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This study aims to propose critical fatigue indicators for evaluating the restoration effectiveness of various re-
juvenators on the fatigue performance of aged bitumen. The influence factors of rejuvenator type/dosage and
aging degree of bitumen are involved, and different fatigue parameters from linear viscoelastic (LVE), linear
amplitude sweep (LAS), and time sweep (TS) tests are analysed. The results reveal that bio-oil exhibits the
greatest rejuvenation efficiency in improving fatigue life of aged bitumen, followed by engine-oil and
naphthenic-oil rejuvenators, while aromatic-oil shows the lowest effect. Moreover, the rejuvenation percentages
on fatigue parameters of rejuvenated bitumen enhance significantly with increased rejuvenator dosage but
weaken as the aging level deepens. The fatigue failure temperature (FFT) from the LVE test, fatigue life (N¢s),
peak strain (eg), elastic modulus (E) from the LAS test, and crack width (Csgg) from the TS test are recommended
as critical indicators for fatigue performance evaluation of rejuvenated binders. Further, the crack width greatly
correlates with other essential indicators and can be predicted using correlation equations without conducting
the time-consuming time sweep test. The difference in these critical fatigue parameters of various rejuvenator-
aged bitumen blends provides the macroscale basis for future nanoscale mechanism exploration and superior

rejuvenator development.

1. Introduction

The concept of sustainable development and circular economy is
increasingly recognized by infrastructural engineers and researchers
[1,2]. Considering the limitation of bitumen resources, it is worth
advocating to reuse the waste reclaimed asphalt pavement (RAP) ma-
terials during the maintenance and reconstruction of asphalt pavements
[3]. As publicly known, the RAP recycling policy greatly benefits cost-
reduction, material-saving, and environment-protection [4-6]. Howev-
er, the RAP involved in asphalt mixture is strictly restricted to low
volume because of its high cracking potential and terrible fatigue per-
formance [7,8]. Furthermore, it was reported that incorporating RAP
deteriorated the service life of asphalt pavement significantly [9].

The main reason for the short fatigue life of RAP material is the in-
ternal aged bitumen with high stiffness and less relaxation capacity [10].
To address this issue, various rejuvenators have been developed to
restore the chemo-rheological properties of aged bitumen, and thus its
fatigue behavior would be enhanced to some extent [11]. For instance,
Cao et al. [12] found that waste vegetable oil could significantly
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improve the workability and fatigue resistance of aged binders. Simi-
larly, other recycling agents (such as bio oil, paraffinic oil, aromatic
extract, tall oil, etc.) exhibited positive effects on prolonging the fatigue
life of asphalt binders and mixtures [13].

Nevertheless, the rejuvenation efficiency on fatigue properties is
significantly affected by the rejuvenator types and dosages, RAP sources,
and percentages [14,15]. Santos et al. [16] mentioned that the bio-oil
rejuvenator in aged bitumen showed an excessive mass loss after
aging than other rejuvenators, shortening the fatigue life of bio-
rejuvenated bitumen. Meanwhile, the conclusions regarding the aging
influence on the fatigue life of bitumen from different studies are still
inconsistent, resulting from the difference in material characteristics,
aging protocol, and fatigue strain level [17]. To develop more high-
quality rejuvenators with sufficient rejuvenation effectiveness on fa-
tigue performance recovery, evaluating and comparing the rejuvenation
efficiency of different rejuvenator-aged bitumen blends is necessary.
Only in this way can we improve the macroscale fatigue performance of
rejuvenated bitumen by adjusting rejuvenators’ physiochemical
characteristics.
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However, the variations of rejuvenation conditions and character-
ization tests result in many discrepancies in the literature about re-
juvenators’ effectiveness in enhancing the fatigue performance of RAP
binder and mixture [18,19]. Table 1 lists some cases containing variable
material components and fatigue evaluation indices. Until now, various
fatigue tests have been adopted to assess the fatigue performance of
bitumen blends, including linear viscoelastic measurements, time
sweep, linear amplitude sweep, and elastic recovery tests. For each fa-
tigue method, different evaluation indicators are proposed to quantita-
tively estimate the fatigue property change of bitumen due to aging,
rejuvenation, and modification. The Superpave fatigue parameter
(G*sind), Glover-Rowe (G-R), fatigue failure temperature, rheological
index (R), and crossover frequency (w.) are used as LVE fatigue indices.
Moreover, the TS parameters contain fatigue life Ngso, Npr, Np, Np20,
Fatigue damage factor Dg, 50% modulus G*50y, PA peak, and S x N
peak. The viscoelastic continuum damage (VECD) model is always uti-
lized to analyze the LAS results, and different parameters (like A, B, Cy,
Co, ®, Tmax, Nf2.50, and Ngse,) were chosen randomly. Furthermore, the
crack width derived from LAS and TS results was also calculated as a
fatigue index. It is important and expected to introduce the universal
indicators for evaluating the fatigue behavior of rejuvenated binders,
considering the influence factors of bitumen components, rejuvenator
types/dosages, and aging levels of bitumen.

