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A B S T R A C T

This study evaluated the healing properties of bituminous mastics containing bio-oil derived from biodiesel 
production and steel slag. Various healing indices related to the complex shear modulus, fatigue life and load- 
induced damage were evaluated using time sweep tests with rest periods. The bio-oil showed a great capacity 
to reverse the ageing effects in bitumen, and the fatigue resistance of mastics improved with the bio-oil content. 
The impact of oxidative ageing and filler type on the stiffness properties and fatigue resistance varied depending 
on the mastic composition. The mastics were unable to fully recover their initial state under the resting condi
tions applied, and healing capacity decreased with each successive loading period. The most significant effect of 
the rest period was observed in the healing index related to the complex shear modulus, suggesting that this 
healing index accounts for a large proportion of the non-damaging effects associated with cyclic loading. The 
healing capacity was generally higher for the mastics containing bio-oil, although the degree of improvement 
varied depending on the mastic composition and the specific healing index considered. The influence of filler 
type on healing capacity was relatively minor, however, steel slag powder was shown to be a viable alternative to 
limestone filler.

1. Introduction

Research into the healing capabilities of bituminous materials is 
pivotal to enhancing the durability and resilience of bituminous pave
ments. The healing process relies on the ability of bitumen to flow and 
redistribute under specific thermal and stress conditions to close 
microcracks. The main healing mechanisms are viscoelastic flow, 
diffusion, and recrystallisation [1–3]. Several internal and external 
factors influence healing. The chemical, rheological and mechanical 
properties of bituminous materials are important internal factors. Some 
relevant external factors are the temperature and the time between 
loading cycles [4,5]. Hence, temperature is critical to healing as bitumen 
viscosity decreases with increasing temperature, facilitating healing. 
Changes in the chemical composition due to ageing can also impact the 
healing capacity, with higher molecular weight compounds reducing 
viscosity. Based on these healing mechanisms, various strategies to 
enhance this process, such as reducing viscosity, are being explored [6, 
7]. The reduction of viscosity can be achieved through various means, 
such as by increasing the temperature for a short period of time using 

induction and microwave heating [8,9] or by adding encapsulated 
softening agents [10]. Nevertheless, these approaches are still under 
development and the industrial application is limited to field trials [11, 
12].

Therefore, it is clear that the viscosity of the bitumen, and conse
quently of the mastic, has a huge importance in the self-healing capa
bilities through its flow, diffusion and recrystallisation capacities. So, for 
better understanding how the reduction of viscosity with softening 
agents contributes to the durability of bituminous materials, this study 
investigates the healing properties of bituminous mastics, which include 
softening agents like bio-oil and fillers such as industrial waste mate
rials. Bituminous mastic, composed of bitumen and finer aggregate 
particles, significantly affects the overall behaviour of bituminous mix
tures. The interaction between bitumen and filler particles can alter the 
flow and redistribution of bitumen during the healing process. In addi
tion, the filler’s surface chemistry, including its surface area, particle 
size, and texture, is crucial to understanding how it influences bitumen’s 
behaviour and the healing efficiency [13–17].

The literature [15] suggests that around each solid filler particle, 
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there is a volume of bitumen whose behaviour is altered by this inter
action. Closer to the filler particle, the bitumen is completely immobi
lised (fixed) due to the adsorption of specific bitumen compounds 
(asphaltenes and resins [16]) on the surface of the filler particle through 
electrostatic forces, hydrogen bonding and van der Waals interactions 
[17]. In contrast, the bitumen is only partially affected further away 
from the solid particle because the interaction powder decreases with 
the distance from the particle. Fillers of different origins, natural and 
industrial, have different surface chemistry characteristics, corre
sponding to different electrokinetic properties and active sites to adsorb 
the most polar compounds of bitumen. However, according to the study 
conducted by Clopotel et al. [13], the most critical factor in the amount 
of bitumen compounds adsorbed is the surface area of the filler and not 
the chemical composition. Filler surface area varies greatly with the 
particle size, shape and surface texture. Nevertheless, the surface 
chemistry of the filler is still vital in determining the physical bond 
strength, particularly under the influence of water, because some 
bitumen functional groups, such as carboxylic acid and phenolic, react 
with the filler components present on the surface to form water-soluble 
salts that weaken the interface over time or, conversely, water-insoluble 
salts that strengthen the interface [17].

Due to obvious economic and environmental benefits, waste mate
rials have been investigated as a substitute for mineral fillers. Among the 
various wastes commonly available, steel slag is a residue from the steel 
production process that can replace natural mineral aggregates in the 
construction industry due to its physical and chemical properties [18, 
19]. Steel slag is a hard, high-strength granular material rich in different 
calcium compounds (e.g. calcium oxide, dicalcium silicate, etc.) [20]. In 
Europe, steel slag is mostly reused in road construction (nearly 70 % 
[21]). Regarding its use in bituminous mixtures, most studies in the 
literature analysed the replacement of coarse aggregates. As described 
by Pasetto et al. [21], the performance is generally better in bituminous 
mixtures containing steel slag because the high angularity and stiffness 
properties of the steel slag particles result in more significant particle 
interlocking, and the rough texture combined with the excellent 
bitumen-aggregate (chemical) affinity enhances the adhesion and 
cohesion properties of the mixture. However, the optimum bitumen 
content in mixtures increases due to the particles’ porous surface. In the 
literature are also found studies that investigated the use of steel slag in 
the filler fraction of bituminous mixtures. Meng et al. [22] evaluated the 
performance of bituminous mastics incorporating steel slag and recycled 
crumb rubber, analysing the complex shear modulus, multi-stress creep 
recovery properties, and zero shear viscosity, and concluded that the 
steel slag powder improves the mechanical properties of the mastics, 
especially in the high-temperature service range. Tao et al. [23] inves
tigated the replacement of limestone filler by steel slag, and the results 
obtained showed greater deformation resistance but slightly lower 
low-temperature cracking resistance. Hence, the authors recommended 
restricting the replacement of limestone filler by steel slag to 75 % of the 
filler content. Zhang et al. [24] investigated the fatigue properties of the 
mastics with steel slag filler using time sweep tests. They found that 
substituting limestone filler with steel slag filler in the mastic improved 
the fatigue resistance. Compared to limestone mastic, the complex shear 
modulus of steel slag mastic showed an increase of 84.9 %, 118.0 %, and 
256.1 % when using 30 %, 50 % and 100 % steel slag.

