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Abstract

Decarbonising road materials requires scalable strategies that enhance durability while valorising waste streams.
This study investigates the effect of antioxidant biochar derived from European hazelnut shells (BH) on the
operational and rheological performance of a PG 64-22 asphalt binder. BH was produced via slow pyrolysis at
300 °C and incorporated at contents of 2.5, 5.0 and 7.5 wt.% using two particle size fractions (S <20 pm and L
<75 pm). Owing to its carbon-rich composition and the presence of antioxidant compounds reported in previous
studies, BH was evaluated as a sustainable modifier with the potential to improve the ageing resistance of asphalt
binders. Commercial graphite was included as a control modifier for comparison. Operational properties were
assessed through rotational viscosity and storage stability, while rheological performance was evaluated using
the rutting parameter G*/sin(d), Bending Beam Rheometer (BBR), Multiple Stress Creep and Recovery
(MSCR), |G*| and 6 master curves, rheological ageing index (RAI), and time sweep fatigue tests. BH increased
rotational viscosity and mixing and compaction temperatures without compromising storage stability. At high
temperatures, BH enhanced rutting resistance by increasing G*/sin(8) and reducing the non-recoverable creep
compliance (Jnr), particularly for the finer particle size fraction. At low temperatures, BH increased creep
stiffness without significantly affecting the stress relaxation capacity compared with control binders. Master
curve and RAI analysis indicated lower susceptibility to long-term ageing-induced stiffening at higher BH
contents. BH also improved the fatigue response by increasing accumulated dissipated energy and tended to
delay the 50 % reduction of the initial |G*| compared with the unmodified binder. Based on the combined
rheological response, 5.0 wt.% BH with a particle size below 20 um was selected as the final formulation for
this type of modifier.

Keywords: Asphalt Binder; Hazelnut Shell Biochar; Particle Size; Biochar Content; Operational Properties;
Rheological Properties

1. Introduction

Asphalt binder is a non-renewable resource widely used in pavement construction due to its outstanding
adhesion, waterproofing, and mechanical resistance properties [1]. Improving its rheological behaviour and
ageing resistance represents one of the main challenges in pavement engineering, as both factors directly affect
the durability and maintenance costs of pavement structures [2]. Furthermore, periodic cycles of repair and
reconstruction involve high energy and natural resource consumption, as well as increased greenhouse gas
emissions, resulting in significant environmental impacts [3], [4]. In this context, various strategies have been
developed to optimise the properties of asphalt binders, among which polymer modification and the
incorporation of hanomaterials such as graphene and metal oxides stand out [5], [6], [7], [8]. However, global
decarbonisation agendas and circular economy strategies have accelerated the development of sustainable
asphalt modifiers. Biochar has consequently emerged as a compelling alternative, underpinned by its renewable
nature, its potential to valorise agro-industrial residues, and its reduced environmental burden [9], [10], [11].
Biochar is a carbon-rich solid material obtained through the pyrolysis of residual biomass, including wood,



shells, straw, and manure, which would otherwise be incinerated or disposed of as waste [12], [13]. Its
physicochemical properties, including porous structure, specific surface area, surface functional groups, and
carbon content, depend on both the type of precursor biomass and the pyrolysis process conditions. Although
its most widespread application is within the agricultural sector, where it is used to improve soil quality and
nutrient retention [14], it has also been explored for water treatment, energy production and storage,
environmental remediation, and catalyst support applications [15], [16], [17].

Within pavement engineering, a substantial number of research over the past decade has shown that biochar
incorporation can significantly enhance the rheological performance of asphalt binders and improve their
resistance to oxidative ageing [18]. In particular, biochar particle size and content have been identified as critical
variables governing the effectiveness of the modification and its compatibility with the asphalt matrix. At high
service temperatures, particles smaller than 75 pm have been shown to produce greater increases in the rutting
parameter G*/sin(d) and rotational viscosity compared with larger particles (> 150 um) [19], [20]. Furthermore,
the optimum particle size is often considered to be comparable to the thickness of the asphalt binder film coating
the aggregate, with fractions below 20 um recommended to minimise interference with binder—aggregate
interactions [21].

Regarding biochar content, both the rutting parameter G*/sin(3) and the complex modulus |G*| tend to increase
as the modifier content increases [20], [22], [23]. For instance, wood-waste biochar incorporated at proportions
of 2, 4, and 6 wt.% resulted in average increases in G*/sin(8) of 4.55 %, 17.49 %, and 45.72 %, respectively,
compared with the control binder [20]. Similarly, the incorporation of 15 wt.% switchgrass biochar produced
increases of up to 35 % in |G*| [24]. In addition, biochar incorporation increases the softening point and reduces
penetration, thereby enhancing resistance to permanent deformation, which is the principal distress mechanism
at high temperatures [22], [24], [25]. At low temperatures, however, adverse effects have been reported, whereby
biochar may increase creep stiffness and reduce the m-value in the BBR test, potentially compromising
resistance to thermal cracking [21], [26]. Nevertheless, an appropriate selection of particle size and content
(particles < 75 um and contents close to 5 %) has been shown to preserve binder flexibility and maintain
balanced performance over a wide temperature range [20], [21], [26].

In this context, previous studies conducted by the authors [27], [28] investigated biochar derived from European
hazelnut shells (BH, obtained from the species Corylus avellana L.) as an antioxidant biomodifier for asphalt
binders, promoting the valorisation of an abundant agricultural residue [29]. Initially, the pyrolysis conditions
that provided the most favourable physicochemical and antioxidant properties were identified, demonstrating
that BH produced at 300 °C with a residence time of 1 h retained up to 40 % of the original antioxidant activity
of the hazelnut shell. This antioxidant activity was confirmed through oxygen radical absorbance capacity
(ORAC) measurements, while other antioxidant assays showed consistent trends. In addition, the total phenolic
content, determined using the Folin—Ciocalteu method, revealed a high concentration of phenolic compounds,
whereas Fourier-transform infrared spectroscopy (FTIR) confirmed the presence of oxygen-containing
functional groups, including hydroxyl groups (—OH), in both the precursor biomass and the resulting BH [27].
Subsequently, high-performance liquid chromatography coupled with diode array detection and quadrupole
time-of-flight mass spectrometry (HPLC-DAD Q-TOF) enabled the identification and quantification of
individual phenolic compounds in BH, providing further evidence of its antioxidant potential [28]. The
evaluation of BH-modified asphalt binders under unaged, short-term-aged, and long-term-aged conditions
demonstrated reduced susceptibility to oxidative ageing compared with the base binder. In particular, the
modified binders exhibited lower carbonyl, sulphoxide, and combined ageing indices, determined by FTIR,
with the effect becoming more pronounced after long-term ageing and subsequently corroborated by X-ray
photoelectron spectroscopy (XPS) [28]. Nevertheless, the influence of BH particle size and content on these
properties has not yet been investigated. Accordingly, the present study evaluates the effect of these variables
on the operational and rheological performance of BH-modified asphalt binders under unaged, short-term
ageing and long-term ageing conditions. The findings contribute to a better understanding of the role of BH
particle size and content in the response of asphalt binders and identify a formulation that provides balanced
rheological performance. This study also contributes to the development of cleaner materials by exploring the
valorisation of agro-industrial residues through their use as asphalt binder modifiers.