2. Research limitations and objectives

Based on the literature review, there are still research limitations on
the fatigue performance evaluation of rejuvenated bitumen, and some of

Table 1
Fatigue evaluation indices of various bituminous materials.
Fresh/aged bitumen Rejuvenator type/ Fatigue indices Ref
dosage
An extracted RAP binder Soybean-based G*sind and G-R [20]
(lowa, USA) rejuvenator with a
dosage of 12%
RAP/VG40 blends with Waste vegetable oil Failure strain, A, B, [21]
R/T = 0.5 and 0.7 with dosages of 5.5% C parameters,
and 11.3% Nr2.50%
SBS modified bitumen A rejuvenator with Fatigue failure [22]
blended with RAP dosages of 2%, 4%, and temperature;

(Yanjin, China) 6% Cyq, C2, A, B, ®, Trax,
Ntz 505 and Niso,
RAP mixture varying Date seed oil (DSO) G* and N¢ [23]
from 20 to 40% with a 5% dosage
(Tehran, Iran)
Aged bitumen after 20 h Aromatic extract and Dy, o, Ng3 500, Nisop, @ [24]
and 40 h PAV tests waste cooking-oil with
dosage varies from
3.3% to 9.2%
RAP binder (Chongqing, A rejuvenator with 2%, Nts0, Npr, Np, Np2o [25]
China) 4%, 6%, and 8%
dosages
Polymer modified - G*sind, G-R, ATc, A [26]
bitumen and fresh and B
bitumen
PG 64-22 base bitumen Bio-oil with 1%, 3%, G*sind, R, o, G-R, [27]
and 5% dosages and N¢
70# bitumen, short-term Dg and N¢ [28]
aged, and asphalt -
mastic with 50%
mineral powder
content
PG 58-22 bitumen Elastic recovery [29]

modified by bio-oil,
natural rock, EVA,
SBS, and crumb rubber

(ER),

G*500, PA peak; S
x N peak, DER,
Nes06, Ne10os, Ne150s

Note: ATc is the critical temperature of S = 300 MPa and m = 0.3 from bending
beam rheometer (BBR); Elastic recovery (ER) is obtained from multiples stress

creep and recovery (MSCR) test.
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them are described as follows:

(i) Although most previous studies mentioned that the rejuvenation
efficiency of rejuvenator on fatigue performance recovery of aged
bitumen significantly depended on the material properties of
rejuvenator and aged bitumen, few researchers have compre-
hensively investigated the effects of these factors on the fatigue
performance of rejuvenated binders.

(ii) Different fatigue tests and evaluation parameters were utilized to
characterize the fatigue behavior of bituminous materials, but no
uniform fatigue test and assessment indicators have been iden-
tified, especially when exploring the aging, rejuvenation, and
modification influence.

(iii) The diversity of evaluation methods and material components
remarkably hinders the mechanism exploration and advanced
material development for enhancing the fatigue resistance and
self-life of recycled asphalt pavements.

To this end, this study aims to systematically examine the impacts of
rejuvenator type/dosage and the aging degree of bitumen on the fatigue
performance improvement of aged bitumen. The critical fatigue tests
and evaluation indicators on different rejuvenator-aged bitumen blends
will be proposed by comparison and screening for future standard
formulation. The detailed research methodology is illustrated in Fig. 1.
Large sample set will be achieved by preparing different rejuvenated
binders with three aging levels, four rejuvenator types, and six rejuve-
nator dosages. Afterward, three popular fatigue tests (Linear visco-
elastic, linear amplitude, and time sweep) will be performed on all
fresh/aged/rejuvenated binders to synthetically assess the rejuvenation
efficiency of various rejuvenators on the fatigue performance recovery
of aged bitumen. For each fatigue test, a series of evaluation parameters
will be considered and compared in terms of their sensitivities to vari-
able factors to fully understand the difference in fatigue behaviors of
various rejuvenator-aged bitumen systems.

3. Materials and methods
3.1. Materials

Fresh bitumen with a PEN-grade of 70/100 is used to prepare the
aged and rejuvenated bitumen. Table 2 displays the chemo-physical
properties of fresh bitumen. Meanwhile, four groups of rejuvenators
categorized by the National Center for Asphalt Technology (NCAT) [30]
in America are involved in this study, including the bio-oil (BO), engine-
oil (EO), naphthenic-oil (NO), and aromatic-oil (AO). Their material
characteristics are listed in Table 3.