Furthermore, adding steel slag filler to the mastic enhances its 
thermal properties. Li et al. [9] found that steel slag filler-based mastics 
exhibited higher heating rates under microwave irradiation than those 
with limestone filler, attributed to the slag’s higher relative complex 
permittivity and porous structure. They then applied a fati
gue–healing–fatigue test, where specimens were fatigued until their 
complex modulus dropped to 50 % of the initial value, followed by 
microwave heating for healing. After cooling, the samples underwent a 
second fatigue test. The results showed that the initial complex shear 
modulus of the mastic with steel slag filler was restored to approxi
mately 76 %, and the number of cycles to failure was 14 % greater than 

that of the mastic with limestone filler, indicating a significant extension 
of the fatigue life after healing. Dai et al. [25] evaluated the induction 
healing using a bending beam fatigue test. The healing results of the 
specimens showed that after nine fracture-healing cycles, the mastic 
specimens with steel slag had a recovered strength of 160–209 %. 
Grossegger et al. [26] used the three-point bending test to evaluate the 
heat-induced healing properties. The healing results of the specimens 
showed an average healing rate of 75 % after one month at ambient 
temperature.

In addition to steel slag, bio-oils have shown potential as effective 
bitumen additives to reverse oxidative ageing and promoting healing. 
Bio-oils can improve the fatigue and thermal cracking resistance of 
bitumen by reducing fatigue damage and decreasing the ratio of residual 
stress to relaxation time [27,28]. Also, they can contribute to the soft
ening of aged bitumen, restoring the coefficient of thermal expansion 
and increasing the ductility of the binder [29–31]. Lei et al. [32]
examined the effect of bio-oil on the shear properties, high-temperature 
rheological behaviour, and low-temperature flexibility of mastics. They 
found that the shear strength of bituminous mastics, with or without 
bio-oil, increases with the filler-to-binder ratio. Moreover, the incorpo
ration of bio-oil enhances the high-temperature stability of the mastics, 
resulting in greater resistance to permanent deformation compared to 
neat bituminous mastics, particularly within the filler-to-binder ratio 
range of 1.0–1.4. In a previous study [5], it was observed that a bio-oil, 
derived from the biodiesel production process, can increase the resto
ration of the bitumen during rest periods between cycling loading. For 
every 1 % increase in bio-oil, the average increase in healing index 
varied between 1.1 % and 3.3 % depending on the bitumen ageing level.

In summary, while previous research has shown that bio-oils can 
effectively soften bitumen and that steel slag may serve as a viable 
replacement for natural aggregates, their combined impact on the 
healing behaviour of bituminous mastics remains underexplored.

2. Objectives and scope

This study aims to address the gap in understanding the combined 
effects of bio-oil and steel slag on the mechanical and healing properties 
of bituminous mastics without the use of external heating methods. The 
objective was to evaluate the healing properties of bituminous mastics 
modified with bio-oil derived from biodiesel production, focusing on the 
role of steel slag as a substitute for limestone filler.

The study analysed the fatigue behaviour and healing ability of 
mastics with varying bio-oil content, different fillers, and at different 
ageing levels. Fatigue behaviour was characterized using the Linear 
Amplitude Sweep (LAS) test and the Time Sweep Test with Rest Periods 
(TST-RP). Several healing indices related to complex shear modulus 
recovery, fatigue life, and loading-induced damage were assessed. 
Additionally, the experimental plan included the characterization of the 
geometric and chemical properties of the fillers, as well as the consis
tency and rheological behaviour of the mastics.

3. Materials and methods

3.1. Materials

The bitumen used in this study is a 35/50 penetration grade bitumen, 
a semi-hard class bitumen with the properties shown in Table 1. This 
bitumen was adopted because is a commonly used bitumen in south 

Table 1 
Properties of 35/50 penetration grade bitumen.

Property Test method Value

Penetration at 25◦C (0.1 mm) EN 1426 [35] 37
Softening point (ºC) EN 1427 [36] 53
Dynamic viscosity at 150◦C (Pa.s) EN 13302 [37] 0.68
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European countries, currently the most used in Portugal. The bitumen 
was studied under three different oxidative ageing conditions: unaged 
(U), short-term aged (R), and long-term aged (P). Short-term ageing was 
simulated using the Rolling Thin Film Oven (RTFOT) protocol defined in 
test standard EN 12607–1 [33], while long-term ageing was simulated 
using the Pressure Ageing Vessel (PAV) protocol defined in test standard 
EN 14769 [34]. The long-term aged bitumen sample was subjected to 
RTFOT and PAV procedures.

A rejuvenating agent (bio-oil) is used to reverse the oxidative ageing 
in bitumen and to promote self-healing mechanisms. The bio-oil (BO) 
studied is a mixture (50/50 by weight) of the residue from the biodiesel 
production process, which contains a variable range of organic com
pounds with lower volatility than those found in biodiesel and fatty acid 
methyl ester. The bio-oil composition can vary depending on the feed
stock used and the distillation process. The BO has a strong thermal 
stability in the range of temperatures used to produce bituminous mix
tures. The thermogravimetric analysis of BO showed a weight loss of 
only 0.5 % at 135 ºC and 4.5 % at 175 ºC [38].

Limestone powder and steel slag powder were used in bituminous 
mastics. Table 2 lists the main properties of these fillers. The steel slag 
filler is the fraction of the material that passes the 0.125 mm opening 
sieve after grinding in the laboratory. The fillers were dried in a venti
lated oven at 150 ºC for 24 h and stored in a desiccator before use.

3.2. Experimental methods

3.2.1. Preparation of bituminous mastics
This study produced and tested twenty-four bituminous mastics, 

combining four bitumens, three ageing states and two fillers. The filler 
content in mastics was 30 % by volume, an intermediate value for 
conventional dense bituminous mixtures [42]. The bitumen was modi
fied by 1 %, 2 %, and 3 % by the weight of the bio-oil (proportions of the 
final mix). The bio-oil was blended with the bitumen previously 
conditioned to the three different ageing states (unaged, short-term and 
long-term) using a low-shear mixer at 200 rpm for 5 minutes and at a 
temperature of 135◦C. The fillers are the limestone filler (L) and a 
mixture of limestone and steel slag filler (S) (50/50 by volume). The 
steel slag filler alone was not tested due to the risk of reducing the 
workability of the bituminous mastic. Thus, in [23], the authors rec
ommended restricting the replacement of limestone filler by steel slag to 
75 % of the filler content. For this reason, a more conservative value of 
50 % of steel slag was adopted in this study.

