature zone, where the phase angle decrease is
not compensated by the shear modulus increase. These changes in the Cole-Cole diagram
are like those found with bitumen modification with SBS, which are more significant with
increasing polymer content [72]. Also, the ageing treatment caused an expansion of the
Cole-Cole diagram in the directions of both the x- and the y-axes, i.e., increases in the
values of the storage modulus and loss modulus. It was observed, however, that Bio-A
was more affected by the ageing treatment, approaching the usual behaviour of bitumen.
The dispersion of measurements near the peak of the Cole-Cole diagrams, obtained at low
temperatures with the 4 mm geometry, is also noteworthy. The test procedure with the
4 mm plate is not yet included in the European test standards and, in the literature [73], it
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is reported that given the physical state of samples in this temperature zone, test results are
very sensitive to the procedure of placing samples in the equipment, the time required for
thermal and mechanical stabilisation before loading, and the loading amplitude applied.
Thus, Bücher et al. [73] stated that the time required for a 4 mm sample stabilisation is
longer than with other plates. Hence, based on [68,74], in this study, a time of 20 min was
adopted with the 4 mm plate.
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Figure 8. Cole-Cole diagrams: (a) B10/20 and Bio; (b) B35/50, B35/50-A, Bio and Bio-A.

4.3. Resistance to Permanent Deformation Accumulation

Previous studies found a strong correlation between the performance of the bitumen
in the MSCR test and the accumulated deformation of bituminous mixtures [75], which is
one of the most important types of distress in asphalt pavements. Thus, often, bio-oils have
a lower viscosity than bituminous binders, which can lead to poor rutting resistance [8,76].
Table 5 summarises the results of the MSCR test at 60 ◦C for the studied binders. As
expected, the hard-grade bitumen (B10/20) had greater elastic recovery and less non-
recoverable compliance than the softer bitumen B35/50. For the load amplitude of 3.2 kPa,
bitumen B35/50 had insignificant recovery (1.6%), which increased to 11% with the ageing
treatment. The difference in values at 0.1 kPa and 3.2 kPa, especially those for %R, also
demonstrates the significant stress dependence of these binders.

Table 5. MSCR test results.

Sample
Maximum Strain Average %R (%)

Rdiff
Jnr (kPa−1)

Jnr-diff
0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa

B10/20 0.029 0.969 21.8 19.1 12.5 0.228 0.240 5.0
B35/50 0.169 5.808 5.7 1.6 71.9 1.589 1.738 9.4

B35/50-A 0.060 2.021 16.9 11.0 34.6 0.502 0.548 9.3
Bio 0.012 0.400 71.0 64.7 8.8 0.034 0.044 28.3

Bio-A 0.001 0.027 93.2 93.4 −0.3 0.001 0.001 1.8

In opposition, the bio-oil greatly improved the test performance of bitumen B10/20.
The elastic recovery value for Bio reached 71.0% at 0.1 kPa and the non-recoverable compli-
ance decreased by approximately 82%. The effect of load amplitude on non-recoverable
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compliance, quantified by Jnr-diff, was greater than that for the bitumens; however, as re-
ported by [77], a small test value (%R or Jnr) often corresponds to high Jnr−diff and %Rdiff
values. The performance of the bio-bitumen also improved with the ageing treatment in
the creep test, in which the %R value attained 93.4% and Jnr was reduced to almost zero.
The strain evolution in a single cycle at 3.2 kPa of the bitumens shown in Figure 9a demon-
strated the change in the recovery properties with the bio-oil and ageing. The deformation
recovery occurred very quickly after stress removal because the elastic component in the
rheological behaviour of bio-bitumens is very strong.

