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A B S T R A C T   

Road pavements are exposed to traffic and temperature effects that produce distress, mainly cracking that leads 
to pavement failure, after which rehabilitation actions are necessary to extend pavement life. Bio-rejuvenators 
have been used to recover the bitumen properties lost due to fatigue of the asphalt mixtures and ageing due 
to temperature variations and oxidation. Thus, this paper investigates the healing of bitumen modified with bio- 
oil derived from biodiesel production. One base bitumen in three different ageing stages (unaged, short and long- 
term ageing) was used for adding up to 3% of bio-oil to the bitumen. In addition to consistency and rheological 
tests to characterise the modified bitumen, fatigue resistance tests with and without rest periods were performed 
to assess the healing through three indexes, relating the complex shear modulus, the number of cycles to failure 
and the amount of damage, after a rest period. It was verified that the healing follows an exponential law with 
the rest period, but the number of cycles in each loading period decreases compared to the previous period. For a 
15-minute rest period, the healing was limited to 26.9%, but the bio-oil contributed significantly to that 
restoration.   

1. Introduction 

When exposed to traffic and temperature variations, pavements are 
subject to distress, mainly fatigue and thermal cracking. Cracking con
stitutes one of the main concerns for the asphalt pavement’s integrity 
and leads to disrepairs associated with discomfort and safety for users. In 
addition, cracking allows water entrance to the pavement layers and 
subgrade, consequently reducing the support capacity and promoting 
other types of distress. Road administrations are focused on delaying or, 
when possible, avoiding cracking in asphalt pavements to prevent the 
reduction of functional and structural performance [1–3]. 

Bitumen has a significant influence on asphalt mixtures and pave
ment performance. Bitumen properties evolve during production, stor
age, transport, and placement of the asphalt mixture and in-service, 
resulting in adverse physical and chemical changes (ageing process) 
[4–6]. The gradual variation of viscoelastic properties due to ageing 
makes bituminous binders harder and more brittle [6], leading to the 
fatigue and thermal cracking of asphalt pavements. Excessive hardening 
must be reduced to avoid pavement life reduction [4]. To address 
bitumen hardening, researchers have investigated the natural ageing 

resistance of different bitumens and additives to increase its resistance 
or to revert ageing. To the latter, one promising solution is adding the 
bitumen of softening or rejuvenating agents, which, due to its lower 
viscosity, can revert ageing-related changes in bitumen properties [7,8]. 
Rejuvenators and softening agents can be used in different ways, namely 
in the recycling of reclaimed asphalt pavements [9], applied directly 
onto the asphalt surface [10] or inside capsules embedded in asphalt 
mixtures [11]. Among different agents, bio-oils derived from organic 
sources or industrial by-products are preferred [12]. 

The use of petroleum-based products is associated with several 
environmental issues, such as large greenhouse gas emissions, depletion 
of natural non-renewable resources, and soil and water pollution. As an 
alternative to these products, biomass and waste from different in
dustries are processed with different thermochemical processes to 
obtain dense oils that can be used in asphalt materials, and the research 
reported so far is generally favourable to its adoption [13]. Bio-oils and 
their derivatives can be used as modifiers or rejuvenators in asphalt 
materials, offering promising performance, such as durability, flexi
bility, and resistance to ageing and cracking [8,14,15]. However, the 
bio-oil properties vary with the source and processing technique used 
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[16]. Thus, further investigation is required to characterize these ma
terials and understand the interaction mechanism of bitumen and bio- 
oil. 

Zargar et al. [17] and Sun et al. [18,19] explored the effects of waste 
cooking oil (WCO) and the residue of WCO processing for biodiesel 
production on aged bitumen using various rheological tests. Zargar et al. 
found that adding 3–4 % of WCO to aged bitumen (40/50) could soften it 
to a level similar to the original bitumen (80/100). At the same time, Sun 
et al. discovered that the WCO biodiesel-derived bio-oil could decrease 
the complex modulus and creep stiffness and increase the bitumen’s 
phase angle and m-value, leading to improved stress relaxation and 
thermal cracking resistance. However, the Fourier transform infrared 
spectroscopy (FT-IR) analysis [19] revealed no significant chemical re
actions between the control bitumen and the biodiesel by-product. 
While the thermal stability of the by-product was somewhat lower 
than that of the control bitumen, it was still suitable for mixing and 
testing procedures. Also, the storage stability tests showed that the by- 
product-modified bitumens remained stable during hot storage and 
transportation, with differences in complex shear modulus values being 
less than 20 %. 