To prepare the mastic samples, the filler and bitumen were first 
heated to 150 ºC for one hour, and then the filler was added to the 
bitumen by hand with mechanical stirring at 400 rpm. The mixing 
process was completed in 30 min. These conditions were based on 
previous work [42], which demonstrated their effectiveness in produc
ing homogeneous mastic mixtures with various types of bitumen and 
fillers.

To facilitate the identification of each mastic sample and its results 
and subsequent discussions, the material ID was defined in the paper by 
the acronym formed by the filler type (L or S) and the bitumen ageing 
state (U, S and P). The bitumen’s bio-oil percentage is added at the end 
of the acronym. For example, “LP2” refers to the mastic with limestone 
filler and the long-term aged bitumen modified with 2 % bio-oil.

3.3. Scanning electron microscopy and energy-dispersive X-ray 
spectroscopy tests

The Scanning Electron Microscopy (SEM) and Energy-Dispersive X- 
ray Spectroscopy (EDS) techniques were used to characterise the geo
metric and chemical properties of the fillers studied. The SEM is a mi
croscopy technique that produces high-resolution images of a sample by 
scanning it with a focused beam of electrons. SEM can provide detailed 
information about the surface morphology and texture of materials. 
Morphological analyses were performed in an ultra-high resolution Field 
Emission Gun Scanning Electron Microscopy (FEG-SEM), NOVA 200 
Nano SEM. Topographic images were obtained using a secondary elec
tron detector at an acceleration voltage of 10 kV. EDS is an analytical 
technique commonly used in conjunction with SEM to determine the 
elemental composition of a sample. Chemical analyses of the samples 
were performed using the energy dispersive spectroscopy technique and 
an EDAX Si(Li) detector at an acceleration voltage of 15 kV. Before 
morphological analysis, the samples were coated with a thin film 
(25 nm) of Au-Pd (80–20 wt%) in a high-resolution sputter coater, 
208HR Cressington Company, coupled to an MTM-20 Cressington high- 
resolution thickness controller.

3.4. Consistency tests and rheological characterisation

The consistency of the different mastics was evaluated at interme
diate temperatures by the needle penetration test according to European 
standard EN 1426 [35] and at higher temperatures by determining the 
softening point using the ring and ball test according to European 
standard EN 1427 [36].

Additionally, a frequency sweep test (first part of the AASHTO-TP 
101–14[43] procedure) (0.2–30 Hz) at a low strain amplitude (γ =
0.1 %) was carried out using a dynamic shear rheometer to characterise 
the linear viscoelastic rheological behaviour at an intermediate tem
perature (20 ºC).

3.5. Fatigue behaviour

3.5.1. Linear amplitude sweep (LAS) test
The LAS test is an accelerated test method used to evaluate the fa

tigue resistance of bituminous materials, excluding any recovery and 
healing mechanisms that occur during the resting period. This test 
provides a complementary evaluation to the time sweep test with rest 
periods of the fatigue resistance of bituminous mastics.

This study applied the LAS test protocol and analysis procedure, 
described in AASHTO-TP 101–14 [43], to the mastics studied. In sum
mary, the test was performed at an intermediate temperature of 20 ºC, 
using a parallel plate setup with disc-shaped specimens of 8 mm diam
eter and 2 mm height. This test involves oscillatory load cycles with 
progressively increasing amplitudes. The strain amplitude (γ) starts at 
0.1 %, followed by increments from 1 % to 30 %, with a consistent in
crease of 1 % every 10 seconds of loading (constant loading frequency of 
10 Hz). The test results are analysed based on the Viscoelastic Contin
uum Damage (VECD) theory [44]. In AASHTO-TP 101–14 [43], the 
viscoelastic stiffness properties (modulus and phase angle) are deter
mined every cycle from the strain and load values, and the material 
integrity C at cycle i is obtained as: 

Ci =
|G∗|i

|G∗|initial
(1) 

where, |G∗|i is the complex shear modulus at cycle i and |G∗|initial is the 
initial complex shear modulus describing the undamaged condition of 
the material. The damage intensity at time t, related to the number of 
cycles N and the frequency f, is also determined as: 

Table 2 
Properties of fillers.

Property Density (g/cm3) Voids (%) Particle gradation EN 933 
[39]

ASTM 188 [40] EN 1097–4 [41] 0.500 mm 0.125 mm 
0.063 mm

Limestone 2.68 21 100 93 75
Steel slag 3.63 24 100 100 62
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St =
∑N

i=1

[
π × γ2 × (Ci− 1 − Ci)

] α
1+α × (ti − ti− 1)

1
1+α (2) 

where α is the inverse of the maximum slope of the relaxation modulus- 
time curve determined for each specimen before the fatigue test using 
the test protocol described in section 3.2.3. Then, the C – St results along 
the test are fitted with a power law model, as: 

C = C0 − C1 × St
C2 (3) 

To determine the fatigue law, the failure point of the individual test 
result is defined when the maximum shear stress is registered, and the 
damage intensity at the failure point (Sf) is calculated with fitted model 
(Eq. (3)). The estimated number of cycles to failure (Nf) at the defined 
strain amplitude γ is determined as: 

Nf =
f × Sf

1+(1− C2)×α

(1 + (1 − C2) × α )(π × C1 × C2)
α × γ2α (4) 

where, f is the loading frequency. The mathematical deduction of Eq. (4)
from the implementation of the VECD to the analysis of bitumen cyclic 
tests can be found in [44].

3.6. Time sweep test with rest periods (TST-RP)

The fatigue resistance of bituminous mastics, considering the posi
tive contribution of viscoelastic and healing mechanisms during the rest 
periods, was assessed using time sweep tests in a strain-controlled mode, 
following a procedure similar to that described in [2,45,46]. The pro
tocol corresponds to a time sweep test with rest periods. In the analysis 
of the test results, the overall change in mechanical properties during the 
rest period is used as an indicator of healing.

The basic procedure consists of a series of loading and rest periods. 
During the loading phase (indexed as i = 1, 2, …), the test is stopped 
when the complex shear modulus (|G*|) falls to 50 % of its initial value 
(representing an undamaged state). The duration of the rest period 
(indexed as j = 1, 2, …) remains constant (see Fig. 1). The tests were 
conducted at a temperature of 20 ºC, and the dimensions of the speci
mens were the same as those used in the LAS tests.

The effect of the strain amplitude, the rest time and the number of 
rest periods has been previously studied in [5]. The time sweep test with 
rest periods was implemented with a strain amplitude of 2.5 %, a rest 
time of 30 min and a sequence of 4 loading and 3 rest periods.