3.2. Preparing aged and rejuvenated bitumen

The fresh bitumen was used to artificially fabricate the aged bitumen
using the Thin Film Oven test (TFOT) and Pressure Aging Vessel (PAV)
for short-term and long-term aging. For all aged binders, the tempera-
ture and aging time of FTOT were 163 °C and 5 h. The aging temperature
of PAV was 100°C, while the aging time varies from 20 to 40 and 80 h for
preparing the aged bitumen with different long-term aging degrees. The
fresh and various aging bitumen were abbreviated as VB, LAB20, LAB40,
and LAB80.

Twelve groups of rejuvenated bitumen were manufactured with
three aging levels and four rejuvenators. The aged bitumen was first
preheated and then mixed with rejuvenators at 160 °C for 10 mins to
ensure homogeneous dispersion of the rejuvenator. Considering the
slight aging level, the rejuvenator dosages in LAB20 vary from 1.25% to
10%. To the severely-aged bitumen (LAB40 and LAB80), the rejuvenator
concentration changes from 2.5% to 15% with an interval of 2.5%. In
total, 72 kinds of rejuvenated binders were fabricated for relaxation
behavior characterization considering the coupling effects of
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Fatigue recovery measurements

Linear viscoelastic (LVE) test = G-R (G-RR); G*sind (FPR); FFT (FFTR)

T-y curves (fse, €, £, E, Gse, G, Gs2);

Linear amplitude (LAS) test == C-S curves (Cy,C;); Ng

N-yp curves (e k. G*sinSinisiar, Sp A, B)
== G*-N curves (Npsos, Spear):

DER-N curves (Npz0, Wo);

Crack width C-N curves (C;oo. ClSOO- Csoao)

AO | Propose critical fatigue test and evaluation indicators for rejuvenation efficiency

Fig. 1. Research objective and methodology, where G-RR denotes G-R parameter-based rejuvenation percentage; FPR is fatigue parameter-based rejuvenation

percentage; FFTR shows fatigue failure temperature-based rejuvenation percentage.

Table 2

Chemo-physical properties of fresh bitumen.
Properties Value Specification
25°C Density /g'cm ™3 1.017 EN 15326
25°C Penetration / 0.1 mm 91 ASTM D35
Softening point / °C 48.0 ASTM D36
135°C Viscosity / Pa's 0.80 AASHTO T316
Saturate dosage / wt% 3.6
Aromatic dosage / wt% 53.3 ASTM D4121
Resin dosage / wt% 30.3
Asphaltene dosage / wt% 12.8

Table 3

Material characteristics of rejuvenators.
Properties Bio-oil Engine- Naphthenic- Aromatic-

oil oil oil
25°C Density /g'em 3 0.911 0.833 0.875 0.994
25°C Viscosity / cP 50 60 130 63,100
Flash point / °C 265-305 > 225 > 230 > 210
Average weight Mn / 286.43 316.48 357.06 409.99
g'mol !

Carbon dosage / wt% 76.47 85.16 86.24 88.01
Hydrogen dosage / wt%  11.96 14.36 13.62 10.56
Sulfur dosage / wt% 0.06 0.13 0.10 0.48
Oxygen dosage / wt% 11.36 0.12 0.10 0.40
Nitrogen dosage / wt% 0.15 0.23 0.12 0.55

rejuvenator type/dosage and aging grade of bitumen. It should be
mentioned that all samples were subjected to both TFOT and PAV tests
before performing the fatigue measurements.

3.3. Linear viscoelastic (LVE) measurements

The linear viscoelastic performance of aged and rejuvenated bitumen
is assessed using a frequency sweep test with a dynamic shear rheometer
(DSR). The diameter and gap between the upper and bottom plates are 8
mm and 2 mm. The frequency rises from 0.01 to 100 rad/s at various
testing temperatures of 0, 10, 20, and 40°C. The strain level keeps
constant at 0.1% to ensure the LVE response of bitumen. The fatigue
parameter G*sind is outputted and the value at 10 rad/s is selected to
determine the fatigue failure temperature (G*sind = 5000 kPa). In
addition, the G-R value is calculated following Eq. (1).

_ |G”|(cosd)?

G-R
sind

@

where G* and § are the complex shear modulus and phase angle at 15 °C
and 0.005 rad/s.

3.4. Linear amplitude (LAS) test

The LAS tests are performed on all fresh/aged and rejuvenated

binders using a DSR device. The graph illustration of applied strain
variation and sample dimension of the LAS test is displayed in Fig. 2(a).
The diameter and height of the bitumen specimen are 8 mm and 2 mm,
respectively. The applied strain increases linearly from 0.1% to 30%.
The temperature and frequency are selected as 20°C and 10 Hz. The total
loading cycle number and test time are 3100 cycles and 310 s.