2. Materials and methods
2.1. Materials

A PG 64-22 asphalt binder, with a penetration of 51 dmm, a softening point of 50.7 °C and a rotational viscosity
of 0.35 Pa-s at 135 °C, was used as both the control material and the base binder for modification. The biochar
(BH) was produced through slow pyrolysis of European hazelnut shells at 300 °C, with a residence time of 1 h
and a production yield of 56 wt.%. These conditions were established through a previous optimisation process
[27] aimed at preserving the highest possible concentration of antioxidant compounds derived from the shell
and ensuring adequate dispersion of BH within the asphalt matrix. Figure 1 schematically illustrates the BH
production process and its incorporation into the asphalt binder. Based on the FTIR and X-ray photoelectron
spectroscopy (XPS) analyses reported in the previous study [27], panel (d) presents the physicochemical
interactions between the surface functional groups of BH and the asphalt binder.
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Figure 1. Schematic illustration of the BH production process, its incorporation into the asphalt binder, and the
physicochemical interactions between BH and the asphalt binder, based on previous FTIR and XPS analyses
[27].

This study evaluated two BH with different particle size distributions, obtained by dry sieving through 20 and
75 um meshes and hereafter referred to as BH(S) and BH(L), respectively. These particle sizes were selected
based on previous studies showing that BH powders prepared using these sieving conditions improved the
physical and rheological properties of asphalt binders, outperforming particles larger than 150 um [20], [21],
[30], [31]. Laser diffraction analysis confirmed distinct particle size distributions for the two BH, with BH(L)
also containing particles smaller than 20 pum (Figure 2). The morphology of both BH was characterised by
scanning electron microscopy (SEM) (Figure 3), while their specific surface area (Sger), pore volume (V,) and
average pore diameter (D) are summarised in Table 1. For comparison, a commercial graphite powder (CM)
with a particle size below 20 um was used as a reference modifier.
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Figure 2. Cumulative particle size distributions of BH(S) and BH(L), determined by laser diffraction in dry
dispersion mode, together with their corresponding particle size distribution parameters.
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Figure 3. SEM micrographs of the two BH powders with different particle size distributions: (a) BH(S) and
(b) BH(L).

Table 1. Specific surface area and pore characteristics of BH(S) and BH(L).

Physical properties BH(S) BH(L)
Specific surface area (Sget) (M?/g) 4.98* 8.66
Pore volume (V) (cm®/g) 0.01* 0.02
Pore diameter (D) (hm) 3.86* 1.78

Note: Values marked with an asterisk * were obtained from [27].
2.2. Asphalt binder modification

The modification process was carried out following the procedure described by Martinez-Toledo et al. [27]. In
that study, the homogeneous dispersion of BH particles within the asphalt matrix was verified by confocal laser
scanning microscopy, and the same mixing protocol was adopted in the present work. Modification was
performed using a mechanical mixer at 160 £ 5 °C for 30 min at 320 rpm, progressively incorporating the BH
particles. Subsequently, the samples were conditioned in an oven at 120 °C for 6 h to promote binder adsorption
into the modifier particles, in accordance with previous studies [25].

Table 2 presents the experimental matrix considered in this study. Samples AB and AB+0 correspond to the PG
6422 asphalt binder. However, AB+0 was subjected to the modification process without the addition of
modifiers. This procedure was adopted in order to isolate the oxidative effect of the modification process from
the effect attributable to the modifiers themselves. Additionally, AB+CM corresponds to the asphalt binder



incorporating the commercial modifier. The BH-modified samples were labelled as follows: AB+BHXX(Y),
where XX refers to the BH content expressed as a percentage of the asphalt binder mass (2.5, 5.0, or 7.5 wt.%),
and Y refers to the particle size fraction: small (S: < 20 um) or large (L: < 75 pum).

Table 2. Experimental matrix used for asphalt binder sample preparation.

Sample Modifier type Particle size (um) Modifier content (wt.%0)
AB - - -

AB+0 - - -

AB+CM CM <20 5.0

AB+BH2.5(S) BH <20 2.5

AB+BH5.0(S) BH <20 5.0

AB+BH7.5(S) BH <20 7.5

AB+BH2.5(L) BH <75 2.5

AB+BH5.0(L) BH <75 5.0

AB+BH7.5(L) BH <75 7.5

The BH particle size and content were selected based on previous studies, as the adopted conditions have
demonstrated balanced performance in terms of rutting resistance, fatigue, and cracking for biochars derived
from different feedstocks [19], [24], [26], [31]. In particular, the available evidence suggests that low
modification levels (< 2.5 wt.%) generally result in negligible changes in binder behaviour, whereas higher
contents (> 7.5 wt.%), while enhancing rutting resistance, may induce excessive stiffening and increase
susceptibility to low-temperature cracking. The CM content (5 wt.%) was established according to the
manufacturer’s recommendations and previous findings regarding its influence on the physical and rheological
properties of asphalt binders [20], [32], [33], [34].

2.3. Experimental methodology

The experimental programme was structured in two stages. Firstly, the operational properties of all samples
(Table 2) were evaluated to determine their suitability for industrial-scale application. Subsequently, the
rheological properties of the asphalt binders were characterised at high and low service temperatures to compare
the performance of the two BH with different particle size distributions (S: < 20 um; L: <75 um) and to select
the particle size fraction for the subsequent stage of the study. Based on this sequential experimental procedure,
additional viscoelastic parameters were then analysed to support the selection of the BH content (2.5, 5.0 or
7.5 wt.%) for detailed rheological evaluation. The methodological framework is presented in Figure 4.
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Figure 4. Methodological framework of the study.



2.3.1.Stage 1: Operational properties

The rotational viscosity of the asphalt binders was evaluated at 120, 135, 150 and 160 °C using a Brookfield
viscometer according to AASHTO T316-19 [35]. Mixing and compaction temperatures were determined based
on the equiviscous principle (ASTM D2493), corresponding to viscosities of 0.17 + 0.02 Pa-s and 0.28 + 0.03
Pa-s, respectively [36]. Storage stability was evaluated following ASTM D7173 [37]. The modified binders
were poured into aluminium tubes and conditioned in a vertical position at 163 £ 5 °C for 48 h. The tubes were
then cooled, sectioned into three equal parts, and the softening points of the upper and lower sections were
determined according to ASTM D36 [38] using the ring-and-ball (R&B) method. Storage stability was assessed
from the difference between the softening points of the upper and lower sections (AR&B). A binder was
considered to exhibit adequate storage stability when AR&B was lower than 2.5 °C [39], [40]. All measurements
parameters were determined from three replicates.

2.3.2. Stage 2: Rheological properties

Short-term ageing was simulated using the Rolling Thin Film Oven (RTFO) test, in accordance with AASHTO
T240 [41], whereas long-term ageing was simulated using the Pressure Ageing Vessel (PAV) was performed on
samples previously aged using the RTFO procedure, following the procedure specified in AASHTO R28 [42].

Resistance to permanent deformation at high temperatures was evaluated on RTFO-aged binders using the
rutting parameter G*/sin(8), determined with a Dynamic Shear Rheometer (DSR) in accordance with
AASHTO T315 [43]. All binders were tested at the high PG temperature of the control binder AB (64 °C) to
enable a direct comparison of their rutting resistance under equivalent conditions.

Low-temperature performance was characterised using the BBR test, in accordance with AASHTO T313 [44],
on PAV-aged binders. Creep stiffness and the relaxation parameter (m-value) were determined at the low PG
temperature of the control binder AB (-12 °C), using the Superpave threshold values as evaluation criteria. All
binders were evaluated at the same temperature to enable a direct comparison of their low-temperature response.

The MSCR test was conducted at 64 °C on RTFO-aged binders, in accordance with AASHTO T350 [45]. The
non-recoverable creep compliance (Jnr), percentage recovery (R), and accumulated strain were determined at
stress levels of 0.1 and 3.2 kPa, together with the Jnr,diff parameter and the associated traffic classification.