Gong et al. [20] extended these findings by examining the use of a 
similar WCO biodiesel-derived bio-oil as a softener for bitumen. They 
found that the bio-oil improves the rheological properties of aged 
bitumen, which can reduce energy consumption and carbon dioxide 
emissions during production. They found that short-term aged 50-pen 
bitumen and styrene–butadiene–styrene (SBS) modified bitumen could 
be recovered to their original level with a bio-oil content of 1.75 % and 
2.00 %, respectively. However, adding bio-oil also increased the sus
ceptibility of aged binder to moisture damage. The oil compensates for 
the loss of light components with ageing, and the aged bitumen with oil 
had less aggregation of polar components based on the Atomic Force 
Microscopy images. 

In the same way, Zadshir et al. [4] investigated the impact of three 
modifiers (petroleum-based oil, modified vegetable oil and swine 
manure-derived oil) on the chemical and thermo-mechanical properties 
of aged bitumens and found that the rejuvenators effectively reduce the 
increased molecular size ratio caused by oxidation. Then, molecular 
dynamics simulations revealed that amide groups in bio-rejuvenators 
interact with asphaltene molecules, altering their conformational 
packing, which they related to the observed improvements in the bi
tumen’s rheological properties. However, Ren et al. [21] found that the 
diffusion capacity of the rejuvenator in the bitumen decreases with the 
ageing level, which was justified with the variation of the free volume 
fraction distribution and the intermolecular force between rejuvenator 
and bitumen molecules. Thus, the intermolecular force also varies with 
the rejuvenator. 

In addition, Gao et al. [22] evaluated the penetration, ductility, 
softening point, and temperature and carried out frequency sweep tests 
on bitumen modified with a different type of bio-oil (wood-chip-derived 
bio-oil). Their results indicated that increasing the bio-oil content in
creases the penetration, ductility, and anti-cracking performance. The 
softening point and the anti-rutting ability of unaged bio-bitumen 
decreased when compared with the non-modified bitumen. Zhang 
et al. [23] analysed the effect of a sawdust-derived bio-oil on two long- 
term aged bitumens (PG 58–28 and PG 64–22 binders). They found that 
the rotational viscosity of aged bitumen could be decreased to the same 
level, or close to that, of virgin bitumen with 15–20 % bio-oil incorpo
ration. So, using bio-oil, the rutting index of aged PG 58–28 and PG 
64–22 binders decreased by 75.5 % and 77.2 % on average, respectively, 
for temperatures from 52 ◦C to 76 ◦C. The bio-oil also restored the low- 
temperature crack resistance of aged binders to their original properties. 
Asadi et al. [24] described that adding bio-oil to bitumen can improve its 
fatigue-fracture behaviour and performance due to its increased elas
ticity and damage tolerance. 

Related to cyclic loading response and damage, in [25,26] is reported 
that bio-oils can also improve the self-healing properties of bitumen. 

Generally, healing materials are defined as being able to restore their 
original properties after damage through thermal, mechanical, or other 
means [27]. Specifically for bituminous materials, based on the work of 
the Rilem Technical Committee TC 278-CHA (Crack-Healing of Asphalt 
Pavement Materials), Leegwater et al. [28] distinguished two types of 
healing: intrinsic when the restoration is provided from the material’s 
inherent properties; and extrinsic when the restoration, crack-healing, 
or prevention of crack propagation is improved by adding a phase or 
external action. The healing phenomenon of bituminous materials is 
currently a hot research topic [27]. 

The healing assessment is usually carried out by comparing the 
behaviour of the damaged material after applying internal or external 
factors to restore the initial condition. Then, the healing index is 
calculated as the ratio of the quantities describing the material’s 
behaviour in the two states, which can be determined by testing it with 
monotonic or cyclic tests. The process is rather straightforward because 
only one test configuration is used. Nevertheless, due to the viscoelastic 
nature of bituminous materials, the loading response, especially in cyclic 
tests, is affected by non-damage-related mechanisms, which stop or 
decrease its effect with time when the test is interrupted. To this end, 
Leegwater et al. [28] proposed to adopt the term “restoration” to the 
total change in properties after the rest period, and “recovery” and “self- 
healing” to the components of restoration due to loading-related 
reversible mechanisms and (micro)-cracks repair, respectively. 

Several tests have been used to investigate bitumen healing [29–31]. 
However, the most used tests consist of constant-amplitude cyclic 
loading protocols with the introduction of rest periods that can be 
frequent short periods or a few long periods. Often, with the latter type 
of resting in the cyclic test, the amount of healing is quantified based on 
the fatigue life or restoration of the stiffness modulus before and after 
the rest period [27]. Differently, Xie et al. [32] proposed a healing test 
protocol for a linear-increasing amplitude cyclic test, with rest periods 
applied before and after cohesive failure, and quantified the healing 
index from the restoration of the accumulated damage growth that was 
calculated based on the simplified-viscoelastic continuum damage (S- 
VECD) model. Also, Baglieri et al. [33] adopted a visco-elastic contin
uum damage mechanics approach to characterise bitumen healing using 
oscillatory shear tests with rest periods. 