3.7. Healing indices

Based on previous work [5], three different healing indices were 
derived from other variables used to analyse the performance of the 
specimens in the test procedure, as follows: the complex shear modulus 
(HIm), the number of cycles to failure (HIc), and the VECD damage in
tensity (HId).

The index HIm after the rest period j is given by the complex shear 
modulus as: 

HImj =
|G∗|i+1initial

− |G∗|ifinal

|G∗|ifinal

× 100 =
Δ|G∗|

|G∗|ifinal

× 100 (5) 

where |G∗|i+1initial 
is the initial complex shear modulus of loading period 

i + 1 (post rest j), and |G∗|ifinal 
is the final complex shear modulus of 

loading period i (before rest j).
The index HIc after the rest period j is determined with the number of 

loading cycles as: 

HIcj =
ΔNi+1

N1
× 100 (6) 

where N1 is the number of cycles of the first loading period, and ΔNi+1 is 
the number of cycles of loading period i + 1 (post rest j).

The index HId after the rest period j is determined with the damage 
as: 

HIdj =
SF

i+1 − SF
i

SF
i

× 100 (7) 

where SF
i and SF

i+1 are the final S values of loading periods i and i-1, 
respectively. Fig. 2 illustrates the quantification of HIm , HIc and HId 
for the first rest period (j = 1).

4. Results

4.1. Geometric and chemical properties of fillers

Fig. 3 shows SEM images of limestone and steel slag filler particles 
obtained at different resolution levels. Despite the distinct origin of the 
fillers, a similar particle morphology is observed for both fillers. Most 
particles have an angular shape with a smooth to slightly rough texture. 
The granular shapes seen in the lower-resolution images appear to be 
agglomerates of particles formed during the preparation of the sample 
for SEM examination. Both fillers are very fine, with some particles 
smaller than 0.5 µm. Slightly larger particles were observed in the SEM 
images of the limestone filler. The similarity in the morphology and size 
of the particles in the two types of filler are related to the properties of 
the steel slag and the grinding process. On the contrary, Zhang et al. [24]
observed very different surface morphologies by SEM for steel slag and 
limestone powder. The steel slag particles were irregularly shaped and 
had a rough texture with many pores, whereas the limestone particles 
were smoother and had fewer pores.

In addition, the geometric characteristics of the two tested fillers are 
consistent with the voids in compacted filler samples, as shown in 
Table 2, which are relatively similar. The voids in compacted filler, also 
referred to as Rigden voids, are influenced by the size and shape of the 
filler particles and serve as a good indicator of the filler’s stiffening 
potential. The literature, e.g. in [47], reports very high Rigden voids 
values, sometimes exceeding 70 % for certain industrial products such 
as hydrated lime.

Fig. 4 shows the chemical composition analysis of the fillers obtained 
by EDS. The height (y-axis value) represents the intensity or photon 
count, which refers to the number of X-rays detected at each energy 
level. This intensity is directly proportional to the number of atoms of a 
particular element in the sample. The x-axis represents the energy of the 
X-ray photons in kiloelectron volts (keV). Each element emits X-rays at 
specific characteristic energies when its atoms are excited and then relax 
to lower energy states. Ka and Kb (which appear next to the chemical 
elements in the diagram) are designations for specific spectral lines that 
appear in X-ray spectroscopy, occurring due to the emission of X-rays 
when electrons from higher levels fall into the K-shell, the innermost 
shell of an atom. Similarly, Li and La are names for other spectral lines 
that appear in X-ray spectroscopy, produced by the emission of X-rays 
when electrons from higher levels fall into the L-shell.

The limestone filler is composed mainly of carbon (C), oxygen (O), 
and calcium (Ca), as expected. The presence of magnesium (Mg), 
aluminium (Al), silicon (Si) and traces of yttrium (Y) was also noted, 
confirming its mineralogical nature. In contrast, the chemical 

Fig. 1. Sequence of the time sweep test with rest periods.
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composition of the steel slag is more diverse than that of limestone. The 
most abundant elements in steel slag are carbon (C), oxygen (O), iron 
(Fe), calcium (Ca), and silicon (Si). Magnesium (Mg), aluminium (Al), 
titanium (Ti), chromium (Cr), and manganese (Mn) are also observed.

The diversity in the chemical composition of steel slag can help 
improve bituminous materials’ performance due to its effect on the 
adhesion between aggregate and bitumen. Similarly to limestone, steel 
slag is rich in Ca, and some calcium compounds, such as CaO and Ca 
(OH)2, form insoluble salts by reacting with the organic acids in 
bitumen, improving water resistance [17]. In addition, other chemical 

compounds such as SiO2 and Al2O3 can form strong intermolecular 
bonds with the molecular groups of bitumen through van der Waals 
forces, and even stronger than those of calcium compounds [24].

Both the chemical composition and the size, shape and surface 
characteristics of steel slag particles suggest that mastics with this filler 
can have strong filler-to-bitumen adhesion and water resistance.

4.2. Consistency and rheological behaviour

This section presents the results of the analysis of the physical 

Fig. 2. Identification of variables for the calculation of healing indices: (a) HIm1 and HIc1; (b) HId1.

Fig. 3. SEM images of limestone filler ((a), (b) and (c)) and steel slag filler ((d), (e) and (f)) at different resolution levels (5000x, 15000x and 50000x).
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properties and rheological characterisation. Figs. 5(a) and 5(b) shows 
the effect of the filler type, the oxidative ageing and the bio-oil content 
on the consistency of the mastics, measured by the needle penetration at 
25 ºC and softening point. For the consistency at intermediate temper
atures, shown in Fig. 5(a), the needle penetration value increases with 
the bio-oil content, following approximately an exponential law, for the 
mastics with the bitumen aged to different degrees and containing the 
two fillers. A greater influence of the bio-oil is observed within the tested 
interval than for the other test variables (bitumen ageing and filler). 
Conversely, the needle penetration decreased significantly with 
increasing oxidative ageing in the bitumen, and this effect was greater at 
higher bio-oil contents. However, the effect of the filler was most sig
nificant for the unaged bitumen. On average, the needle penetration 
increased by 8 mm/10 for each 1 % of bio-oil added to the mastic, while 
it decreased by 7 mm/10 for each ageing treatment cycle. Mastics con
taining steel slag filler exhibited a needle penetration that was 2 mm/10 
lower.