The simplified viscoelastic continuum damage (S-VECD) modelling
[31] is adopted to analyze the LAS results. An internal parameter S is
introduced to quantify the damaged state of bituminous materials:

s OWR

@ e @

where t refers to fatigue time, a shows a material constant related to the
rate of damage accumulation, and W® is the pseudo-strain energy den-
sity calculated as follows:

1
W =2C(8) (1) ®3)
The C function represents the pseudo stress quantitatively describing
material integrity, defined as the ratio of peak stress 7, and pseudo strain
amplitude yR. In addition, the yR parameter is defined as below:

(¥, * Grve)

R P LVE

=t 4

Y Gr 4
where y, shows the strain amplitude in a fatigue cycle, Gg and G*yg are
the arbitrary reference modulus and linear viscoelastic shear modulus.
Thus, the C function can be rewritten as Eq. (5).

7, ® Gr

c®) = (Yp A GzVE)

)

Meanwhile, the damage state parameter S can be derived as follows:

S =) B(Vk)z(ci—l -G)

o
a1

o (t —t )™ ©6)

where N and i are the load cycles and the cycle number. A power law
model is adopted to describe the correlation between the material
integrity C and damage parameter S shown in Eq.7. The C; and C; are
the constants.
C(S)=1-C, eS© )
Based on the above equations, the fatigue life N¢ of bituminous ma-
terial can be predicted from the strain amplitude y,, using Eq. (8).
fe2%e Sflfaczm

(1—aCy + (x)(ClCZ)u(’Yp ° Give)

o (®

where f refers to the fatigue frequency, and S is the damage at a failure
point calculated as:

)& ©)
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Fig. 2. Fatigue test methods on bituminous materials.

The C¢is the C parameter at the failure point reaching the peak stress.
For simplification, the Eq. (8) can be rewritten as follows:

Ni = Ay,)" (10)
where B = —2a, and A represents the term displayed in Eq. (11), in
whichk =1 — aCqy + .

fe2%eSk
= an
k(CiC2)"(Gryg)

3.5. Time sweep (TS) test

As shown in Fig. 2(b), 2.5% and 5.0% constant strain levels are
applied to perform the TS tests on fresh/aged and rejuvenated bitumen
at 20°C. The frequency is 10 Hz, and the DSR specimen size is the same
as the LVE test. To ensure data reliability, at least two parallel specimens
are measured for all LVE, LAS, and TS tests.

During the fatigue life, three stages of material integrity variation
contain (i) No damage; (ii) Crack initiation; and (iii) Crack propagation.
The cumulative dissipated energy ratio (DER) can clearly distinguish
these three stages, calculated as Eq. (12).

_ Zinzlwi

n

DER, 12)

Wi and Wn are the dissipated energies (DE) at the i and n fatigue cycles.
And Eq. (13) is used to calculate the DE value.

W = To;7,,;8in(8;) 13)
where 10 1 and yo, 1 are the stress and strain amplitudes in the ith cycle.

In the TS test, the variations of shear modulus G* and DER values of
bitumen as a function of the loading cycle are detected to measure the
fatigue life. The Npyo parameter is always used as a failure criterion,
defined as the number of loading cycles when the DER value is 20%
higher than the corresponding point on the equality line. In addition, the
Np20 shows an exponential relationship with the initial DE (Wp) values,
as displayed in Eq.14.

1
Ny =K; (WU)K1

(14)

where K; and Kj are the fitting parameters, and it should be noted that
the Nj20 parameter corresponds to the demarcation point between the
No damage and Crack initiation stages without considering the Crack
propagation part. Table 4 summarizes the test conditions and evaluation
indicators of bitumen fatigue performance adopted in this study.

To quantitatively estimate the rejuvenation efficiency of various
rejuvenators on the fatigue properties of aged bitumen, a rejuvenation
percentage index (PR) is introduced and calculated as follows:

Table 4
Test conditions and evaluation indices of bitumen fatigue performance.
Item  Fatigue Conditions Parameters
tests
Frequency sweep at 15 °C G-R
1 LVE test and 0.005 rad/s
Frequency sweep from 10°% G*sing, Fatigue failure
102 rad/s at 0, 10, 20, 30, temperature
and 40 °C
Linear amplitude sweep at 1-y curves (fse, €, fsr, E, Gse, Gsly
2 LAS test 20°C and 10 Hz with the and Gg); C-S curves (C; and
strain increasing linearly C2); Ng Ny, curves (o, k,
from 0.1% to 30% G*sindipjtial, St, A, and B)
Strain-controlled time sweep G*-N curves (Nps09 and Spear);
3 TS test with 2.5% and 5% strain DER-N curves (Np20 and Wo);
levels at 20°C and 10 Hz Crack width C-N curves (Cso,
Ci500, C3000)
PR = Pagcd - Prcjuvcnalcd 7,:100 (15)

Paged - Pfresh
where PR is the rejuvenation percentage, and P represents the fatigue
indices in Table 4. Moreover, the Presh, Paged, and Prejuvenated are the
fatigue indices of fresh, aged, and rejuvenated binders, respectively.
4. Results and discussion

4.1. Linear viscoelastic parameters

4.1.1. G-R parameter
The G-R parameter is an effective index to evaluate bitumen’s

600

400 | 4
|G-R = 6.536*exp(0.0549*t)+13.971, R2=0.999 /

300 -

G-R (kPa)