Master curves of the complex modulus (JG*|) and phase angle () were obtained for unaged, RTFO-aged, and
PAV-aged binders using frequency sweep tests (0.1-100 rad/s) performed in a DSR over temperature ranges of
5 to —25 °C (0.05 % strain, 4 mm plates) and 5 to 75 °C (0.5 % strain, 8 and 25 mm plates). The master curves
were generated using the time—temperature superposition principle, with the horizontal shift factors (ar)
determined according to the Williams—Landel-Ferry (WLF) model [46]. The horizontal shift factors were
determined by iterative least-squares optimisation to maximise the overlap between adjacent isothermal
frequency sweep curves and subsequently fitted to the WLF equation. For all binders, the WLF constants were
within the typical ranges reported for asphalt binders (C1 =11 — 18, C2~85—137). The reduced angular
frequency was calculated by multiplying the experimental angular frequency by the corresponding ar. Reference
temperatures of —10 °C and 25 °C were used for the 5 to —25 °C and 5 to 75 °C ranges, respectively. Tables S.1
and S.2 present the WLF fitting parameters and their corresponding coefficients of determination (R?). To further
evaluate the rheological changes associated with ageing, the rheological ageing index (RAI) was calculated as
the ratio of |G*| after ageing to that of the corresponding unaged binder, as expressed in Equations (1) and (2):

|G*|RTF0
RAlgrrp =7—— (1)
R IG Iunaged



|G”| pay
RAlpyy =——— (2)
|G |unaged
The RAI was calculated at the same experimental temperature and angular frequency for each aged binder and
its corresponding unaged condition, without applying time—temperature shifting. RAI values greater than unity

indicate an increase in |G*| compared with the corresponding unaged condition.

Fatigue resistance was evaluated through a time sweep test under controlled-strain conditions using the DSR by
determining the evolution of |G*| with the number of loading cycles [47], [48]. The tests were conducted on
PAV-aged binders at the intermediate PG temperature of the control binder (25 °C), at a loading frequency of
10 Hz. The applied strain level was previously determined through an amplitude sweep test [48]. The
accumulated dissipated energy was calculated by summing the energy dissipated in each cycle, according to
Equations (3) and (4) [49].

n

dw @
i=1

Wi=nG; e sin(3) (4)

where n corresponds to the total number of loading cycles; W; is the dissipated energy in cycle i (J/m3); G*is
the complex modulus in cycle i (Pa); & is the applied strain in cycle i; and ; is the phase angle in cycle i. Strain
values were expressed in decimal form and phase angles in radians.

All measured parameters were determined from three replicate specimens obtained from the same prepared
binder batch.

2.4. Statistical analysis

Analysis of variance (ANOVA) was performed on the operational and rheological properties of the asphalt
binders at a significance level of 0.05 (p-value < 0.05). One-way ANOVA was used to compare the individual
binder formulations, followed by Tukey’s honestly significant difference (HSD) post hoc test when statistically
significant differences were identified. For the BH-modified binders, two-way ANOVA was additionally
performed to evaluate the effects of particle size, BH content, and their interaction on the rutting parameter
G*/sin(5), creep stiffness, and m-value. Each asphalt binder formulation was prepared as a single batch, from
which the specimens required for each test were obtained. All tests were performed using three replicate
specimens (n = 3). Thus, the reported variability represents the reproducibility of measurements obtained from
the same batch. Results are presented as means + standard deviations (SD).

3. Results and discussion
3.1. Effect of biochar addition on the operational properties of asphalt binders

Figure 5(a) shows that rotational viscosity increased as a result of both the modification process and the
incorporation of CM and BH, in agreement with previous studies [20], [24], [28]. However, as the temperature
increased, these differences decreased, likely because the higher molecular mobility of the binder at elevated
temperatures reduced the influence of the particulate modifiers on flow resistance. At 120 °C, the highest
increases were observed, with statistically significant differences identified among the samples (ANOVA, p-
value < 0.001; Table S.3), as confirmed by Tukey’s test (Figure 5(b)). In particular, AB+CM exhibited a
viscosity approximately 17 % higher than AB and 9 % higher than AB+0. Nevertheless, its viscosity was slightly
lower than those obtained for the BH-modified binders prepared using the same modifier dosage (5 wt.%). For
the BH-modified binders, viscosity increases ranged from 12 to 27 % relative to AB and from 4 to 18 % relative



to AB+0, depending on BH particle size and content. The highest increase was observed for AB+BH7.5(S),
with an increase of approximately 27 % relative to AB and 18 % relative to AB+0. These results indicate that,
although the modification process itself induces an increase in flow resistance, the incorporation of BH produces
an additional effect, which was more pronounced at smaller particle sizes and higher BH contents. The influence
of particle size is consistent with that reported in other studies [19], [20], where smaller particles exhibited a
greater effect on viscosity enhancement.
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Figure 5. Results of flow resistance and workability: (a) rotational viscosity at 120, 135, 150, and 160 °C; and
(b) rotational viscosity evaluated at 120 °C including the statistical classification through Tukey’s post hoc
test.

Table 3 presents the mixing and compaction temperatures of the binders, whose coefficients of determination
(R2 > 0.99) confirm an adequate fit of the linear model within the evaluated temperature range. Compared with
AB, sample AB+0 exhibited a slight increase in both temperatures (+1 °C), suggesting a viscosity increase
associated with the thermal ageing during the modification process [28]. Overall, the results indicate that both
CM and BH increase the viscosity of the asphalt binder and, consequently, require higher mixing and
compaction temperatures. The effect of BH depended on its content, with increases of up to 5 °C relative to AB
observed for the highest BH content (7.5 wt.%). In contrast, particle size (S and L) did not show relevant
differences to produce noticeable changes in mixing and compaction temperatures within the analysed range.

Table 3. Mixing and compaction temperature ranges determined using the equiviscous principle.

Sample Mixing (°C)  Compaction (°C)  Equation R?

AB 149 — 154 139 — 143 y =-0.0206x+2.3461 0.998
AB+0 150 - 155 140 — 144 y =-0.0206x+2.3711 0.996
AB+CM 152 — 157 142 — 147 y =-0.0204x+2.3874 0.993
AB+BH25(S) 152 - 157 141146 y =-0.0203x+2.3595  0.993
AB+BH5.0(S) 153 - 159 143 — 148 y =-0.0203x+2.3938 0.994
AB+BH7.5(S) 154 — 159 144 - 148 y =-0.0201x+2.3801  0.992
AB+BH25(L) 152 - 157 141 - 146 y =-0.0200x+2.3200  0.991
AB+BH5.0(L) 153 - 158 142 — 147 y =-0.0203x+2.3808 0.993
AB+BH7.5(L) 154 — 159 143 — 148 y =-0.0203x+2.3951 0.993

Note: y = logio(rotational viscosity); x = temperature (°C); R? = coefficient of determination.
Figure 6 presents the softening point (R&B) results measured in the upper and lower sections of the binders
after the storage stability test, together with the difference between both sections (AR&B). One-way ANOVA
of the individual AR&B values indicated no statistically significant differences among the evaluated binders (p-



value = 0.663; Table S.3), suggesting comparable storage stability under the conditions evaluated. Moreover,
all samples exhibited AR&B values lower than 2.5 °C, a criterion commonly accepted as indicative of good
storage stability [39], [40]. Accordingly, the storage stability test did not detect a significant difference in
softening point (AR&B) between the upper and lower sections of the BH-modified binders, even at the highest
BH content evaluated (7.5 wt.%).
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Figure 6. Softening point (R&B) of the upper and lower binder sections after the storage stability test and their
difference (AR&B).