The needle penetration (pen) (mm/10) can therefore be expressed 

mathematically as follows: 

pen =
(
a1 × ea2×BO)× (a3 + a4 × AGED) (8) 

where, e is the Euler number, BO is the rejuvenator content (%); AGED is 
the degree of ageing (unaged = 0; RTFOT = 1 and PAV = 2); a1, a2, a3 
and a4 are statistically determined coefficients. Fig. 5(a) shows a good 
adjustment of the model to the experimental data. Also, the fitted co
efficients in Table 3 are similar for the two fillers, confirming the small 
effect of this variable.

The softening point indicates the temperature at which the bitumi
nous material softens beyond a specific limit, and the test results show 
the opposite trend to the needle penetration for the variables studied. 
The temperature decreases with the bio-oil content, following an 
approximate linear law, and increases with ageing. The effect of the 
filler type was small. Contrary to the needle penetration, no greater ef
fect of ageing was observed for higher bio-oil contents. On average, the 
softening point decreased by 2.5 ºC for each 1 % of bio-oil added to the 

Fig. 4. Composition analysis by energy-dispersive X-ray spectroscopy.
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mastic, while it increased by 2.7 ºC for each ageing treatment cycle. 
Mastics containing steel slag filler exhibited a softening point that was 
0.6 ºC higher.

Based on the results obtained, the softening point (SP) (ºC) can be 
expressed as follows: 

SP = (b1 + b2 × BO) × (b3 + b4 × AGED) (9) 

where, b1, b2, b3 and b4 are statistically determined coefficients. The 
variables BO and AGED are defined as in Eq. (8). Table 4 shows the 
fitting coefficients determined for mastics with different fillers. Fig. 5(b) 
shows a good adjustment of the model to the experimental data.

To characterise the effect of filler type and bitumen, the linear 
viscoelastic (LVE) behaviour at 20 ºC is summarised in Figs. 6 and 7. 
Fig. 6 illustrates the impact of the bio-oil on the complex shear modulus 
and phase angle for LU mastic (unaged bitumen and limestone filler). As 
expected, the bio-oil caused a decrease in the complex shear modulus 
and increased the viscous part of the viscoelastic behaviour. For the test 
conditions, the rheological behaviour of these materials was dominated 
by the viscous part (phase angle > 45 º), and the change in rheological 
properties is proportional to the bio-oil content.

Fig. 7 presents the complex shear modulus and phase angle measured 
at 10 Hz for all 24 mastics. For 3 % bio-oil incorporation, the |G*| value 
decreased by 64–75 %, and the δ value increased by 22–35 %. Thus, the 
bio-oil tested, derived from the biodiesel production process, showed a 
remarkable ability to reverse the ageing effects of the bitumen and the 
addition of 2 % was found to be sufficient to change the |G*| and δ 
values to those of the mastics with unaged bitumen. In addition, a sig
nificant variation in |G*| and δ values is observed due to the change in 
filler type and ageing treatment, which means a combination of effects 

of the studied variables. For example, from the unaged state to the long- 
term aged state of the bitumen, the |G*| value decreased by 27–152 % 
and the δ value increased by 4–23 %, and the mastics with steel slag 
were 5–40 % stiffer with a phase angle varying from − 5–10 %. These 
results show that oscillatory dynamic measurements should be used to 
evaluate the effect of different constituents on the rheological behaviour 
of bituminous mastics. They also suggest that the bitumen volume 
immobilised by the filler particles due to physiochemical mechanisms 
was different depending on the oxidative ageing of the bitumen and the 
added bio-oil.

In a previous study [5], the effect of this bio-oil on bitumen was 
evaluated. It was found that for every 1 % addition of bio-oil, needle 
penetration increased by approximately 30 %, while the softening point 
decreased by 2 ◦C. Additionally, with 3 % bio-oil at 10 Hz, the |G*| value 
was reduced by 77 %, and the δ value increased by 18–30 %, depending 
on the ageing level of the bitumen. These results suggest that the bio 
heating oil has a consistent softening effect on the consistency and 
rheological properties of bitumen, regardless of the filler type used.

Fig. 5. Consistency test results and models (marker – test results; line – Eqs. (8) and (9)): (a) needle penetration; (b) softening point.

Table 3 
Coefficients for Eq. (8).

Filler a1 a2 a3 a4 R2

Limestone 1.98 0.28 12.03 − 2.90 0.99
Steel slag 1.81 0.28 11.59 − 2.33 0.99

Table 4 
Coefficients for Eq. (9).

Mix b1 b2 b3 b4 R2

Limestone 17.89 − 0.69 3.23 0.14 0.99
Steel slag 18.38 − 0.76 3.15 0.19 0.99

Fig. 6. Effect of frequency on LVE properties at 20 ºC - LU samples.
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4.3. Fatigue resistance

This section presents the results of the fatigue resistance analysis of 
the mastics based on the LAS and TST-RP tests (see section 3.2.4). Fa
tigue resistance is critical for assessing the long-term performance and 
durability of bituminous materials under repeated loading conditions.

The LAS test is a cyclic test protocol that applies continuously 
increasing load amplitudes. Fig. 8(a) shows the evolution of the shear 
stress with the applied shear strain for LU specimens with increasing bio- 
oil content. The stress-strain trend followed the same bell-shaped curve 
for different samples. However, the maximum stress reached during the 
test was lower for samples with higher bio-oil content and subsequently 
decreased more slowly with strain. Hence, the point at which the 
maximum stress level is reached is often adopted to identify specimen 
failure in the LAS test [48–50].

Fig. 8(b) presents the strain amplitude applied at the maximum stress 
point (τmax) for the different mastics. For the stiffest mastics, the test was 
not performed either because the shear stress reached the limit of the 
test equipment, or the sample broke very suddenly. The shear strain 
values varied between 4.8 % and 7.2 %, which are small values, and the 
range of variation is modest. The maximum shear strain increased with 

the bio-oil content, especially at 2 % and 3 %. Conversely, the yield 
point was reached earlier in the test for the mastics with the bitumen 
subjected to oxidative ageing. On average, the mastics with the lime
stone filler presented higher shear strain. These results show that, as 
expected, the ageing treatment made the mastics harder and less ductile, 
with a reduced ability to withstand large deformations. Thus, this effect 
can be reversed by the addition of bio-oil.