Relative to the effect of bio-oils on healing, Gaudenzi et al. [34] 
evaluated the healing capacity of two bitumens and one bio-oil-modified 
bitumen obtained from tall crude oil. The authors conducted time sweep 
tests (TST) in strain-controlled mode, in both iso-stiffness and iso-ther
mal conditions, and the healing contribution was defined as the varia
tion of the number of loading cycles required to reach the same damage 
level after each rest period. The healing index results were considerably 
low (2–8 %) for the tested materials, however, the authors of the 
referred study concluded that healing depends mainly on the binder 
consistency, which decreases with bio-oil and increases with ageing. Sun 
et al. [26] also investigated the effects of ageing and bio-oil (WCO 
biodiesel-derived and a petroleum-based rejuvenator) regeneration on 
the healing behaviour of two types of bitumen with TST but calculated 
the healing index with the stiffness modulus. The healing results at 25 ◦C 
were significantly higher for the bio-oil-modified binders, reaching 25 % 
with one bitumen and 61 % with the other. 

Previous studies found that bio-oil derived from several sources have 
the potential to be a bitumen modifier and rejuvenator [35–37]. In 
particular, bio-oil derived from the biodiesel production process in
creases the proportion of aromatics, resins and saturates in bitumen 
which prevents the aggregation of highly oxidised components within 
the aged bitumen, however, the interaction of oil and bitumen function 
groups is not fully understood [18,20,38]. The oil-modified bitumen has 
lower viscosity and greater low-temperature performance. Recently, 
Pais et al. [38] investigated a bio-oil from biodiesel production that uses 
WCO and animal fat and concluded that the properties (moisture 
sensitivity, dynamic modulus and phase angle, fatigue resistance and 
rutting resistance) of asphalt mixtures with bio-oil modified bitumen 
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were compatible with those of asphalt mixtures with traditional bi
tumens. However, despite the mixture with the largest bio-oil content 
having the longest fatigue life, the other mixtures with less bio-oil per
formed worse than the reference mixture without oil. In summary, there 
is limited research regarding the effect of bio-oils, namely the ones 
derived from the biodiesel production process, on the fatigue-fracture 
behaviour and self-healing properties, and their evolution with oxida
tive ageing, which are especially important for the in-service 
performance. 

2. Objectives 

This research study aimed to investigate the fatigue and healing 
behaviour of bitumen modified with bio-oil derived from biodiesel 
production and to evaluate the ability of this bio-oil to revert the ageing 
effects on the bitumen. A paving grade bitumen (35/50) in three ageing 
states (unaged, short- and long-term aged) was blended with 1–3 % bio- 
oil. The fatigue behaviour is evaluated with constant- and increasing 
loading amplitude cyclic tests, and for the healing behaviour, the 
loading phases are alternated with rest periods at a specified damage 
level. Also, the healing index calculation is assessed by considering 
different test quantities, namely the complex shear modulus, the fatigue 
life and the VECD-derived damage intensity. 

3. Materials and methods 

3.1. Materials 

A standard paving grade bitumen, 35/50, was used. Table 1 presents 
the bitumen’s main properties, namely the needle penetration, softening 
point, and viscosity. The 35/50 grade is a semi-hard bitumen suitable for 
use in hot climates or under heavy traffic conditions. 

The bio-oil used in this work is a by-product of biodiesel production 
from waste cooking oil and animal fats, containing a range of organic 
compounds that are less volatile than those found in biodiesel and some 
residual Fatty Acid Methyl Ester (FAME). The specific composition of 
bio-oil varies depending on the feedstocks used to produce the biodiesel 
and the distillation process [38]. The bio-oil sample used in the study 
had high viscosity; therefore, it was blended with FAME in equal pro
portions (50/50) by weight before its incorporation in bitumen. 