200 - /
7

100 - v,

0 A % E

VB SAB LAB20 LAB40
Bitumen samples

LABS0

Fig. 3. The variation of the G-R parameter of bitumen.
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cohesive ductility and cracking potential. Fig. 3 shows the G-R results of
fresh and aged bitumen. The G-R values increase exponentially as the
aging degree deepens, especially for the LAB80 binder. Based on the G-R
definition shown in Eq.1, the increment in complex modulus G* (stiff-
ness) and decrease of phase angle § result in the high G-R value of aged
bitumen. The exponential correlation formula between the G-R and
aging time with a high R? value of 0.999 can predict the G-R values of
aged binders with other aging levels.

The variation of G-R values of rejuvenated bitumen as a function
rejuvenator dosage is shown in Fig. 4. The G-R parameter tends to
decrease linearly with the increase in rejuvenator content. The corre-
lation curves between G-R and C values of rejuvenated binders differ
significantly due to the difference in rejuvenator type and the aging
degree of bitumen. With regard to aging level and rejuvenator dosage,
the magnitude of G-R values for rejuvenated bitumen is BORB < EORB
< NORB < AORB. It implies that the bio-oil rejuvenated bitumen shows
the lowest cracking potential, followed by engine-oil and naphthenic-oil
rejuvenated binders, while the aromatic-oil rejuvenated bitumen is most
prone to crack. Moreover, the G-R values of all rejuvenated binders in-
crease strongly as the aging degree of bitumen deepens. The absolute
slope values in correlation equations of G-R-C curves can reflect the
sensitivity of the G-R parameter of rejuvenated bitumen to the rejuve-
nator content change. It is observed that the sensitivity levels of BORB
and AORB are the highest and lowest, which weaken as the aging grade
of bitumen increases.

The G-R-based rejuvenation percentages GR-R of all rejuvenator-
aged bitumen blends are also presented in Fig. 4. A higher rejuvenator
dosage leads to a larger G-RR value of rejuvenated bitumen. An expo-
nential relationship between the G-RR and C parameters is observed for
all rejuvenation cases. It indicates that the positive effect of rejuvenator
content on G-R recovery of aged bitumen reduces gradually as more
rejuvenator is added. The rejuvenator type and aging degree signifi-
cantly affect the G-RR values and its variation trend versus rejuvenator
dosage. The bio-oil and aromatic-oil show the strongest and smallest
rejuvenation efficiency on the G-R value of aged bitumen. The engine-oil
and naphthenic-oil rejuvenators have similar effects. Meanwhile, a high
aging degree of bitumen results in a low rejuvenation efficiency on G-R
value. Interestingly, the G-RR values of AORB and NORB binders are
much close in LAB80, indicating that aromatic-oil exhibits a significant
rejuvenation efficiency in restoring the G-R value of aged bitumen with
severe aging degrees.

International Journal of Fatigue 175 (2023) 107753

4.1.2. G*siné parameter

The LVE fatigue parameter G*sind of fresh and aged bitumen are
displayed in Fig. 5 at different temperatures. It is obvious that long-term
aging promotes the increase in G*sind of bitumen and reduces its tem-
perature sensitivity. High temperatures contribute to the reduction of
G*sind values of bitumen, and the Log(G*sind) exhibits a linear rela-
tionship with temperature T. In addition, the Log(G* sind) of bitumen
shows a linearly increasing trend as the aging level extends. The sensi-
tivity of Log(G* sind) to the long-term aging time enlarges as the tem-
perature rises. Thus, the G* sind parameter of bitumen is determined by
temperature and aging time. The fatigue failure temperatures (FFT) are
defined as a temperature when the G*sind value equals 5000 kPa, as
presented in Fig. 5(c). As the aging time prolongs, the FFT value of
bitumen increases exponentially, showing that the fatigue resistance of
bitumen strongly deteriorates during the long-term aging time. The
molecular mobility and free volume ratio of aged bitumen are much
lower than the fresh one, resulting in a worse stress relaxation capacity
and cohesion performance [32].