The MSCR test performance in terms of both elastic recovery and non-recoverable
compliance is often improved with polymer modification because this creates an active
polymer structure that compensates for the elasticity that is lost when the bitumen’s
behaviour is mostly viscous [77,78]. Hence, the relation %R-Jnr in the MSCR test is used
in materials specification AASHTO M 332 [79] to confirm the beneficial effect of polymer
modification. Considering the good results of the bio-bitumens studied, in Figure 9b,
the obtained test results are compared with the version of the AASHTO M 332 criterion
modified by Anderson [80] to account for the lack of test results with Jnr values lower than
0.1 kPa−1 that were used to define the criterion. The results showed a clear separation of
the performance rating for the bitumens and bio-bitumens. The bitumens fell below the
curve, as expected for the unmodified (paving-grade) bitumens. The bio-bitumens were
above the curve, meaning that their good performance in the MSCR test is in line with what
can be expected for polymer-modified bitumens. In addition, following the specification of
the high-temperature PG grade in AASHTO M 332 [79], which defines maximum Jnr values
for RTFOT-aged binders, at the temperature of 60 ◦C (the temperature used herein), Bio is
suitable for an extreme traffic level (>30 million ESALs), whereas B35/50 is only suitable
for a lower traffic level (10–30 million ESALs).
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4.4. Fatigue Resistance

The LAS test is a commonly used method to evaluate the (shear) fatigue behaviour of
asphalt binders; it differs from the time sweep test because the load amplitude is increased
throughout the process. For this reason, the LAS test takes less time and fewer samples
are needed [81,82]. Regardless of the loading mode adopted, it is acknowledged that
the cohesive failure of the disk-shaped specimen occurs due to the progression of radial
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microcracks from the outer edge towards the centre of the specimen. In this study, the
test was performed at 20 ◦C following the AASHTO T 391-20 standard, and the results
were processed as described in [47]. Figure 10 presents the shear stress evolution with
increasing applied strain and Figure 11 shows the fatigue laws for the tested materials.
It was observed that the shear stress–strain curves of all tested materials were similarly
shaped. The stress increased initially with the applied strain up to a certain point and then
decreased quickly to a nearly constant small value. The curve peak marking the transition
between the two regions was related to internal cracking and failure [51]; thus, it was used
in the calculation procedure to obtain the fatigue laws. Due to the effect of the bio-oil,
the bio-binder attained much smaller stress levels (20%) than the base bitumen B10/20
(Figure 10a); however, it was able to hold near-maximum stresses for a longer period, and
failure was reached later (a strain of 10% vs. 5%) in the test. These differences were also
valid for Bio and B35/50, though the stress level attained by the latter in comparison with
the B10/20 was lower because it was a softer grade. Ageing treatment affected the binders’
behaviour as expected, i.e., the stress levels increased and the strain at the peak stress
decreased. However, the variation in Bio was much more intense than that in B35/50,
which demonstrated the sensitivity of Bio to oxidative ageing. In the case of B35/50, the
peak stress increased by 50% and the strain at peak stress decreased by 1%, whereas with
Bio, the stress increased by 370% and the strain decreased by 5%.
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Figure 10. Shear stress evolution in LAS test: (a) B10/20 and Bio; (b) B35/50, B35/50-A, Bio and
Bio-A.

The fatigue laws shown in Figure 11 estimate the number of cycles that the binders
can be expected to resist before failure at different strain amplitudes. In Figure 11a, it is
shown that Bio inherited the strain dependence (slope B—Equation (7)) of the base bitumen
(B10/20); however, the fatigue resistance was much greater because the specimen’s failure
was attained at larger strains in the test. Thus, confirming the abovementioned differences
in the stress evolution with applied strain, Figure 11b shows the significant decrease in
the number of cycles to failure of Bio-A in comparison with the unaged state. Conversely,
bitumen B35/50 had similar fatigue resistance before and after being exposed to the ageing
treatment. Also, there was an increase in strain dependency in Bio-A, which means that
the fatigue resistance decreased faster with the increase in the applied strain amplitude.
The estimated fatigue resistance of Bio-A was only greater than that of B35/50-A at strain
amplitudes smaller than 3.5%.
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Figure 11. Fatigue law: (a) B10/20 and Bio; (b) B35/50, B35/50-A, Bio and Bio-A.