The bio-oil was incorporated in three bitumen-aged conditions: 
unaged, short-term, and long-term. Short-term ageing was simulated 
through the Rolling Thin Film Oven (RTFOT) based on the EN 12607–1 
test protocol [39], and the long-term ageing was simulated by the 
Pressure Ageing Vessel (PAV) following the EN 14769 test protocol [40]. 
The RTFOT treatment aims to induce in the bitumen a similar ageing to 
that occurs during asphalt mixing, transporting, and compaction, and 
the PAV treatment aims to simulate in the material the ageing level after 
5 to 10 years in service. Unaged bitumen is referred to as BU, RTFOT 
aged bitumen is referred to as BR and PAV aged bitumen is referred to as 
BP. For each bitumen, 1, 2 and 3 % of bio-oil was added by weight of the 
total mix. Binders were prepared in a low-shear mixer by blending the 
bitumen and the bio-oil at 150 ◦C for 5 min at 350 rpm. Thus, the pre
vious terminology is followed by the bio-oil content. For example, the 
unaged bitumen with 3 % bio-oil is referred to as BU3. 

3.2. Consistency and rheological characterisation 

The consistency of the bio-oil-modified bitumen was measured 
through the needle penetration and ring and ball tests, following the 
European standards EN 1426 [41] and EN 1427 [42], respectively. A 
frequency sweep test at low strain amplitude was conducted using a 
dynamic shear rheometer to perform a linear viscoelastic rheological 
characterisation of the material at an intermediate temperature (20 ◦C). 

3.3. Linear amplitude sweep test 

The fatigue resistance, without healing contribution, of the bio-oil- 
modified bitumens was assessed using the Linear Amplitude Sweep 
(LAS) test (AASHTO-TP 101–14 [43]), which involves the application of 
a series of oscillatory load cycles at linearly increasing amplitudes to a 
disc-shaped specimen (diameter of 8 mm and height of 2 mm). The 
strain amplitude starts at 0.1 %, then 1 %-30 %, with a constant increase 
of 1 % every 10 s loading. The loading frequency was constant 
throughout the test (10 Hz). Hence, this test can induce fatigue damage 
in the specimen in less time than the constant amplitude time sweep test. 
The LAS test was performed at the intermediate temperature of 20 ◦C. 

To determine the fatigue resistance, the LAS test results were ana
lysed using the Viscoelastic Continuum Damage (VECD) approach 
defined in AASHTO-TP 101–14 [43]. Briefly, the material integrity C at 
cycle i is given by 

Ci =
|G*|i
|G*|ini

(1)  

and the damage intensity at time t (N cycles) is 

St =
∑N

i=1

[
π × γ2 × (Ci− 1 − Ci)

] α
1+α × (ti − ti− 1)

1
1+α (2)  

where, |G*|i is the shear complex modulus at cycle i, |G*|ini is the initial 
shear complex modulus (undamaged state), γ is the loading amplitude, 
and α is the inverse of the maximum slope (m) of the relaxation modulus 
(E(t) vs t) on the log–log scale. The m value was determined from the 
frequency sweep test described in section 3.2. The specimen’s failure is 
defined at the point where the shear stress is maximum, and the fatigue 
life is determined by 

Nf =

f
(

1− Cτ max
C1

)1+(1− C2)α
C2

[1 + (1 − C2)α ](π × C1 × C2)αγ− 2α (3)  

where Nf is the number of cycles to failure, f is the loading frequency, C1 
and C2 are the power law constants of C vs S, and Cτ max is the integrity at 
the shear stress peak (specimen’s failure point). 

3.4. Time sweep test with rest periods 

The healing capacity of the bitumen was evaluated from time sweep 
tests in strain-controlled mode, using a procedure similar to the research 
described in [44–46], which considers the total change in mechanical 
properties after the rest period as healing. 

The base procedure consists of sequential loading and resting periods 
(see Fig. 1), where the loading period (i = 1, 2, …) is interrupted when 
the complex shear modulus (|G*|) decreases to 50 % of the initial value 
(undamaged condition) and the duration of the resting period (j = 1, 2, 
…) is constant. The test was conducted at 20 ◦C, and the specimen size 
was the same as used with LAS. Three healing indexes were determined 
from test results, which differ in the test quantity used, i.e. the complex 
shear modulus, the number of cycles to failure and the amount of 
damage. 

The index HIm after the rest period j is obtained with the complex 

Table 1 
Properties of 35/50 penetration grade bitumen.  

Property Test method Value 

Penetration at 25 ◦C (0.1 mm) EN 1426 37 
Softening point (◦C) EN 1427 53 
Dynamic viscosity at 150 ◦C (Pa.s) EN 13,302 0.68  
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shear modulus as: 

HImj =
|G*|i+1initial

− |G*|ifinal

|G*|ifinal

× 100 =
Δ|G*|

|G*|ifinal

× 100 (4)  

where |G*|i+1initial 
is the initial complex shear modulus value 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 (5)  

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 (6)  

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). 