The G*sind values and fatigue parameter rejuvenation percentages
(FPR) of various rejuvenated binders with variable rejuvenator type/
dosage and aging degree of bitumen at 20°C are illustrated in Fig. 6. The
G*sind and FPR parameters of all rejuvenated bitumen decrease and
increase linearly as a function of rejuvenator dosage. It manifests that all
rejuvenators show a rejuvenation effect on restoring the fatigue per-
formance of aged bitumen, but the rejuvenation efficiency strongly re-
lies on the rejuvenator type and aging level of bitumen. The order of
G*sind values for all rejuvenated binders follows AORB > NORB >
EORB > AORB, while the magnitude of FPR is the converse. It suggests
that adding bio-oil regenerates the fatigue performance of aged bitumen
maximally, followed by engine-oil and naphthenic-oil rejuvenators. In
contrast, the rejuvenation efficiency of the aromatic-oil rejuvenator is
minimum. The increased aging level reduces the sensitivity of both
G*sind and FPR to the rejuvenator dosage, enlarges the G*sind but de-
creases the FPR value of rejuvenated binders. It means that the rejuve-
nation efficiency of rejuvenators on fatigue parameters weakens as the
aging degree extends. Further, the ranking of rejuvenation efficiency of
four rejuvenators on fatigue parameter is independent of the aging level
and rejuvenator content, showing that the G*sin$ is an effective index to
quantitatively assess and distinguish the rejuvenation effectiveness of
different rejuvenators on the fatigue performance recovery of aged
bitumen.

In addition, it should be noted that the rejuvenation percentages of

100 100 100
(a-1) BORB (b-1) BORB (c-1) BORB
° EORB e EORB e EORB
4 NORB A NORB 4 NORB
v AORB v AORB v AORB
Linear fit Linear fit Linear fit
3 Sk 5
= 2 =100
& M %
4 ) <
LogG-R =-0.147 * C + 1.615, R’=0. LogG-R =-0.092 * C + 1.708, R’=0.960
1 FLogG-R =-0.109 * C + 1.678, R* 1 FLogG-R =-0.102 * C + 1.702, R’=0.950
LogG-R = -0;033 *C+ 1.613. R’=0.977 ) . '—"ﬁ‘”} = '0‘074. *C+ 1_§50, RZ:UI,977 X . ) L
0.0 2.5 5.0 75 10.0 0.0 25 5.0 75 100 125 150 0.0 25 5.0 75 100 125 150
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rejuvenators on the G*sind value depend on the test temperatures.
Table 5 lists the correlation equation parameters of FPR-C curves at
different temperatures of 0, 10, 20, 30, and 40°C. As the temperature
rises, the FPR values of rejuvenated bitumen gradually decrease, but the
reduction trend is not significant when the temperature is higher than
30°C. It means that the rejuvenation efficiency of rejuvenators on G*sind
restoration of aged bitumen tends to decrease at high temperatures.
Meanwhile, the variation rate of FPR value to rejuvenator dosage
significantly reduces with the increase of temperature and aging degree,
which shows no effect on the ranking of FPR values for four rejuvenators
(BO > EO > NO > AO).

4.1.3. Fatigue failure temperature (FFT)

The FFT parameter of bitumen is determined based on the G*sind-T
curves and the critical G*sind value of 5000 kPa related to the cracking
potential. The FFT values and corresponding rejuvenation percentages
FFTR of all rejuvenator-aged bitumen blends are drawn in Fig. 7. The
linear variation law of FFT and FFTR to the rejuvenator dosage is similar
to the Log(G*sind) and FPR parameters, respectively. It should be
mentioned that the bitumen with a lower FFT value would behave with a
greater fatigue resistance. Regardless of rejuvenator dosage and aging
grade, the ranking of FFT values of rejuvenated binders is AORB >
NORB > EORB > BORB, and the FFTR shows the opposite trend. Similar
to the G*sing, the roles of rejuvenator type/dosage and aging degree of
bitumen in affecting the rejuvenation efficiency on the fatigue perfor-
mance can be recognized with the FFT index. Although the G-R value of
aged bitumen can be restored by adding rejuvenators, the magnitude of
G-RR for four rejuvenators varies greatly versus the rejuvenator content

and aging degree of bitumen. Thus, the G-R fails to be a critical LVE
index for rejuvenation efficiency evaluation on fatigue property. The
G*sind and FFT parameters meet the requirement, but choose one of
them because of high similarity. Due to the temperature independence,
the FFT is recommended as the evaluation index for the LVE fatigue
performance of various rejuvenator-aged bitumen systems.

4.2. LAS test parameters

4.2.1. Linear viscoelastic response

The LVE G* region of undamaged bitumen must be measured before
performing the LAS tests. The fresh/aged and rejuvenated bitumen re-
sults are plotted in Figs. 8 and 9, respectively. As the frequency in-
creases, the complex modulus G* of all binders enlarges distinctly, and
there is a linear correlation between the Log(G*) values and frequency.
The long-term aging promotes the increment in G* value (especially at
low-frequency regions) but reduces its sensitivity level to the frequency.
With the rejuvenator dosage rising, the G* value of rejuvenated bitumen
decreases, and its frequency sensitivity enlarges.