Fig. 9(a) shows the damage characteristic curves (C-S) of LU mastics, 
with different bio-oil content, obtained by applying the VECD analysis 
method to the LAS test results. The initial integrity (C) is 1.0 and de
creases with the load cycles, corresponding to the increase of the dam
age (S) variable. It should be noted that the S value required to obtain an 
equivalent reduction in C increases proportionally with the bio-oil 
content, meaning that these mastics can sustain greater damage. Fig. 9
(b) shows the variation of the area under the C-S curve with the bio-oil 
content for the different mastics. The area increased with the bio-oil 
content and decreased with the ageing level. For example, for the 
mastic with limestone filler, the area increased by 18.7 % for each 1 % 
bio-oil content and decreased by 13.4 % and 30.3 % after the short- and 
long-term ageing treatments, respectively. Similarly, the C-S area of the 
mastics with steel slag was 11.9 % smaller. The incorporation of 2 % 

Fig. 7. Effect of BO content on LVE properties at 20 ºC and 10 Hz: (a) |G*|; (b) δ.

Fig. 8. LAS test results: (a) stress-strain curves – LU; (b) shear strain at τmax.
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bio-oil in mastics with aged binders was sufficient to increase the area to 
that of mastics with unaged bitumen.

To compare the fatigue resistance evaluated with the LAS test, the 
number of cycles to failure at two different strain amplitudes (2.5 % and 
5.0 %) is plotted in Fig. 10. Except for the mastic LR with 2 % and 3 % 
bio-oil, the fatigue resistance generally increased with the bio-oil con
tent and decreased with bitumen ageing. For stiffer materials, the shear 
stress increases faster with the applied strain, which cannot relax the 
stresses due to continuous loading, and the specimen fails at small de
formations due to the generally lower ductility. In the LAS test, the 
specimen fails due to the growth of radial microcracks from the outer 
edge to the centre, which reduces the effective section. Thus, the pres
ence of solid particles, although very fine, and the amount of immobi
lised bitumen around them affect the crack growth and the overall 
fatigue resistance. The variation values are highly variable when 
comparing the mastics with different fillers. Still, the mastics with steel 
slag are expected to fail, on average, with less cycles (-5 %) than those 
with limestone filler.

Time sweep tests with rest periods were used to assess the healing 
ability of mastics. The test conditions were a temperature of 20 ºC, a 

strain amplitude of 2.5 % and a loading frequency of 10 Hz. Fig. 11
shows the evolution of the complex shear modulus, normalised to its 
initial value, over four loading periods. The loading periods were 
interrupted for 30 minutes when the complex shear modulus had 
decreased to half the undamaged complex shear modulus value. In all 
cases, the number of cycles in each loading period decreased compared 
to the previous loading period, which can be attributed to the cumula
tive damage after the rest intervals. The bio-oil content in the samples 
obviously affected the fatigue resistance. Thus, the number of cycles the 
specimens withstood during the test, either considering only the first 
loading period or the entire test protocol, increased with the bio-oil 
content.

In contrast, the ageing effect had a less clear influence on the number 
of cycles to failure. The mastics with unaged binders withstood more 
extended loading periods for both mastics without bio-oil. The same 
trend was generally observed for the mastics with steel slag and bio-oil 
added. However, the fatigue resistance of the short-term aged material 
was higher for mastics with limestone filler and bio-oil. These results 
suggest that although bio-oil can reduce the stiffness and increase the 
fatigue resistance of mastics with aged binders, depending on the type of 

Fig. 9. Damage characteristic curves (C-S): (a) curves of LU samples; (b) area.

Fig. 10. Fatigue resistance estimated from LAS test at strain amplitude: (a) 2.5 %; (b) 5.0 %.
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filler, the fatigue resistance is not fully restored or further improved 
compared to materials with unaged binders.

On average, the total number of cycles in the four loading cycles 
increased by 89.7 % with each 1 % bio-oil addition and 9.0 % with the 
partial replacement of limestone filler by steel slag powder. It also 
decreased by 14.1 % with the increase in oxidative ageing induced by 
the PAV protocol (long-term).

In addition, Fig. 12 compares the number of cycles to failure 

measured in the TST-RP, considering only the first loading period 
(i = 1), and estimated using the fatigue laws obtained from LAS testing. 
In all cases, the LAS-based estimate of the number of cycles was lower 
(on average − 55.8 %) than that measured in the TST-RP. In the litera
ture, some researchers [51] have shown that similar fatigue resistance 
values can be obtained from TST-RP and LAS. As shown in [52], dif
ferences in TST-RP and LAS analysis methods partially explain the 
variance. In this work, the TST-RP loading was interrupted when the 

Fig. 11. Evolution of the normalised complex shear modulus with loading cycles: (a) LU; (b) LR; (c) LP; (d) SU; (e) SR; (f) SP.

Fig. 12. Fatigue resistance (γ = 2.5 %), LAS vs. TST-RP (1st loading period): (a) LU and SU; (b) LR and SR; (c) LP and SP.
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initial modulus had decreased by 50 % (C = 0.5), corresponding to the 
fatigue resistance. In contrast, in the analysis of the LAS results, the 
stress peak was allowed as an indication of the failure of the specimen, 
and up to this point, the C values were mostly higher than 0.5. The lower 
the C value for the fatigue resistance, the longer the estimated number of 
cycles to failure.

4.4. Healing contribution to mechanical properties

The results of the three healing indices (HIm , HIc and HId), 
determined from the time sweep tests with rest periods, are plotted in 
Figs. 13, 14 and 15. As described in Section 3.3, the HIm index mea
sures the change in the complex shear modulus of the material before 
and after the rest period (Eq. (5)). The HIc index compares the duration 
(cycles) of the subsequent loading periods with the initial loading period 
(Eq. (6)), and the HId index evaluates the level of damage accumulated 
during the loading period after the rest period (Eq. (7)).

The number of loading periods is the most important factor in the 
recovery of the complex shear modulus during the rest period, as shown 
in Fig. 13. On average, the recovery of mastic with limestone filler is 
29.7 %, 17.8 % and 12.4 % after the first, second and third rest periods, 
respectively. The results of the mastic with steel slag were also close to 
these values (absolute difference from 0.1 % to 1.3 %). Increasing 
oxidative ageing had only a slight effect, and mastic L was the opposite 
of that expected. Mastics L with aged bitumen had, on average, higher 
HIm values (+1.9 % after RTFOT and +1.5 % after PAV) than the 

corresponding mastics with unaged bitumen. For mastic S, these dif
ferences were − 0.4 % after RTFOT and − 0.1 % after PAV. The incor
poration of bio-oil in mastics LU and SU increased the healing index by 
7.3 % and 4.4 %, respectively. However, the effect of increasing further 
the bio-oil content (from 1 % to 3 %) on the healing index values is 
relatively small, except for LP (average 4.0 %) and SP (average 1.8 %).