The bitumen’s behaviour under cyclic loading is affected by 
numerous factors, such as the material’s stiffness, temperature, loading 
frequency, etc. Therefore, the effect of the temperature, the strain 
amplitude, the rest time and the number of loading-resting phases were 
analysed to define the test conditions for healing tests. 

Fig. 3 shows the effect of the strain amplitude (γ = 1.0 %, 2.5 % and 
5.0 %) on the decrease of the complex shear modulus, normalised to the 
initial value (|G*|/|G*|ini), with the loading cycles for bitumen BU0, and 
as expected, the highest the strain amplitude is, the shortest the fatigue 
life of the material. 

Fig. 4 shows the evolution of the normalised complex shear modulus 

for three specimens throughout 12 loading phases with resting periods 
of 15 min in between. The complex shear modulus restoration after each 
rest period decreased rapidly with the accumulation of the loading cy
cles, meaning that the healing contribution decreased with it also. 

Fig. 5a and 5b present the test results of two binders (BU0 and BU2) 
for rest times varying between 5 min and 120 min. During the rest 
period, or when a sample is allowed to relax after applying a constant 
strain, the bitumen molecules can rearrange and recover their original 
structure, eventually increasing the complex shear modulus [47]. 

To aid the interpretation of the effect of the rest time, Fig. 6 shows 
the healing index values of the first rest period (HIm1, HIc1 and HId1) 
versus the rest time. Despite the differences between the two binders, the 
three indexes show increased healing with rest time. The relationship 
between the healing index and the rest time followed an exponential law 
with excellent fitting to the data, as demonstrated in Fig. 6. As the rest 
time increases, the healing index also tends to increase, meaning that the 
material can partially recover the lost stiffness and increase fatigue after 
being subjected to deformation when given sufficient rest time. 

Given these preliminary test results to the effect of the strain 
amplitude, the rest time and the number of rest periods, and for practical 
reasons of the laboratory work, 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. 

4. Results 

4.1. Consistency and rheological characterisation 

Fig. 7a and 7b show the effect of the bio-oil on the penetration and 
the softening point of the bitumen aged to different levels. The higher 
the ageing level is, the lowest the penetration and the highest the soft
ening point. The bio-oil significantly affected the consistency of 
bitumen, and on average, 1 % bio-oil resulted in an increase of 30 % in 
penetration and a decrease of 2 ◦C in the softening point. Also, the 
penetration increased exponentially with the bio-oil content, whereas 
the softening point linearly decreased. 

To understand the effect of the bio-oil on the viscoelastic rheological 
behaviour of the bitumen at intermediate conditions, Fig. 8 shows the 
results of the frequency sweep test performed at 20 ◦C. 

As anticipated, the ageing treatment increased complex shear 
modulus and decreased phase angle, which can be reverted with the bio- 
oil. Also, except for the binders BP0 and BP1 at the highest loading 
frequencies, the bitumens showed a viscoelastic behaviour dominated 
by its viscous part, which occurs when the δ is higher than 45◦, and the 
importance of the viscous behaviour increased with the bio-oil content 

Fig. 1. The sequence of the time sweep test with rest periods.  

Fig. 2. Calculation of healing indexes: (a) HIm1 and HIc1; (b) HId1.  
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and decreased with the ageing level. In the literature, the temperature at 
which the δ overpasses 45◦ is referred to as the viscoelastic transition 
temperature [26,48]. Therefore, for most of the tested binders, this 
temperature is below 20 ◦C. Notably, the bio-oil had a more significant 
effect on the stiffness modulus than on the phase angle, e.g. for 3 % bio- 
oil, at 10 Hz, |G*| reduced 77 % and δ increased 18–30 % depending on 
the ageing level of the bitumen. 

4.2. Fatigue resistance without rest periods 

The LAS test was performed primarily to evaluate the fatigue resis
tance of the binders without the beneficial effect of the rest period. Fig. 9 
illustrates the shear stress versus shear strain on the LAS test. The curve 
is similar in shape for all tested binders, but the stress level held by the 
specimens during cyclic loading increased with the ageing treatment 
(from unaged up to PAV treatment) and decreased with the addition of 
the bio-oil, which is related to the stiffness of the material. In the liter
ature, different studies [49–51] suggested using the point at which the 
maximum stress level is reached to determine the failure point of the 
specimen in the test. From this, the results show that the ageing 

Fig. 3. Effect of the strain level on the normalised complex shear modulus (sample BU0).  

Fig. 4. Effect of the number of rest periods on the normalised complex 
shear modulus. 