3.2. Effect of biochar addition on the rheological properties of asphalt binders

At high service temperatures, Figure 7(a) shows that the rutting parameter G*/sin(d) increased as a consequence
of both the modification process and the incorporation of modifiers, with statistically significant differences
observed among the samples (one-way ANOVA, p-value < 0.001; Table S.4), with pairwise differences
identified by Tukey’s test (Figure 7(a)). In particular, AB+0 exhibited an increase of approximately 5 % relative
to AB, suggesting that the modification process induces slight oxidative stiffening of the binder. The addition
of BH produced a further increase in the parameter, reaching values approximately 10 — 11 % higher than AB+0
when the S particle size was used. For the BH-modified binders, two-way ANOVA (Table S.5) showed
significant effects of particle size and BH content on G*/sin(8) (p-value < 0.001), together with a significant
particle size x content interaction (p-value < 0.001). The S particle size produced higher G*/sin(d) values than
the L particle size, particularly at lower BH contents, with the effects of particle size decreasing as BH content
increased. The binders modified with BH(S) also exhibited G*/sin(d) values comparable to those of AB+CM,
particularly AB+BH5.0(S), with no statistically significant differences according to Tukey’s test. Finally, all
binders satisfied the Superpave specification for the rutting parameter (G*/sin(8) > 2.2 kPa at 64 °C after RTFO
ageing), indicating that the incorporation of BH, especially at the S particle size, may improve rutting resistance
while satisfying the specification requirements. This behaviour is consistent with that reported in other studies
[19], [20], where smaller particle sizes promoted greater improvements in rheological performance.

At low service temperatures, Figure 7(b) presents the BBR test results, revealing statistically significant
differences among the binders for both creep stiffness and m-value (one-way ANOVA, Table S.4), with p-values
lower than 0.001 and 0.002, respectively. Creep stiffness increased with the incorporation of BH, particularly at
7.5 wt.%, with increases of approximately 15 % for AB+BH7.5(S) and 10 % for AB+BH7.5(L) relative to the
control binders. In contrast, no significant differences in the m-value were observed between the BH-modified
binders and the control binders according to Tukey’s test (Figure 7(b)). Among the BH-modified binders, two-



way ANOVA (Table S.5) showed significant effects of both particle size and BH content on creep stiffness (p-
value < 0.001), whereas their interaction was not significant (p-value = 0.803). Creep stiffness increased with
BH content for both particle sizes, with higher values observed for the S particle size than for the L particle size.
Similarly, both particle size (p-value = 0.013) and BH content (p-value = 0.005) significantly affected the m-
value, while their interaction was not significant (p-value = 0.932). Nevertheless, the magnitude of these
changes was small, with mean m-values ranging from 0.305 to 0.314 across the BH formulations. These results
indicate that the influence of BH on low-temperature performance was mainly reflected in creep stiffness, while
changes in the m-value remained small. Previous studies have reported increases in creep stiffness together with
reductions in the m-value relative to the control binder following biochar incorporation [24], [26]. However,
although creep stiffness increased in the present study, the m-value did not differ significantly between the BH-
modified and control binders. Moreover, all binders satisfied the Superpave criteria (creep stiffness <300 MPa
and m-value > 0.300) at the evaluated temperature, indicating that the observed changes did not prevent
compliance with the low-temperature specification limits.
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Figure 7. High- and low-temperature rheological performance: (a) rutting parameter G*/sin(8) at 64 °C and (b)
BBR creep stiffness and m-value at —12 °C for control and BH-modified binders (S and L). Statistical
groupings from Tukey’s post hoc test are included.

Overall, the results indicate that particle size and BH content both influenced binder performance, although their
effects differ between high- and low-temperature responses. The S particle size provided the most favourable
response at high temperature, producing higher G*/sin(8) values, particularly at lower BH contents. At low
temperature, the S particle size resulted mainly in a slight increase in creep stiffness, while changes in the m-
value remained small and no significant differences were observed between the BH-modified and control
binders. Moreover, all BH-modified binders remained within the Superpave BBR limits. Therefore, considering
the rheological properties evaluated in this study, BH with the S particle size was selected because it provided
the most favourable high-temperature response while maintaining adequate low-temperature performance.

3.3. Viscoelastic response of asphalt binders modified with the selected BH particle size

Using the selected BH particle size (S < 20 um), the viscoelastic response of the binder was evaluated at different
modifier contents (2.5, 5.0, and 7.5 wt.%). For this purpose, the MSCR test was performed at two stress levels
(0.1 and 3.2 kPa), and the results are presented in Figure 8. Figure 8(a) shows that the incorporation of CM and
BH significantly reduced Jnro 1, as supported by the ANOVA results (p-value < 0.001; Table S.6). In this context,
AB and AB+0 exhibited the highest values, whereas the modified binders showed reductions of approximately
22 % and were grouped within the same statistical subset according to Tukey’s test. In contrast, Ro.1 did not



exhibit significant differences (ANOVA, p-value = 0.050; Table S.6), indicating that the observed improvement
was mainly associated with a reduction in the viscous component rather than with an increase in the elastic
character of the binder. Figure 8(b) shows that the Jnrs, parameter followed the same trend, with reductions of
approximately 19 % in the binders modified with CM and BH relative to AB and AB+0. ANOVA revealed
statistically significant differences among the samples (p-value < 0.001; Table S.6), although no significant
differences were identified among the different BH-modified binders, suggesting a saturation effect in
rheological improvement under the evaluated conditions. Although these results confirm the effectiveness of
the modifiers in enhancing rutting resistance under high stress conditions [21], [30], [50], their traffic
classification according to AASHTO M332 remained within the standard category (S: 2 < Jnrz2 < 4.5, Jnr,diff
< 75 %; Table 4) [51]. Regarding the Rz, parameter, all evaluated binders exhibited predominantly viscous
behaviour under high stress levels, indicating a low elastic recovery capacity.

Table 4. Non-recoverable creep compliance difference (Jnr,diff) of the evaluated asphalt binders.

Sample Jnr,diff (%0)
AB 26.73+0.79
AB+0 24.40 +£0.80
AB+CM 22.90+0.81
AB+BH2.5(S) 26.65+0.79
AB+BH5.0(S) 29.09+0.77
AB+BH7.5(S) 27.83+0.78

Note: Values are presented as mean + standard deviation (SD).

Figure 8(c) presents the evolution of accumulated strain for the evaluated binders at 0.1 and 3.2 kPa during the
MSCR test, showing the characteristic stepwise behaviour associated with loading and recovery cycles. At both
stress levels, AB and AB+0 exhibited the highest strain values, whereas the binders containing modifiers
showed reduced strain accumulation, consistent with their lower Jnr values (Figure 8(a) and 8(b)). At 3.2 kPa,
the binders modified with BH exhibited reductions in accumulated strain ranging from 18 to 25 % relative to
AB, depending on BH content, reflecting a greater separation between the curves and a more pronounced non-
linear response under increased loading. This behaviour is consistent with the increase in binder stiffness
associated with the presence of solid particles that restrict deformation under load [28]. Although differences
among the BH-modified binders were apparent in the accumulated strain curves, the statistical analysis of Jnro1
and Jnrs, did not identify significant differences among the evaluated BH contents. AB+CM exhibited
accumulated strain comparable to that of AB+BH7.5(S), with reductions in accumulated strain close to 25 %.
These results indicate that, under the evaluated conditions, a higher BH content was required to achieve a
mechanical response comparable to that of the CM-modified binder.
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Figure 8. MSCR test results at 64 °C: (a) Jnr and (b) R values at 0.1 and 3.2 kPa, and (c) accumulated strain
evolution under both stress levels. Statistical groupings from Tukey’s post hoc test are included in (a) and (b).