4.5. LVE Rheological-Based Performance Indicators

The performance of asphalt pavements in-service is highly affected by the bitumen’s
properties, especially its time–temperature-dependent response when loaded by traffic
or deformed by temperature variations. However, traffic and climatic conditions vary
widely; thus, extensive characterisations of materials’ behaviour and the selection of
adequate bitumens to attend to specific site conditions are required. In this study, the
LVE rheological characterisation of the investigated materials covered the three regions
of interest in bitumen rheological behaviour, i.e., the near-glassy region, the intermediate
region and the terminal region, and some relevant indicators based on this characterisation
are discussed in this section. Table 6 lists the ten indicators’ values for the studied materials.

Table 6. LVE rheological-based performance indicators of bitumens and bio-bitumens.

Performance Indicator B10/20 B35/50 B35/50-A Bio Bio-A

Tg (◦C) −12.9 −15.6 −17.7 <−30 −18.6
|G*|g (Pa) 5.8 × 108 4.7 × 108 5.9 × 108 1.0 × 109 * 6.1 × 108

Tc (◦C) 21.9 11.5 17.1 50.6 100.4
|G*|c (Pa) 1.0 × 107 1.7 × 107 1.1 × 107 9.8 × 104 2.0 × 104

∆TIR (◦C) 34.8 27.2 34.8 >80 119.1
R-value (Log (Pa)) 1.75 1.43 1.74 4.00 4.48

T5MPa (◦C) 27.0 19.4 21.9 15.6 33.9
δ5MPa (◦) 51 54 50 34 34

T50kPa (◦C) 57.4 45.9 51.5 57.2 87.5
δ50kPa (◦) 72 75 71 47 41

* Not determined.

The transition between the near-glassy region and the intermediate region occurred at
lower temperatures for the bio-bitumens in comparison with the paving-grade bitumens.
Thus, the Tg of the unaged bio-bitumen (Bio) could not be exactly determined because
it was lower than the lowest test temperature (−30 ◦C). For the paving-grade bitumens,
the transition temperature was lower than for the softer bitumens. This temperature is
important for the performance of asphalt pavements in very cold weather. Below Tg, the
material accumulates more thermal stresses due to the reduced ability of molecular motion,
which leads to eventual cracking [4].
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Furthermore, Tg is not expected to vary (decrease/increase) significantly with in-
creasing (oxidative) ageing, despite the chemical changes in bitumen [83]. With ageing,
there is a decrease in the proportion of aromatics that have Tg close to that of the bitumen
(around −20 ◦C) and an increase in “solid” type groups (resins and asphaltenes), which,
according to some researchers [5,84], do not contribute significantly to the glass transition
phenomenon. On the contrary, saturates exhibit a very low glass transition (around −70 ◦C),
but their proportion in bitumen remains almost unchanged with ageing. Hence, Bio-A
had a significantly higher Tg than Bio; however, the same did not happen for B35/50 and
B35/50-A, which showed a slight decrease in Tg after the RTFOT treatment. Nevertheless,
the studied paving-grade bitumens and bio-bitumens had an acceptable Tg for use in
regions with mild winters, like in southern Europe.