Fig. 5. Effect of rest time on the normalised complex shear modulus: (a) BU0; (b) BU2.  
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treatment made the bitumen harder and less ductile, and this effect was 
reversed with the addition of the bio-oil. On average, the tangent 
modulus in the initial part of the test (γ < 4 %) increased by 47 % with 
each ageing treatment and decreased by 75 % with the incorporation of 
3 % bio-oil. 

The fatigue resistance of bitumens from the LAS test was then eval
uated using the VECD methodology, which involves determining the 
material integrity (C) versus damage (S) curves, also known as “damage 
characteristic curves”. Fig. 10 illustrates the impact of the bio-oil on the 
damaged characteristic curves of bitumens subjected to different ageing 
levels. In the LAS test, the C value, which starts at 1.0, decreased as the 
number of loading cycles increased, which is related to the growth of the 
S variable. It is observed that the S value required to achieve the same 
level of C reduction was lower in aged bitumens and increased with the 
bio-oil content. This trend is seen in all three bitumens. C-S curves were 
compared by calculating the areas under the curves, presented in 
Table 2. The short and long-term ageing without bio-oil resulted in 
around a 22 % decrease in the C-S area, and adding just 2 % of bio-oil on 
short and long-term ageing samples is enough to achieve the same level 
as the unaged bitumen (BU0). 

The number of loading cycles that the bitumen can support was 
determined with Eq. (3), and Fig. 11 compares the estimated resistance 

for two strain amplitudes (2.5 % and 5.0 %). Surprisingly, the long-term 
aged bitumen, with and without rejuvenator, exhibited greater fatigue 
resistance, while the short-term aged bitumen performed worse than the 
unaged bitumen. These results are attributed to the sensitivity of the C-S 
model to the strain level. Although the power-law model used to fit C-S 
curves did not accurately capture the entire C-S curve for some bi
tumens, it is observed that a small addition of bio-oil increased the fa
tigue resistance for all bitumens (BU, BR, and BP). 

In this study, the testing protocol of the time sweep test was adapted 
(described in section 3.4) to investigate the healing capacity of studied 
binders. However, the number of cycles applied in the first loading 
phase, which was interrupted when the complex shear modulus 
decreased to less than 50 % of the initial value, can be compared with 
the fatigue resistance estimated from the LAS test for the same strain 
amplitude (2.5 %), see Fig. 12. In all cases, the fatigue resistance esti
mated from LAS was significantly lower than that measured in the time 
sweep test (average values). Also, the results show a smaller variation in 
the fatigue resistance estimated from LAS for the different materials. 
Differently, Safaei et al. [52] reported a good correlation between these 
two tests; however, they used different analysis protocols for both tests. 

Fig. 6. Healing index of first rest period with different rest periods for BU0 and BU2: (a) HIm1; (b) HIc1; (c) HId1.  

Fig. 7. Test results: (a) penetration; (b) softening point.  
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4.3. Healing potential from time sweep testing with rest periods 

The fatigue life is an essential factor in the design of asphalt pave
ments, as it ensures that the pavements will have a long service life and 
will require few maintenance and repair operations. Continuous loading 
used in most cyclic tests is convenient for reducing the testing time, but 
it does not realistically represent the real traffic patterns with short and 
long rest periods between loads [53]. Thus, the inclusion of rest periods 
between loads is essential to evaluate the healing contribution to fatigue 
resistance. Fig. 13 illustrates the evolution of the complex shear 
modulus, normalised to the initial value, with the loading cycles in the 
four loading periods. As expected, it is observed that the ageing level and 
the bio-oil content affected the number of cycles held by the specimens 
in the test. For the same specimen, the number of cycles in each loading 
period decreased in comparison with the previous period, which is 
related to the accumulation of damage that is not fully recovered in the 
rest period. In general, for the same ageing level, the number of loading 
cycles increased with the bio-oil content, which means that adding bio- 
oil to the binder has a positive effect on the fatigue life of the material. 
Differently, the effect of ageing is less clear because, for the same oil 

content, the number of loading cycles can decrease or increase with 
increasing ageing. 

It is noteworthy to mention that, as shown in Fig. 14, the limit of 50 
% reduction in the complex shear modulus that was used as a stopping 
condition for the loading periods was insufficient to obtain a peak in the 
graph of the N × [|G*|/|G*|ini] versus N. This peak has been associated 
before with the specimen’s failure in cyclic tests and is considered a 
better failure indicator than the 50 % reduction in |G*| [54]. In the first 
loading period, the test is stopped just before reaching the peak. How
ever, in the following loading periods, the curves show constant slope 
lines throughout the period. Also, it is observed in Fig. 14 a similar effect 
of the bio-oil and ageing to that found in Fig. 13. 