The master curves presented in Figures 9 and 10 provide a detailed analysis of the rheological evolution of the
binders under different ageing conditions (unaged, RTFO and PAV). The results are evaluated within the linear
viscoelastic regime as a function of reduced angular frequency at the corresponding reference temperatures.

The master curves of the complex modulus |G*| and phase angle & obtained for the 5 to —25 °C temperature
range, shown in Figure 9, reveal the typical viscoelastic behaviour of the binders, characterised by an increase
in stiffness and a decrease in phase angle with increasing reduced angular frequency. This reflects the transition
from a viscoelastic regime with viscous predominance at low frequencies (< 102 rad/s) towards a predominantly
elastic response at high frequencies (> 102 rad/s). In the unaged condition (Figure 9(a) and 9(b)), |G*| values
ranged from 10° to 10° Pa, whilst & decreased from approximately 50 ° to approximately 5 °. The |G*| curves
exhibited similar shapes among the binders, with slight separation in the intermediate-to-high frequency range,
where AB+BH7.5(S) showed slightly higher stiffness, consistent with the greater BH content and the resulting
contribution of the particulate phase [28]. The & values were comparable among all samples, except for AB+0,
indicating that the BH-modified binders exhibited a viscoelastic response similar to that of AB.

Following RTFO ageing (Figure 9(c) and 9(d)), a general increase in |G*| was observed, particularly at low
frequencies, consistent with oxidation and the loss of volatile fractions associated with short-term ageing [52].
In this case, the physical reinforcing effect attributed to the BH particles remained evident in AB+BH7.5(S),
which maintained the highest stiffness levels under this ageing condition. Simultaneously, the reduction in &



values indicated an increase in elastic character, particularly for AB+CM at low frequencies. This behaviour
may be attributed to the high specific surface area of CM [21], which could promote binder—filler physical
interactions and contribute to the reinforcement of the elastic component of the binder.

PAV ageing produced the most evident rheological differences within the 5 to —25 °C range (Figure 9(e) and
9(f)), with higher |G*| values and greater separation among the binder curves than under the unaged and RTFO-
aged conditions. After PAV ageing, AB exhibited the lowest |G*| values, followed by AB+0, whereas the
incorporation of CM and BH resulted in higher stiffness. For the BH-modified binders, |G*| generally increased
with modifier content, indicating that the reinforcing contribution of the particles remained evident after long-
term ageing. Nevertheless, the & curves showed similar trends among the binders across the frequency spectrum,
indicating that the differences were more pronounced in |G*| than in the balance between the viscous and elastic
components of the material. This observation is consistent with the BBR results (Figure 7(b)), where BH
increased creep stiffness without significantly affecting the m-value compared with the control binders.
However, the higher |G*| values observed after ageing may reflect both the reinforcing effect of the modifiers
and the changes induced by ageing. Therefore, the rheological ageing index (RAI), shown in Figure 11, was
used to assess the change in |G*| with respect to the corresponding unaged binder.
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Figure 9. Master curves of |G*| and & versus reduced angular frequency for binders tested from 5 to —25 °C
under the following conditions: (a) and (b) unaged, (c) and (d) RTFO-aged, and (e) and (f) PAV-aged.

The master curves obtained for the 5 to 75 °C temperature range, shown in Figure 10, present the binder response
under intermediate- and high-temperature service conditions, where viscous behaviour predominates at low
reduced angular frequencies (< 107 rad/s). In the unaged condition (Figure 10(a) and 10(b)), both |G*| and &
exhibited similar values for the BH-modified binders and the control binder (AB), indicating that the



incorporation of BH did not produce substantial variations in stiffness or viscoelastic balance within this thermal
range.

Following RTFO ageing (Figure 10(c) and 10(d)), the BH-modified binders exhibited |G*| values similar to
those of AB, whilst AB+CM showed higher stiffness in the low-frequency region. This behaviour may be
associated with the physical reinforcing effect of the CM particles, which can restrict the mobility of the
surrounding binder molecules and increase resistance to deformation under loading. Regarding the 6 values, all
binders converged towards similar values at high frequencies. In contrast, at intermediate frequencies
(approximately between 10 and 10! rad/s), AB+CM exhibited § values comparable to those of AB+0, whereas
the BH-modified binders showed an increase in 6 with increasing modifier content, reaching values close to
those of AB at 5 and 7.5 wt.% BH. This indicates that the binders containing higher BH contents retained a
greater viscous contribution than AB+0 and AB+CM after RTFO ageing. This behaviour was further evaluated
using the experimental frequency sweep data obtained directly from the DSR at 55 °C. The & values at an angular
frequency of 6.28 rad/s (1 Hz), corresponding to the frequency range highlighted in the master curve, were
obtained by interpolation between the two adjacent experimental frequencies. ANOVA revealed statistically
significant differences among the binders (p-value < 0.001; Table S.6), while Tukey’s test identified the
differences shown in Figure 12(a). Finally, at low frequencies, the differences among the binders tended to
diminish due to the proximity to the viscous limit (5 = 90 °).

Following PAV ageing (Figure 10(e) and 10(f)), the BH-modified binders showed lower |G*| values than AB+0
and AB+CM in the intermediate- and low-frequency ranges, approaching those of AB. Differences were also
observed in the § curves at intermediate frequencies (approximately between 10-° and 10! rad/s), where & tended
to increase with BH content. In particular, the binders containing 5 and 7.5 wt.% BH showed higher 6 values
than AB+0 and AB+CM, indicating a greater viscous contribution within this frequency range. These
differences were further evaluated using the experimental frequency sweep data obtained directly from the DSR
at 55 °C. The 6 values at an angular frequency of 6.28 rad/s (1 Hz), corresponding to the frequency range
highlighted in the master curve, were obtained by interpolation between the two adjacent experimental
frequencies. ANOVA revealed statistically significant differences among the binders (p-value < 0.001; Table
S.6). Tukey’s test further showed that the binders containing 5 and 7.5 wt.% BH exhibited significantly higher
d values than the control binders (Figure 12(b)), indicating a greater viscous contribution after PAV ageing. In
contrast, AB+CM exhibited the lowest & values, indicating a more elastic response. Finally, at high frequencies,
all samples converged towards similar & values, whereas at low frequencies the differences tended to diminish
as & approached the viscous limit (5 = 90 °).

Figure 11 presents the RAI as a function of experimental angular frequency for the binders after RTFO and PAV
ageing at —25, 5 and 55 °C. At —25 °C (Figure 11(a) and 11(b)), RAI values remained close to unity for all
binders under both ageing conditions, with only minor variations over the angular frequency range evaluated.
This behaviour indicates that |G*| was less sensitive to ageing-induced changes at —25 °C, where the high
stiffness and predominantly elastic response of the binders may attenuate the differences between the unaged
and aged conditions. At 5 °C (Figure 11(c) and 11(d)), the RAI exhibited a stronger dependence on angular
frequency, with higher values at low frequencies that progressively decreased as frequency increased. This
behaviour was more pronounced after PAV ageing, indicating greater changes in |G*| relative to the unaged
condition, particularly at low frequencies. Differences among the binders were also more evident in this region.
Following RTFO ageing, AB+CM and AB+BH2.5(S) exhibited the highest RAI values, whereas increasing the
BH content to 5 and 7.5 wt.% was associated with lower index values. The most pronounced changes were
observed at 55 °C (Figure 11(e) and 11(f)), where the RAI increased considerably towards lower frequencies,
particularly after PAV ageing. At this temperature, greater molecular mobility, particularly at low frequencies,
may favour a more pronounced manifestation of ageing-induced changes in binder stiffness, thereby making
differences among the samples more evident. AB+CM and AB+BH2.5(S) exhibited the highest RAI values,
whereas AB+BH5.0(S) and AB+BH7.5(S) showed lower values comparable to those of AB, despite their higher
particulate content and the associated contribution to binder reinforcement. These results are consistent with



previous studies [27], [28], which reported lower oxidation indices and a lower abundance of oxygen-containing
functional groups in BH-modified binders, suggesting that the previously reported antioxidant activity of BH
may contribute to limiting ageing-related hardening even as the particle content in the binder increases.
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Figure 10. Master curves of |G*| and 6 versus reduced angular frequency for binders tested from 5 to 75 °C
under the following conditions: (a) and (b) unaged, (c) and (d) RTFO-aged, and (e) and (f) PAV-aged.
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Figure 11. Rheological ageing index (RAI) of binders after RTFO and PAV ageing at: (a), (b) —25 °C, (c), (d)
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Figure 12. 5 values at an angular frequency of 6.28 rad/s (1 Hz) and 55 °C for (a) RTFO-aged and (b) PAV-
aged binders. Statistical groupings from Tukey’s post hoc test are included. In panel (b), the blue dashed line
represents the mean 6 value of AB, while the blue arrows highlight the higher 6 values of AB+BH5.0(S) and

AB+BH7.5(S) relative to AB.