Differently from the HIm index, healing during the rest period had 
a lesser effect on the loading period duration (number of loading cycles) 
than on the stiffness modulus, i.e., the HIc values shown in Fig. 14 are 
significantly smaller than the HIm values shown in Fig. 13. The 
duration of the loading periods after resting was, on average, 13.4 % 
(16.8 %), 5.4 % (8.8 %) and 3.8 % (5.0 %) of the initial duration (1st) 
for mastic L (mastic S) for the 2nd, 3rd and 4th periods, respectively. In 
addition, the healing effect decreased further in the 2nd and 3rd resting 
periods. As expected, oxidative ageing had a negative impact on the 
healing ability of the mastics. On average, the short-term aged mastics 
had the lowest HIc values (-8.3 % (L) and − 2.9 % (S) relative to the 
unaged mastics), even lower than those of the mastics with the long- 
term aged bitumen. Mastic with steel slag had higher HIc values 
(10.4 % ± 5.7 %) than mastic with limestone filler (7.9 % ± 6.1 %). For 
both mastics with unaged bitumen (LU and SU), the addition of only 1 % 
of bio-oil did not improve the healing index values when compared to 
mastic without bio-oil, but the HIc values increased for 2 % and 3 % bio- 
oil contents (+4.7 % (L) and + 2.8 % (S) of 3 % relative to 1 %).

In general, it is observed in Fig. 15 that the HId values are closer to 
the HIc values than to the HIm values. Similarly to the observations for 

Fig. 13. Healing index HIm : (a) LU; (b) LR; (c) LP (d) SU (e) SR (f) SP.
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the other indices, the HId values decreased significantly with the accu
mulation of loading periods, from an average of 15.3 % and 14.3 % after 
the 1st rest period, to 3.5 % and 2.8 % after the 3rd rest period for 
mastics L and S, respectively. The effects of the filler type, the ageing 
level of bitumen and the bio-oil content were significantly less important 
for the HId values. Thus, the values for mastic L are only slightly higher 
(average difference +0.5 %) than those for mastic S. The mastics with 
long-term aged mastic had the lowest healing values (average difference 
to unaged mastic − 1.2 % (L) and − 2.0 % (S)), and the increase from 1 % 
to 3 % bio-oil resulted in a difference of + 5.4 % (L) and + 4.8 % (S).

To further support the analysis of the effect of the different variables 
on the healing indices, a model was fitted to the data of mastics with 
different fillers as follows: 

HI = (c1 + c2 × BO) ×
(
c3 × ec4×(LOAD− 1))× (c5 + c6 × AGED) (10) 

where, HI is the healing index (%) (HIm, Hic and HId); BO is the increase 
in rejuvenator content (%); LOAD is the number of loading periods (2, 3 
and 4); AGED is related to the aged level (unaged = 0; RTFOT = 1 and 
PAV = 2); c1, c2, c3, c4, c5 and c6 are statistically determined coefficients 
(fitting coefficients listed in Table 5). The linear and exponential models 
expressing the effect of each variable were defined based on the analysis 
of Figs. 13, 14 and 15, which had a very good fit to data (R2 values from 
0.83 to 0.97).

The model was used to perform a sensitivity analysis, as shown in 
Table 6. This involved applying a variation to the input parameters, to 
assess their effect on the mastic healing results. The coefficient of vari
ation (CVHI) was determined as (HI2 – HIref) / HIref, where HIref is the 

healing index value for the reference conditions, and HI2 is the healing 
index value for the varying conditions. The CVHI values show the strong 
effect of the number of loading periods on all indices (see cases ii and v). 
Except for the HIc mastic with limestone filler, the bio-oil content has a 
significant effect on the healing indices (see cases i and iv). Based on 
cases iii and vi, the HIm values increase with the degree of ageing, 
although less than that of the other factors, and the opposite trend oc
curs with the other indices.

From the above comments, it is clear that the three healing indices do 
not provide a uniform evaluation of healing in bituminous mastics, and 
that the number of loading periods plays a significantly more important 
role than the variations in material composition. According to the Rilem 
Technical Committee TC 278-CHA (Crack-Healing of Asphalt Pavement 
Materials) [53], the loss of stiffness and strength properties due to cyclic 
loading occurs not only from damage but also from mechanisms related 
to the time- and temperature-dependant nature of bituminous materials 
(e.g. thixotropy, relaxation and redistribution of stresses). Consequently, 
the total observed change in mechanical properties after a period of rest, 
referred as restoration, is the sum of changes related to the removal of 
cyclic loading and the closure and repair of micro-cracks. Hence, it is not 
simple to separate their individual contributions.

In this study, the three healing indices do not explicitly distinguish 
between these two mechanisms of restoration, though it is likely that 
their relative influence differs across the indices. The HIm index 
showed significantly higher values than the other two indices (HIc and 
HId), indicating that it is more affected by recovery mechanisms asso
ciated with the removal of cyclic loading than by actual damage repair. 
While heating is less relevant in DSR testing due to the small specimen 

Fig. 14. Healing index HIc: (a) LU; (b) LR; (c) LP (d) SU (e) SR (f) SP.
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size, unlike bituminous mixture testing [54], viscoelastic mechanisms 
remain relevant. Under an imposed deformation that does not cause 
immediate failure, the bitumen undergoes molecular reorganization 
that reduces its stiffness [55]. Nonlinear behaviour accounts for the 

immediate stiffness loss during loading, while thixotropy explains the 
progressive loss under continued loading. This thixotropic effect di
minishes during rest, contributing to the observed stiffness recovery. 
However, the rate of microstructural rebuilding (recovery) can vary 

Fig. 15. Healing index HId: (a) LU; (b) LR; (c) LP (d) SU (e) SR (f) SP.

Table 5 
Coefficients for Eq. (10).

HI Filler c1 c2 c3 c4 c5 c6 R2

HIm L 0767 0.259 − 0.051 − 0.469 − 5.918 − 0.466 0.98
S 0.225 1.361 − 0.016 − 0.463 − 5.842 − 0.693 0.80

HIc L 0.183 0.037 − 0.075 − 0.852 − 11.712 1.066 0.83
S 0.307 0.331 − 0.057 − 0.536 − 5.402 0.689 0.97

HId L 0.055 0.213 − 0.061 − 0.832 − 12.004 0.493 0.95
S 0.126 0.172 − 0.094 − 0.985 − 10.644 0.934 0.96

Table 6 
Sensitivity analysis of healing test.