This study evaluated the contribution of healing during rest periods 
to the loading response with three indicators (HIm, HIc and HId) because 
there is no unanimous method to quantify it. It should be noted that the 
bitumen’s response to cyclic loading is affected by multiple phenomena, 
including stress relaxation/strain recovery, thixotropy, steric hardening 
and healing, which also influence restoration after resting [27,55]. 
However, it is not straightforward to separate their individual effects 
and evaluate their differences among bitumens. So, the healing indexes 

Fig. 8. Variation of |G*| and δ with the frequency, at 20 ◦C: (a) BU; (b) BR; (c) BP.  

Fig. 9. Stress-Strain curves on LAS tests: (a) BU; (b) BR; (c) BP.  

M. Cabette et al.                                                                                                                                                                                                                                



Construction and Building Materials 409 (2023) 134033

8

calculation considers the total observed change in mechanical proper
ties, i.e. the loading response restoration. 

Fig. 15 shows the variation of the healing indexes (average values) in 
the three rest periods (j = 1, 2 and 3), with the bio-oil content for the 
different ageing levels. Overall, the amplitude of variation in HIm, HIc 
and HId values was (min–max) 7.7–26.9 %, 1.1–20.0 % and 1.1–18.4 %, 
respectively. The indexes HIc and HId results were very similar (average 
difference of 1.3 %) regardless of the ageing level and bio-oil content. 
This means that, after the rest periods, the number of cycles sustained in 
the loading period is proportional to the damage intensity increase in 
that same loading period, which is used to calculate HId. Thus, it can be 
seen in Fig. 2a and 2b that, for both |G*|-N and C-S curves, the curve 

slope is very similar in the different loading periods. Differently, the 
healing index based on the complex shear modulus restoration after the 
rest period, HIm, was higher than HIc and HId in all cases. The average 
difference was 7.2 % for HIc and 8.4 % for HId. 

Nevertheless, it is observed a common effect of the bio-oil content, 
the ageing level and the number of load/rest repetitions from the 
analysis of the three healing indexes. First, the healing indexes values 
reduced by an average of 1.1 % with every increase in the ageing level, i. 
e. from BU to BR and BR to BP, but the largest differences were found for 
the highest oil content (-4.3 % BR3 and − 3.2 % BP3). 

Oxidative ageing changes the chemistry of the bitumen, especially 
the proportion of the chemical groups, which gives the viscoelastic 
behaviour, ductility, elastic recovery, flowability, etc., to the bitumen to 
perform well under very different conditions [47,56,57]. To address this 
problem, the rejuvenator should change the aged bitumen by reba
lancing the chemical composition of bitumen and the rheological and 
performance-related properties eventually. 

Hence, the healing index increased with the bio-oil content. For 
every 1 % increase in bio-oil, the average increase was 3.3 %, 2.4 % and 
1.1 % for BU, BR and BP, respectively. Moreover, these results show the 
limitations of the bio-oil to rejuvenate aged bitumen. In the literature, 

Fig. 10. Damage characteristic curves (C-S): (a) BU; (b) BR; (c) BP.  

Table 2 
Area measured below C-S curve.  

Sample Area (-)  Sample Area (-)  Sample Area (-) 

BU0 71  BR0 55  BP0 54 
BU1 74  BR1 56  BP1 60 
BU2 84  BR2 69  BP2 70 
BU3 84  BR3 77  BP3 80  

Fig. 11. Fatigue resistance estimated from LAS test: (a) BU; (b) BR; (c) BP.  
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Sun et al. [26] and Gaudenzi et al. [34] reported a positive effect of both 
ageing and rejuvenator content on the healing index at a similar inter
mediate temperature (~20 ◦C). However, Sun et al. also showed that at 
higher temperatures (25–30 ◦C), the effect of ageing was negative, from 
which they formulated the hypothesis of a healing-temperature curve 

for each bitumen where the healing behaviour changes could be related 
to the elastic recovery ability at low to intermediate temperatures and 
the flow ability at higher temperatures. Moreover, according to these 
authors, the proposed healing-temperature curve would be dislocated 
into the lower temperatures with ageing and in the opposite direction 

Fig. 12. Fatigue resistance (γ = 2.5 %), LAS vs. TST (1st loading period): (a) BU; (b) BR; (c) BP.  

Fig. 13. Evolution of the normalised complex shear modulus with loading cycles: (a) BU; (b) BR; (c) BP.  