To evaluate fatigue resistance, a strain sweep test was conducted to delimit the linear viscoelastic (LVE) and
non-linear viscoelastic (NLVE) regimes of the evaluated binders. The criterion adopted to identify the LVE limit
corresponded to the strain associated with a 10 % reduction to the initial complex modulus (|G*|o), following
the criterion established by the Strategic Highway Research Program (SHRP) [48], [53]. As shown in Figure
13(a), the modified binders exhibited lower LVE limits than AB, with values between 2 and 3 % strain. Based
on these results, a strain amplitude of 8 % was selected for the fatigue tests to ensure NLVE conditions for all
binders under the same loading condition. The comparative fatigue performance should therefore be interpreted
within the context of the selected strain amplitude.

Fatigue damage evolution was evaluated through a time sweep test under controlled-strain conditions (8 %),
monitoring the evolution of |G*| as a function of the number of loading cycles. The initial complex modulus
(IG*|o) was defined as the value recorded at cycle 100, following a criterion adopted to exclude the effects of
thixotropy and transient non-linearity associated with the initial loading cycles [54]. The time sweep results
(Figure 13(b)) show that AB and AB+0 exhibited lower |G*| values than those obtained for the binders modified
with CM and BH throughout the entire test. This indicates that the reinforcing effect associated with the modifier
particles is also manifested under cyclic loading conditions at 25 °C, where the presence of the particulate phase
contributes to increasing binder stiffness. Analysis of damage evolution showed that the binders containing BH
tended to reach a 50 % reduction in |G*|o after a greater number of cycles than the control binders. Specifically,
AB+BH2.5(S), AB+BH5.0(S) and AB+BH7.5(S) reached this threshold at cycles 933, 1019, and 999,
respectively, under the selected testing conditions. This trend is consistent with the rheological response
observed after PAV ageing, particularly the higher & values at intermediate frequencies reported in the master
curve analysis (Figure 10(f)). These findings are also consistent with previous studies by the authors, in which
lower oxidation indices and reduced ageing susceptibility were reported for BH-modified binders [27], [28].

In terms of accumulated dissipated energy (Figure 13(c)), the binders modified with BH exhibited higher
average values than the control binders AB, AB+0 and AB+CM. In particular, AB+BH5.0(S) recorded the
highest accumulated dissipated energy, with statistically significant differences confirmed by ANOVA (p-value
< 0.001; Table S.6) and Tukey’s test. These results indicate that, under the selected testing conditions,
AB+BH5.0(S) exhibited the highest accumulated dissipated energy while also reaching the greatest number of
loading cycles before a 50 % reduction in the initial complex modulus (|G*|o).



The combined analysis of the damage trajectories within the |G*|-8 space (Figure 13(d)) supports this
interpretation, showing that the BH-modified binders evolved towards states with higher & values while
maintaining higher |G*| values than the control binders. This behaviour suggests that BH increased binder
stiffness whilst maintaining a greater viscous contribution during fatigue damage evolution under the selected
testing conditions.
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Figure 13. Fatigue resistance evaluation: (a) amplitude sweep test and LVE-NLVE limits, (b) |G*| evolution
with loading cycles, (c) accumulated dissipated energy with Tukey statistical grouping, and (d) damage
trajectory in the |G*|-6 space.

Overall, the results of the viscoelastic evaluation of the binders prepared with the selected BH particle size (S <
20 pum) suggest that the incorporation of 5.0 wt.% BH can improve several rheological properties of asphalt
binders under the evaluated conditions. In the MSCR test, all BH contents resulted in significantly lower Jnr
values than the control binders, with no significant differences among the BH-modified formulations.
Furthermore, the master curve and RAI analyses showed lower susceptibility to ageing-induced stiffening in
the binders containing 5.0 and 7.5 wt.% BH than in that containing 2.5 wt.%. Finally, during the fatigue test,
AB+BH5.0(S) tended to reach a 50 % reduction in |G*o| after a greater number of loading cycles and achieved
the highest accumulated dissipated energy, with statistically significant differences for the latter parameter.
Therefore, considering the response to permanent deformation, ageing, and fatigue together, 5.0 wt.% BH(S)
was selected as the final formulation for this type of modifier.



4. Conclusions

In this study, the influence of the particle size and content of biochar derived from European hazelnut shell
(BH), previously characterised by its antioxidant activity and phenolic composition, on the operational and
rheological properties of a PG 64-22 asphalt binder was evaluated. Overall, smaller particle sizes and higher
BH contents promoted greater improvements in the rheological performance of the modified binders,
particularly at high service temperatures. Based on the experimental results obtained, the following conclusions
can be drawn:

e The incorporation of BH increased the rotational viscosity of the binder and moderately raised the
mixing and compaction temperatures, with this effect being more pronounced at higher modifier
contents and smaller particle sizes (< 20 pm). Furthermore, all modified binders maintained good
storage stability.

e At high temperatures, the incorporation of BH increased the G*/sin(5) parameter and reduced the Jnr
parameter, indicating improved resistance to permanent deformation, particularly for particle sizes
smaller than 20 um. At the evaluated low temperature, BH increased creep stiffness without
significantly affecting the stress relaxation capability compared with the control binders, and all binders
satisfied the Superpave BBR criteria.

e Master curve analysis showed that BH modification influenced the viscoelastic response of the binder
depending on the ageing condition. After PAV ageing, binders containing 5 and 7.5 wt.% BH retained
a greater viscous contribution and exhibited ageing-induced changes in |G*| comparable to those of AB,
despite the reinforcing contribution of the BH particles. This behaviour is consistent with the reduced
oxidation and ageing susceptibility previously reported for BH-modified binders.

e Under cyclic fatigue loading conditions, the binders modified with BH tended to reach a 50 % reduction
in the initial |G*| after a greater number of loading cycles than the control binders. In addition, the BH-
modified binders exhibited higher accumulated dissipated energy and maintained higher |G*| values
throughout the time sweep test under the selected testing conditions.

e Based on the combined response to permanent deformation, ageing, and fatigue, AB+BH5.0(S) was
selected as the final formulation for this type of modifier, corresponding to 5.0 wt.% BH with a particle
size below 20 um.

Overall, the results demonstrate the potential of BH as a sustainable modifier for the evaluated PG 64—22 asphalt
binder, capable of improving its rheological performance whilst promoting the valorisation of agro-industrial
waste within a circular economy framework. Furthermore, the performance achieved by BH, particularly at
smaller particle sizes, was comparable to and, in some cases, better than that obtained with commercial graphite
powder (CM), especially under long-term ageing conditions. Nevertheless, further studies are required to
validate its performance at asphalt mixture scale, assess its long-term durability under field conditions, and
investigate its applicability to asphalt binders from different crude oil sources and performance grades.