Interestingly, the G* value of aged bitumen can be recovered, but the
sensitivity levels of all LAB40 rejuvenated binders to the frequency are
lower than the fresh bitumen. It is mainly related to the limited resto-
ration of these rejuvenators on the colloidal structure of bitumen. The
magnitude of G* values of rejuvenated binders is BORB < EORB <
NORB < AORB, indicating that the bio-oil and aromatic-oil show the
best and worst softening effect on the stiffness of aged bitumen,
respectively. Generally, the bio-oil rejuvenator has the highest rejuve-
nation effect on the frequency dependence of the G* parameter.
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Table 5
FPR-C correlation equations of rejuvenated binders.
Aging level T Samples k b R? Samples k b R?
(49
0 45.74 61.75 0.992 32.48 55.10 0.983
10 24.41 39.83 0.990 17.62 33.09 0.982
20 BORB 21.41 10.19 0.985 NORB 15.47 2.65 0.977
30 12.11 10.28 0.987 8.80 5.17 0.972
LAB20 40 11.02 9.03 0.985 7.91 6.39 0.975
0 45.68 63.79 0.955 10.97 25.10 0.954
10 23.16 39.16 0.956 6.74 25.31 0.907
20 EORB 19.92 7.83 0.946 AORB 7.14 1.65 0.924
30 11.15 6.42 0.965 5.46 1.42 0.996
40 9.73 8.02 0.952 5.09 2.94 0.953
0 41.10 12.30 0.994 29.81 37.50 0.982
10 18.45 20.09 0.996 13.88 22.53 0.982
20 BORB 11.91 15.31 0.998 NORB 9.17 14.00 0.983
30 7.09 17.81 0.982 5.42 16.97 0.998
LAB40 40 6.09 17.67 0.985 4.91 16.43 0.996
0 36.56 28.26 0.998 4.59 20.21 0.957
10 16.29 22.37 0.997 4.42 11.35 0.996
20 EORB 10.22 16.95 0.995 AORB 4.49 3.61 0.998
30 6.19 16.02 0.990 3.45 7.28 0.999
40 5.31 16.21 0.993 3.60 7.86 0.994
0 19.26 56.11 0.985 13.71 63.21 0.958
10 11.11 34.71 0.980 8.01 35.31 0.954
20 BORB 7.14 25.41 0.970 NORB 5.03 25.19 0.933
30 4.87 19.46 0.971 3.43 18.95 0.924
LAB80 40 3.78 26.19 0.959 2.75 24.83 0.923
0 17.18 70.87 0.958 4.87 22.96 0.936
10 9.51 41.62 0.938 2.67 26.65 0.897
20 EORB 5.98 28.93 0.914 AORB 2.46 20.56 0.931
30 3.95 21.73 0.939 2.27 15.55 0.907
40 3.07 27.44 0.931 2.19 23.11 0.916
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Fig. 7. The FFT and FFTR values of rejuvenated bitumen (a-1)(a-2) LAB20; (b-1)(b-2) LAB40; (c-1)(c-2) LABS8O.

However, when the AORB with high aromatic-oil content (12.5% and
15%) shows the most heightened sensitivity of G* values to frequency,
which may be attributed to its positive effect on the deagglomeration of
polar molecules (resin and asphaltene clusters) in aged bitumen.

4.2.2. Shear stress—strain curves and derived parameters

The shear stress—strain curves of fresh and aged bitumen during the
LAS tests are shown in Fig. 10(a). As the shear strain rises from 0.1% to
30%, the corresponding stress increases to a maximum point and de-
creases gradually. Long-term aging significantly affects the stress—strain
response of bitumen. As the aging degree extends, the stress—strain curve
of bitumen becomes narrower and taller. The increased maximum stress

of bitumen is associated with the high stiffness of aged bitumen, and a
high aging degree promotes the strain sensitivity of the shear stress.
Although the peak value of bitumen stress is enhanced, a high aging
degree accelerates the fatigue damage of bitumen. To quantitatively
reflect the effects of aging and rejuvenation on the stress—strain response
of bitumen, the stress-strain curve is divided into three pieces: the
elastic stage, the stress accumulation stage, and the localized cracking
[33], which are illustrated in Fig. 10(b). These evaluation indices
derived from the strain-stress curve are the fg, fs;, €se, &sr, E, Gge, Gss, and
Gyl The fge and &g are the maximum elastic stress and strain in the elastic
stage, and the E parameter refers to the elastic modulus (E = fs/ese).
Moreover, the f; and &g represent the peak stress and strain. The
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fracture energies at different stages are derived as follows:

(16

The effects of long-term aging time on the stress-strain curve pa-
rameters of bitumen are shown in Fig. 11. Linear relationships between
the aging time with these parameters are observed, which can be utilized
to predict the stress—strain curves of aged bitumen with various aging
degrees. As the aging level deepens, the Log(fs.) and Log(f;;) values tend
to increase linearly, and the f;. parameter shows greater sensitivity to
the aging time. The &g of all fresh and aged bitumen are similar, but the
egr value reduces linearly as the aging time extends. It indicates that
long-term aging does not influence the elastic region but weakens the
bitumen’s stress accumulation capacity. Moreover, the elastic modulus E
of bitumen significantly enlarges due to the increased aging level. The
stronger intermolecular interactions and lower free volume between
bitumen molecules reflect higher shear stress and modulus at a fixed
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Fig. 11. Effects of long-term aging on stress-strain curve parameters.

strain level. Further, the fracture energies Gg and Gy of bitumen show a
distinct increasing trend with the aging time prolonging, but the Gg
value decreases linearly. It suggests that long-term aging improves the
elastic performance and local fracture energy but shortens the cracking
time. Due to the low sensitivity of e, and Gg to aging, these two pa-
rameters will not be considered while evaluating the rejuvenation ef-
fects on the stress—strain curve of aged bitumen.