BO LOAD AGED L S L S L S

​ Reference (ref) condition HIm (%) HIc (%) HId (%)
​ 1 3 1 13.1 6.6 3.2 5.9 3.6 3.8
Case Input parameters Coefficient of variation CVHI

i 2 3 1 25.2 % 85.8 % 16.8 % 51.9 % 79.5 % 57.7 %
ii 1 4 1 − 37.4 % − 37.1 % − 57.3 % − 41.5 % − 56.5 % − 62.7 %
iii 1 3 2 7.3 % 10.6 % − 10.0 % − 14.6 % − 4.3 % − 9.6 %
iv 0 3 1 − 25.2 % − 85.8 % − 16.8 % − 51.9 % − 79.5 % − 57.7 %
v 1 2 1 59.8 % 58.9 % 134.4 % 70.9 % 129.8 % 167.8 %
vi 1 3 0 − 7.3 % − 10.6 % 10.0 % 14.6 % 4.3 % 9.6 %
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depending on temperature and the material’s properties [56].
Thus, the improved recovery of stiffness modulus, as quantified by 

HIm in certain aged materials (e.g., mastics with limestone filler), 
suggests that the observed effect is largely due to cyclic loading removal 
rather than micro-crack healing. This is because mechanisms such as 
flow and crack closure are less likely in materials that behave more 
elastically and are more brittle, such as aged bituminous materials [57]. 
Furthermore, oxidative ageing promotes stronger intermolecular in
teractions, leading to the formation of more colloidal gel structures. 
These structures enhance thixotropic behaviour by requiring more time 
to break down under shear and more time to recover afterward [58,59].

Unlike the HIm index, which reflects only stiffness variation after 
the rest period, the HIc and HId indices measure the length of the loading 
period following rest. As a result, they are more sensitive to viscoelastic 
flow, diffusion, and recrystallization mechanisms that contribute to 
micro-crack healing. These mechanisms can help prolong the number of 
cycles the material withstands before reaching the failure criterion. 
Consequently, both HIc and HId indices showed a reduction in healing 
with oxidative ageing, especially for the intermediate level (RTFOT), 
and an improvement with increasing bio-oil content.

Oxidative ageing induces significant alterations in the chemical 
composition of bitumen, particularly in the distribution of functional 
groups that govern its viscoelastic behavior, ductility, elastic recovery, 
and flow characteristics. These properties are critical for ensuring 
optimal performance across varying environmental and loading condi
tions [42,60,61]. To mitigate these effects, an effective rejuvenator must 
restore the aged bitumen by re-establishing the original chemical bal
ance and improving its rheological and performance-related 
characteristics.

Sun et al. [62]and Gaudenzi et al. [63] observed that both aging and 
the addition of rejuvenators positively influenced the healing index at 
intermediate temperatures (approximately 20 ◦C). However, Sun et al. 
further reported that at elevated temperatures (25–30 ◦C), aging had an 
adverse impact on healing performance. Based on these findings, they 
proposed the concept of a healing–temperature curve specific to each 
bitumen, suggesting that variations in healing behavior could be 
attributed to elastic recovery at lower to intermediate temperatures and 
flow capacity at higher temperatures. Furthermore, the authors indi
cated that aging tends to shift this healing–temperature curve toward 
lower temperatures, while the application of rejuvenators causes a shift 
in the opposite direction.

In addition, the results showed a modest contribution of healing in 
terms of fatigue resistance, possibly because the damage induced during 
the first loading cycle was too significant for the physicochemical 
mechanisms (flow, wetting, diffusion and randomisation) [57] to be 
effective under the test conditions (30 min at 20 ºC).

5. Conclusions

This paper presents a study investigating the healing behaviour of 
bituminous mastics modified with bio-oil derived from biodiesel pro
duction, focusing on the effect of the bio-oil content, the degree of 
ageing of the bitumen and the replacement of the limestone filler by 
steel slag filler. The bituminous mastics were characterised relative to 
the consistency, the linear viscoelastic behaviour and the fatigue per
formance using two different test methods: linear amplitude sweep test 
and time sweep test with rest periods. Three healing indices were used to 
evaluate the healing ability during the rest periods of the different 
compositions of the mastics, as follows: HIm (related to the recovery of 
the loss of stiffness modulus); HIc (related to the number of cycles in the 
post-rest loading periods); and HId (related to the increase in damage 
intensity in the post-rest loading periods). The main findings can be 
summarized as below: 

• Results from the consistency and viscoelastic characterisation 
showed that all three variables had significant influence, ranked in 

the following order of importance: bio-oil content, oxidative ageing, 
and filler type. Incorporating 2 % bio-oil effectively reversed the 
effects of long-term ageing, restoring properties such as needle 
penetration and phase angle, while reducing stiffness and softening 
point increases. The combination of filler type and bitumen ageing 
significantly affected linear viscoelastic properties.

• In terms of fatigue resistance without considering healing, perfor
mance improved with increasing bio-oil content across both test 
methods. However, the influence of oxidative ageing and filler type 
varied depending on the mastic composition and test type. The LAS 
test estimated lower fatigue resistance compared to the first loading 
period of the TST-RP, indicating differences in test sensitivity.

• The rest periods prolonged the fatigue life of mastics (TST-RP). On 
average, the total number of cycles in the four loading cycles 
increased by 89.7 % with each 1 % bio-oil addition and 9.0 % with 
the partial replacement of limestone filler by steel slag powder. On 
the contrary, it decreased by 14.1 % with the increase in oxidative 
ageing induced by the PAV protocol (long-term).

• The healing analysis revealed that a 30-minute rest period at 20◦C 
was insufficient to fully restore the undamaged state, and healing 
capacity diminished with each loading cycle. Among the indices, 
HIm showed the most sensitivity to rest period effects and was the 
only index to reflect a positive response to increased ageing. While 
HIc and HId values were similar in magnitude, their response to 
mastic composition differed. Bio-oil improved healing capacity in 
general, though the degree of improvement varied with mastic 
formulation and the specific healing index.

• The influence of filler type on healing capacity was relatively minor, 
but steel slag powder was shown to be a viable alternative to lime
stone filler. Although the physical characteristics of both fillers were 
similar, differences in their chemical properties led to varying in
teractions with aged bitumen, thereby influencing stiffness and cy
clic loading resistance. Consequently, filler effects should be assessed 
case-by-case depending on binder and mixture composition.

• Based on the findings, further investigation into the healing behav
iour of mastics incorporating steel slag and bio-oils under higher 
temperature conditions is recommended. This would allow for the 
assessment of thermal conductivity benefits in field-relevant 
scenarios.
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