5. Declaration of Generative Al and Al-assisted technologies in the writing process
During the preparation of this work, the authors used ChatGPT in order to enhance the readability and grammar

of the text. After using this tool, the authors reviewed and edited the content as needed and take full
responsibility for the content of the publication.



6. Funding

This research was funded by the National Research and Development Agency (ANID) from the Government of
Chile, through the Research Project FONDECYT Regular 2023 No. 1230035.

7. Acknowledgements

The first author gratefully acknowledges the financial support provided by the National Research and
Development Agency (ANID) of the Government of Chile through her PhD scholarship No. 21230892. The
authors also wish to thank Macarena Mancilla Molina and Claudio Naminao Benavides for their invaluable
assistance throughout the experimental programme.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]
[10]
[11]

[12]

[13]

[14]

A. M. Memon, M. H. Sutanto, Z. A. Memon, S. H. Khahro, and R. A. Memon, “Valorization of
petroleum sludge as rejuvenator for recycled asphalt binder and mixture,” Case Studies in Construction
Materials, vol. 20, Jul. 2024, doi: 10.1016/j.cscm.2024.e03318.

H. P. Wang, Y. X. Guo, M. Y. Wu, K. Xiang, and S. R. Sun, “Review on structural damage rehabilitation
and performance assessment of asphalt pavements,” Reviews on Advanced Materials Science, vol. 60,
no. 1, pp. 438-449, 2021, doi: 10.1515/rams-2021-0030.

H. Yu, X. Zhang, Q. Chen, G. Lu, and Z. Tan, “Carbon emission assessment in asphalt pavement
maintenance: A comparative study of five methods,” Case Studies in Construction Materials, vol. 22,
Jul. 2025, doi: 10.1016/j.cscm.2025.e04668.

L. Sun, X. Xu, X. Gu, D. Hu, and Z. Zhou, “Enhanced antioxidant activity of lignin for improved asphalt
binder performance and aging resistance in sustainable road construction,” Constr. Build. Mater., vol.
471, Apr. 2025, doi: 10.1016/j.conbuildmat.2025.140364.

Q. Yang, J. Lin, X. Wang, D. Wang, N. Xie, and X. Shi, “A review of polymer-modified asphalt binder:
Modification mechanisms and mechanical properties,” Cleaner Materials, vol. 12, Jun. 2024, doi:
10.1016/j.clema.2024.100255.

R. Wang, M. Yue, Y. Xiong, and J. Yue, “Experimental study on mechanism, aging, rheology and fatigue
performance of carbon nanomaterial/SBS-modified asphalt binders,” Constr. Build. Mater., vol. 268, p.
121189, 2021, doi: 10.1016/j.conbuildmat.2020.121189.

I. R. Segundo et al., “Physicochemical and rheological properties of a transparent asphalt binder
modified with nano-TiO2,” Nanomaterials, vol. 10, no. 11, pp. 1-19, 2020, doi: 10.3390/nan010112152.
N. Z. Habib, N. C. Aun, S. E. Zoorob, and L. P. Ing, “Use of Graphene Oxide as a Bitumen Modifier :
An innovative Process Optimization Study,” Adv. Mat. Res., vol. 1105, pp. 365-369, 2015, doi:
10.4028/www.scientific.net/ AMR.1105.365.

European Commission, “European Green Deal.” Accessed: Apr. 19, 2023. [Online]. Available: Pacto
Verde Europeo

United Nations, “The Sustainable Development Goals Report 2024,” 2024. Accessed: Dec. 31, 2024.
[Online]. Available: https://unstats.un.org/sdgs/report/2024/

Y. Sik. Ok, S. M. Uchimiya, S. X. Chang, and Nanthi. Bolan, Biochar: Production, Characterization,
and Applications. CRC Press, 2015.

A. Dadhich, I. Dhar, R. Choudhary, Y. Sharma, M. M. Sharma, and R. Jain, “Lignin-driven valorization
of lignocellulosic biomass to functional biochar for advanced wastewater remediation: A review,” Nov.
01, 2025, Elsevier B.V. doi: 10.1016/j.ijbiomac.2025.148331.

X. Chen et al., “From plant-based food waste to biochar: A green strategy for agri-food supply chain
waste valorization-a  comprehensive review,” Dec. 01, 2025, Elsevier Ltd. doi:
10.1016/j.tifs.2025.105385.

B. P. Meena et al., “Emerging research trends on biochar application in agriculture: A scientometric
analysis,” Dec. 01, 2025, Elsevier B.V. doi: 10.1016/j.clcb.2025.100166.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

J. Wu et al., “Effects of rice straw biochar application rates on soil aggregate biogeochemistry and
linkages to microbial community structure and enzyme activities,” Soil Tillage Res., vol. 252, Oct. 2025,
doi: 10.1016/j.still.2025.106589.

K. Meng et al., “Advances in selective heavy metal removal from water using biochar: A comprehensive
review of mechanisms and modifications,” Apr. 01, 2025, Elsevier Ltd. doi: 10.1016/j.jece.2025.116099.
A. 1. J et al., “Biomass-derived biochar for electrochemical energy storage and conversion systems:
Opportunities and challenges,” Future Batteries, vol. 6, p. 100077, Jun. 2025, doi:
10.1016/j.fub.2025.100077.

H. A. Rondén-Quintana, F. A. Reyes-Lizcano, S. B. Chaves-Pabdn, J. G. Bastidas-Martinez, and C. A.
Zafra-Mejia, “Use of Biochar in Asphalts: Review,” Apr. 01, 2022, MDPI. doi: 10.3390/su14084745.
S. Zhao, B. Huang, X. P. Ye, X. Shu, and X. Jia, “Utilizing bio-char as a bio-modifier for asphalt cement:
A sustainable application of bio-fuel by-product,” Fuel, vol. 133, pp. 52-62, Oct. 2014, doi:
10.1016/j.fuel.2014.05.002.

R. Zhang, Q. Dai, Z. You, H. Wang, and C. Peng, “Rheological performance of bio-char modified asphalt
with different particle sizes,” Applied Sciences (Switzerland), vol. 8, no. 9, Sep. 2018, doi:
10.3390/app8091665.

C. Martinez-Toledo, G. Valdes-Vidal, A. Calabi-Floody, M. E. Gonzalez, and O. Reyes-Ortiz,
“Evaluation of Rheological Properties of Asphalt Binder Modified with Biochar from Oat Hulls,”
Materials, vol. 17, no. 17, p. 4312, Aug. 2024, doi: 10.3390/mal7174312.

M. E. Celoglu, M. Yilmaz, K. Baha Vural, and Y. Erkut, “Effects of various biochars on the high
temperature performance of bituminous binder,” no. June, 2017, doi: 10.14311/ee.2016.232.

A. Kumar, R. Choudhary, R. Narzari, R. Kataki, and S. K. Shukla, “Evaluation of bio-asphalt binders
modified with biochar: a pyrolysis by-product of Mesua ferrea seed cover waste,” Cogent Eng., vol. 5,
no. 1, pp. 1-15, 2018, doi: 10.1080/23311916.2018.1548534.

F. Ma et al., “Biochar for asphalt modification: A case of high-temperature properties improvement,”
Science of the Total Environment, vol. 804, p. 150194, 2022, doi: 10.1016/j.scitotenv.2021.150194.

X. Gan and W. Zhang, “Application of biochar from crop straw in asphalt modification,” PLoS One, vol.
16, no. 2 February, pp. 1-11, 2021, doi: 10.1371/journal.pone.0247390.