Fig. 14. Evolution of N × [|G*|/|G*|ini] with loading cycles: (a) BU; (b) BR; (c) BP.  
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with the rejuvenator. 
As expected, the loading-rest sequence, and the accumulated dam

age, affected the healing indexes values. For the first rest period, the 
average values of HIm, HIc, HId were 19.6 %, 10.3 % and 9.9 %, 
respectively, and decreased 3.2–5.9 % and 0.7–1.5 % in the second and 
third rest periods. During the rest period, different mechanisms, 
damage-related (e.g. internal structural rearrangements) and non- 
damage-related (e.g. relaxation and redistribution of stress, tempera
ture decrease, etc.), contribute to the loading behaviour and are 
included in the calculated healing index; however, these results show 
that the healing ability decreases with the accumulated damage. Also, 
the differences in healing indexes values between the first and the sec
ond rest periods were larger for the aged bitumens (BR and BP) in 
comparison with the unaged bitumen, which further demonstrates the 
detrimental effect of oxidative ageing on the fatigue resistance of bitu
minous materials. 

Oxidative ageing and bio-oil have opposite effects on the stiffness of 
the bitumen. Hence, to understand the relationship between the bi
tumen’s stiffness modulus and the healing ability, Fig. 16 plots one 

variable against the other, and the results were fitted with an expo
nential model. Thus, with the exception of HIm in the first rest period 
(HIm1), the healing index is mostly influenced by the complex shear 
modulus, and this relationship increases with the rest periods (or the 
accumulated damage). Obviously, these models are material-specific, 
and it should be investigated the variation with the bitumen and reju
venator properties. 

5. Conclusions 

This paper presents a study that investigated the healing behaviour 
of bitumen modified with bio-oil derived from biodiesel production. One 
base bitumen in three different ageing stages (unaged, short and long- 
term ageing) was used for adding up to 3 % of bio-oil. In addition to 
consistency and rheological tests to characterise the modified bitumen, 
fatigue resistance tests with and without rest periods were performed to 
assess the healing capacity through three indexes, relating the complex 
shear modulus, the number of cycles to failure and the amount of 
damage, after a rest period. 

Fig. 15. Healing indexes: (a) HIm – BU; (b) HIm – BR; (c) HIm – BP; (d) HIc - BU; (e) HIc - BR; (f) HIc - BP; (g) HId - BU; (h) HId - BR; (i) HId - BP.  
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From the general characterisation of the bitumen modified with bio- 
oil, it was possible to conclude that: i) the addition of the bio-oil pro
duced a binder softening, expressed by the increase of the penetration 
and a decrease in the softening point for all stages of ageing considered 
(1 % bio-oil increased 30 % the penetration and decreased 2 ◦C the 
softening point); ii) in terms of the rheological behaviour, the bio-oil 
produced a decrease of the complex shear modulus and an increase of 
the phase angle, function of the bio-oil content and ageing induced (for 
3 % bio-oil, |G*| reduced 77 % and δ increased 18–30 % depending on 
the ageing level of the bitumen); iii) LAS test results proved the increase 
of the binder hardening with the ageing that was reversed with the 
addition of the bio-oil. Regarding fatigue resistance, the bio-oil allows its 
improvement, as proved by the area below the C-S curves. 

Regarding the healing of the binder modified with bio-oil, it is 
possible to state that the healing indexes considered in this work follow 
an exponential law with the duration of the rest period. However, the 
number of cycles in each loading period decreased compared to the 
previous period, meaning that the damage was not fully recovered in the 
rest period. Depending on the healing index considered, the material 
restoration after a 15-minute rest period was limited to 26.9 %, meaning 
that the material integrity is not all recovered by adding the bio-oil. 
However, the bio-oil contributed significantly to that restoration by an 
increase of the restoration with the increase of the bio-oil added to the 
binder. For every 1 % increase in bio-oil, the average increase in healing 
index was 3.3 %, 2.4 % and 1.1 % for unaged, short- and long-term aged 
binders, respectively. The results of the bitumens in different ageing 
states also showed that the healing index is mostly influenced by the 
complex shear modulus, which the studied bio-oil is very effective in 
decreasing. 

Bio-oils can serve both the purpose of recovering bitumen properties 
to allow its persistent use in pavement structures and of adopting more 
sustainable solutions in practice. However, further studies need to be 
conducted, such as examining how the studied bio-oil interacts with 
aggregate and filler in the mixture. Also, depending on the method used 
to incorporate bio-oils in pavement structures, adequate studies may be 
necessary to ensure that its constituents do not pose environmental risks 
in the long term. 
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[11] T. Ribeiro, A.C. Freire, M. Sá-da-Costa, J. Canejo, V. Cordeiro, R. Micaelo, 
Investigating asphalt self-healing with colorless binder and pigmented rejuvenator, 
Sustainability 15 (2023) 4556, https://doi.org/10.3390/su15054556. 
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