Fatigue cracking is the main concern relative to performance at intermediate tempera-
tures, at which bitumen behaves like a viscoelastic material, and ductility and flexibility
are required to support traffic loading without premature cracking. To this purpose, the
transition point between the predominant elastic state to a viscous-like state (Tc and |G*|c)
and the amplitude range in modulus (∆TIR) or temperature (R-value) from the near-glass
transition point and the former transition point have been proposed as proxies of per-
formance tests, such as ductility and fatigue tests [57]. The transition point is referred
to as the crossover point because it corresponds to the point at which the G′ and G′′ val-
ues are equal (δ = 45◦). Conventionally, the more elastic the material is, the higher the
residual stresses due to the longer relaxation time and, consequently, the material is more
susceptible to cracking. Thus, Jing et al. [61] reported that the relaxation properties wors-
ened (longer times) with ageing as expected and that the ageing indexes calculated with
the relaxation time and the crossover modulus had a strong linear correlation. Similarly,
Elwardany et al. [58] stated that bitumens with ∆TIR greater than 50 ◦C had poor relaxation
properties and cracking resistance. As shown in Table 6, the crossover points occurred
at very different temperatures and shear moduli for the paving-grade bitumens and the
bio-bitumens. For the paving-grade bitumens, the temperature was 11.5–21.9 ◦C and the
modulus 10–17 MPa, while, for the bio-bitumens, the range values were 50.6–100.4 ◦C and
0.02–0.10 MPa. From this, it can be concluded that the intermediate region amplitudes
(∆TIR and R-value) were much greater for the bio-bitumens. As commented before in
Section 4.2, it is possible that the bio-oil molecular groups interacted with the molecular
groups of B10/20 to form larger, more polar colloid agglomerations that increased the
elastic behaviour—but not the stiffness—over a wide temperature range, even when the
bitumen was soft and easily flowable (above the softening point). Hence, the temperature
and phase angle at which the critical stiffness of 5 MPa was met were lower for Bio than for
the paving-grade bitumens. For Bio, the stiffness level was reached at a temperature much
lower than the crossover temperature; hence, the low phase angle. However, except for
the R-value, the LVE rheological indicators for the performance at intermediate tempera-
tures of Bio were more affected by oxidative ageing than those of B35/50. The crossover
temperature increased by approximately 50 ◦C for Bio and only 6 ◦C for B35/50.

Relative to the rheological indicator related to performance at high service tempera-
tures, the stiffness level of 50 kPa was reached at a temperature in the range of 45.9–57.4 ◦C
for paving-grade bitumens and 57.2–87.5 ◦C for bio-bitumens. Also, the phase angle values
ranged from 71 to 75◦ for the former and 41 to 47◦ for the latter. Similarly, for the intermedi-
ate temperature indicators, the rheological behaviour of Bio was significantly less viscous
in the high service temperature range, but it was highly affected by oxidative ageing. The
critical temperature for rutting increased by 30 ◦C after RTFOT, whereas it only changed by
6 ◦C for B35/50.

The radar chart type is used in Figure 12 to show a comparison of the relationship
between the rheological indicators and the performance tests for the paving-grade bitumens
and the bio-bitumens. Four rheological indicators (Tg, Tc, T5MPa and T50kPa) and two
performance test variables (Nf

γ = 3.5% and Jnr 2kPa) are plotted. In this situation, Tc and
T5MPa are compared to Nf

γ = 3.5% and T50kPa is compared to Jnr 2kPa. Although there
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was no test performed on thermal cracking resistance, Tg was plotted to give an overall
view of the materials’ glassy transition. The axes’ properties (min–max amplitude and
increase/decrease direction) were defined so that for each axis, the longer the distance
from the chart centre, the better the expected performance. Therefore, the inside area was
expected to shrink when the material deteriorated. For the paving-grade bitumens, the
rheological indicators and performance tests showed the expected variation, i.e., fatigue
resistance was greater with smaller Tc and T5MPa values and non-recoverable compliance
was smaller with higher T50kPa values. However, while for fatigue performance, a small
variation in the rheological indicators corresponded to a small variation in fatigue resistance,
non-recoverable compliance had a large variation with a small change in T50kPa. In line
with this, B35/50 showed high resistance to oxidative ageing, except in the multiple stress
creep and recovery test.

However, the relationship between the rheological indicators and the performance
test results was not the same for paving-grade and bio-bitumens. For example, the Tc of
Bio was higher than that of paving-grade bitumens, but the fatigue resistance was much
greater. The rheological indicator values could not be directly compared because, as stated
by Garcia Cucalon et al. [57], the same change in the rheological properties (e.g., decrease
in the phase angle) can have different effects on performance and durability, depending on
the cause (e.g., ageing vs. polymer modification). The bio-oil had a substantial effect on the
rheology of the bitumen, which was likely related to the interaction of the bio-oil and the
bitumen’s molecules. Also, the rheological characterisation in the LVE region of structured
bitumens (e.g., gel structure or modified bitumens) may be less correlated with flexibility
and durability. Nevertheless, these indicators are useful in ageing resistance studies. Thus,
the significant change in the rheological indicators matched the decrease in the fatigue
resistance of the aged bio-binder. The non-recoverable compliance did not change because
it was already very low for the unaged material and it improves with ageing.
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Figure 12. Comparison of LVE indicators and performance tests: (a) B10/20; (b) B35/50 and B35/50-A;
(c) Bio and Bio-A.