W. Dong, F. Ma, C. Li, Z. Fu, Y. Huang, and J. Liu, “Evaluation of Anti-Aging Performance of Biochar
Modified Asphalt Binder,” Coating, vol. 10, no. 11, pp. 1-19, 2020, doi: 10.3390/coatings10111037.

C. Martinez-Toledo et al., “Optimising slow pyrolysis parameters to enhance biochar European hazelnut
shell as a biobased asphalt modifier,” Materials Today Sustainability, vol. 30, p. 101087, Jun. 2025, doi:
10.1016/j.mtsust.2025.101087.

C. Martinez-Toledo et al., “Enhancing rheological and ageing performance of asphalt binders using
hazelnut shell biochar additives,” Constr. Build. Mater, vol. 514, Mar. 2026, doi:
10.1016/j.conbuildmat.2026.145507.

FAO, “Agricultural statistical database,” Food and Agriculture Organization of the United Nations.
Accessed: Apr. 06, 2025. [Online]. Available:
http://www.https//www.fao.org/faostat/es/#data/QCL/visualize

M. Yegane, B. Y. Katanalp, and P. Ahmedzade, “Effects of using biochar materials obtained from cherry
and sour cherry wastes on bitumen modification,” Constr. Build. Mater., vol. 470, Apr. 2025, doi:
10.1016/j.conbuildmat.2025.140609.

R. Zhang, H. Wang, J. Ji, and H. Wang, “Viscoelastic Properties, Rutting Resistance, and Fatigue
Resistance of Waste Wood-Based Biochar-Modified Asphalt,” Coatings, vol. 12, no. 1, Jan. 2022, doi:
10.3390/coatings12010089.

S.-P. Wu, B. Li, C. Zheng, and X. Huang, “Influence of conductive additive on temperature susceptibility
of asphalt binders,” J. Cent. South Univ. Technol, p. 15, 2008, doi: 10.1007/s11771-008-404—1.

P. Pan, S. Wu, Y. Xiao, P. Wang, and X. Liu, “Influence of graphite on the thermal characteristics and
anti-ageing properties of asphalt binder,” Constr. Build. Mater., vol. 68, pp. 220-226, Oct. 2014, doi:
10.1016/j.conbuildmat.2014.06.069.



[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]
[42]
[43]
[44]
[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

Y. Erkus, B. V. Kok, and M. Yilmaz, “Effects of graphite on rheological and conventional properties of
bituminous binders,” International Journal of Pavement Research and Technology, vol. 10, no. 4, pp.
315-321, Jul. 2017, doi: 10.1016/j.ijprt.2017.04.003.

AASHTO, “AASHTO T 316: Standard Method of Test for Viscosity Determination of Asphalt Binder
Using Rotational Viscometer,” 2019.

T. William. Kennedy, Superior Performing Asphalt Pavements (Superpave) : The Product of the SHRP
Asphalt Research Program. Strategic Highway Research Program, National Research Council, 1994.
ASTM, “ASTM D71-73: Practice for Determining the Separation Tendency of Polymer from Polymer
Modified Asphalt,” May 01, 2020, ASTM International, West Conshohocken, PA. doi: 10.1520/D7173-
20.

ASTM, “ASTM D36: Standard Test Method for Softening Point of Bitumen (Ring-and-Ball
Apparatus),” 2014, doi: 10.1520/D0036.

K. Zhao et al., “A comprehensive study on the influence of Sasobit content on rheological properties and
storage stability of CR/SBS composite-modified asphalt,” Constr. Build. Mater., vol. 463, Feb. 2025,
doi: 10.1016/j.conbuildmat.2025.140066.

J. Jin et al., “Evaluation of properties and modification mechanism of organic expanded
vermiculite/waste rubber powder modified asphalt,” Journal of Road Engineering, Dec. 2025, doi:
10.1016/j.jreng.2025.01.005.

AASHTO, “AASHTO T 240: Standard Method of Test for Effect of Heat and Air on a Moving Film of
Asphalt Binder (Rolling Thin-Film Oven Test),” 2013.

AASHTO, “AASHTO R 28: Standard Practice for Accelerated Aging of Asphalt Binder Using a
Pressurized Aging Vessel (PAV),” 2012.

AASHTO, “AASHTO T 315: Standard Method of Test for Determining the Rheological Properties of
Asphalt Binder Using a Dynamic Shear Rheometer (DSR),” 2020.

AASHTO, “AASHTO T 313: Standard Method of Test for Determining the Flexural Creep Stiffness of
Asphalt Binder Using the Bending Beam Rheometer (BBR),” 2019.

AASHTO, “AASHTO T 350: Standard Method of Test for Multiple Stress Creep Recovery (MSCR)
Test of Asphalt Binder Using a Dynamic Shear Rheometer (DSR),” 2019.

M. L. Williams, R. F. Landel, and J. D. Ferry, “The Temperature Dependence of Relaxation Mechanisms
in Amorphous Polymers and Other Glass-forming Liquids,” J. Am. Chem. Soc., vol. 77, no. 14, pp.
3701-3707, Jul. 1955, doi: 10.1021/ja01619a008.

M. Chavez-Delgado, J. L. Concha, S. Caro, L. E. Arteaga-Pérez, and J. Norambuena-Contreras,
“Enhancing rheological and self-healing properties of aged bitumen using a pyro-rejuvenator from waste
tyres,” Constr. Build. Mater., vol. 470, Apr. 2025, doi: 10.1016/j.conbuildmat.2025.140639.

X. Qiu, W. Cheng, W. Xu, S. Xiao, and Q. Yang, “Fatigue evolution characteristic and self-healing
behaviour of asphalt binders,” International Journal of Pavement Engineering, vol. 23, no. 5, pp. 1459—
1470, 2022, doi: 10.1080/10298436.2020.1806277.

M. Nouali, A. Dony, and A. Carter, “Evaluation of fatigue life of asphalt binders using the time sweep
and linear amplitude sweep tests: A literature review,” Dec. 01, 2024, KeAi Communications Co. doi:
10.1016/j.jtte.2024.04.007.

M. Arabani, M. Ebrahimi, M. M. Shalchian, and M. Majd Rahimabadi, “Influence of Biomass-Modified
Asphalt Binder on Rutting Resistance,” 2024, Hindawi Limited. doi: 10.1155/2024/8249248.
AASHTO, “AASHTO M 332: Standard Specification for Performance-Graded Asphalt Binder Using
Multiple Stress Creep Recovery (MSCR) Test,” 2021.

Y. Zhou, C. Shen, T. Wang, and Y. Xue, “Inhibition effect of three types of biochar on volatile organic
compounds from asphalt: Revealing chemical adsorption as the primary mechanism,” Constr. Build.
Mater., vol. 411, Jan. 2024, doi: 10.1016/j.conbuildmat.2023.134322.

D. Anderson, D. Christensen, H. Bahia, R. Dongre, M. G. Sharma, and C. E. Antle, “Binder
characterization and evaluation. Volume 3: Physical Characterization. Report No. SHRP-A-369,”
Strategic Highway Research Program, National Research Council, 1994.



[54] A. Margaritis Belgian, Maximising asphalt recycling: challenges and variability in fatigue and healing.
Antwerp, 2020. [Online]. Available: https://www.researchgate.net/publication/346972006



arwPE

Highlights

Biochar from hazelnut shells (BH) was used as a sustainable asphalt modifier.

BH delayed long-term ageing-induced stiffening, possibly by its antioxidant properties.
BH particle size and content influenced binder performance improvements.

BH enhanced rutting and fatigue resistance, preserving low-temperature performance.
BH enabled agro-industrial waste valorisation within a circular economy.
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