5. Conclusions

This study aimed to investigate the effect of incorporating a liquified wood heavy frac-
tion (bio-oil) in bitumen on its rheological behaviour, intermediate- and high-temperature
performance, and evolution with oxidative ageing. The biomass used was a waste wood
comprising pinewood residues resulting from systematic cleaning interventions of forested
areas or -post-fire situations, and it was processed using an innovative thermochemical
liquefaction process. The results of the bio-bitumen (15% bio-oil) were compared with those
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of the base bitumen (blended with the bio-oil) and bitumen with the same penetration
grade as the bio-bitumen.

The following conclusions are drawn:

• The effect of bio-oil on the needle penetration test result at 25 ◦C was significantly
larger than that predicted using the conventional blending rule for different bitumens
(EN 13108-1). However, this blending rule can be used for estimating the soften-
ing point.

• The bio-bitumen was not a thermo-rheologically simple material, meaning that there
was no equivalence of time and temperature conditions in the dynamic rheological
measurements. In comparison with the base bitumen (B10/20), the bio-oil changed
the shape of the Black curve, decreased the phase angle (greater elastic response) and
yielded discontinuities between measurements obtained at consecutive temperatures.
These changes were similar to those reported in the literature [69,72] of more structured
bitumens induced by natural functional groups or polymer modification. Also, the
near-glass transition temperature (T at G′′ max) of bio-bitumen was lower than that
of the other bitumens tested, which is an indicator of superior performance in very
cold weather.

• The bio-oil significantly improved the resistance to fatigue and permanent deformation
accumulation of the base bitumen. Upon cyclic loading, the bio-bitumen was equally
able to hold larger strains before failure at the intermediate test temperature (20 ◦C)
and had greater elastic recovery at the high test temperature (60 ◦C). The elastic
recovery value reached 64.7% at 3.2 kPa and non-recoverable compliance decreased
to 0.044 kPa−1. Thus, the deformation recovery occurred very quickly after the stress
removal because the elastic component in the rheological behaviour of bio-bitumen is
very strong, which is only commonly found in highly polymer-modified bitumen.

• The bio-bitumen was more sensitive to oxidative ageing than the reference bitumen
(B35/50). In detail, the retained penetration was 31%, the increase in the softening
point was 27.1 ◦C, the rheological behaviour was elastic (δ < 45 ◦C) up to 64 ◦C, the
elastic recovery at 3.2 kPa increased by 29.7% and, in the LAS test, the strain at peak
stress decreased by 5%.

• The LVE rheological indicators proposed in the literature showed a similar trend of
variation with oxidative ageing for the bio-bitumens and paving-grade bitumens.
However, the relationship between the performance test results and LVE rheological
indicators was not the same in the two binders, i.e., for similar indicator values in both
materials, the test performance could be significantly different.

Although the results obtained in this research only apply to the studied bio-oil and
bitumens, it shows once more that waste-wood-derived bio-oils are a sustainable solution
to partially replace bitumen for road paving applications. However, bio-oil’s chemical and
physical properties change with the biomass origin and processing technique, which affects
the interactions with the bitumen in the blending process. The produced bio-bitumen
showed an interesting predominant elastic behaviour at high in-service temperatures
(50 ◦C), without affecting fatigue performance, but the oxidative ageing resistance was weak.
Following studies are intended to investigate in greater detail the chemical composition of
this bio-oil and the bio-bitumen to understand the oxidative ageing mechanisms and the
origin of the strong elastic response.
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