The stress—strain curves of LAB40 rejuvenated binders are displayed
in Fig. 12. For all rejuvenators, as the rejuvenator dosage rises from
2.5% to 15%, the stress—strain curves of rejuvenated bitumen transfer to

the bottom-right direct, which is opposite to the aging effect. It manifests
that incorporating rejuvenators can significantly restore the stress—
strain response of aged bitumen to fresh one. It is found that the f; value
decreases, but the &g increases distinctly when more rejuvenator is
added. However, various rejuvenators exhibit different restoration ef-
fects on a stress-strain curve when the rejuvenator concentration is
fixed. The stress—strain curves of aromatic-oil rejuvenated binders are
the steepest, indicating that the aromatic-oil rejuvenator shows the
lowest rejuvenation effect on the stress—strain response of aged bitumen.
Meanwhile, the f;; and &5 values of bio-oil and engine-oil rejuvenated
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bitumen are lower and larger than that of naphthenic-oil rejuvenated
bitumen. Interestingly, the positive impact of rejuvenator dosage on
stress—strain curves is more noticeable at low concertation (2.5% to
7.5%) for BORB, EORB, and AORB binders. Nevertheless, the difference
in the change rate of stress—strain curves of AORB binders with different
AO contents is not obvious. In addition, the f;; and &5, of AO15 bitumen
are higher and lower than that of BO5, EO5, and NO7.5 binders. It im-
plies that the aromatic-oil rejuvenated bitumen shows more cracking
potential than the others due to the limited number of lightweight
molecules in aromatic-oil [34].

The stress-strain curve parameters and corresponding rejuvenation
percentages of various LAB40 rejuvenated bitumen are plotted in
Fig. 13. As the rejuvenator dosage rises, the logarithmic values of fg, f,
E, Gge, and Gg) of rejuvenated bitumen decrease linearly, whereas the E
parameter tends to increase linearly. These parameters of rejuvenated
binders with different rejuvenator types/dosages can be predicted with
the correlation equations also presented in Fig. 13. Meanwhile, these
stress-strain response parameters of rejuvenated bitumen strongly
depend on the rejuvenator type. For parameters fg, fy, E, Gge, and Gg,
the magnitude of rejuvenated binders is the same as AORB > NORB >
EORB > BORB, while the order of E value shows the opposite trend.

International Journal of Fatigue 175 (2023) 107753

However, some parameters of different rejuvenated binders are hard to
distinguish, such as the f; and G values of BORB and EORB, and the Gy
parameter of EORB and NORB binders. Thus, these parameters are
improper in classifying the rejuvenation efficiency of various re-
juvenators on the stress-strain response of aged bitumen. Moreover, a
rejuvenator exhibits different rejuvenation influences on these stress—
strain parameters. Therefore, it is necessary to specify and simplify the
evaluation parameters when the rejuvenation efficiency of rejuvenators
on fatigue behaviors is investigated.

In addition, stress-strain parameters-based rejuvenation percentages
show a linear increasing trend as the rejuvenator content increases. It
indicates that these four rejuvenators can restore all aged bitumen
stress—strain curve parameters, but the rejuvenator and evaluation index
types affect the rejuvenation efficiency. The bio-o0il and aromatic-oil
rejuvenated binders exhibit the largest and smallest rejuvenation per-
centages. Meanwhile, the engine-oil and naphthenic-oil show moderate
rejuvenation efficiency, which is much better than the aromatic-oil.
However, some overlap sections in the fGR-C and GgR-C curves of
BORB and EORB at high rejuvenator dosages and the GgR-C curves of
EORB and NORB are observed. Therefore, these parameters are not the
first choice for evaluating and distinguishing the rejuvenation efficiency
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of various rejuvenators on the stress-strain response. Conversely, the fg,
€, and E parameters work well. It should be noticed that rejuvenators
have different rejuvenation percentages on these parameters. The per-
centage regions for f, &, fsr, E, Gge, and Gg of all rejuvenator-aged
bitumen blends are 0-310%, 0-600%, 0-400%, 0-320%, 0-300%, and
0-200%, respectively. The g4R scope is much wider than the others, and
the fs.R and ER ranges are similar to the other parameters. Overall, the
s, fse, and E parameters derived from the stress—strain curves can
effectively evaluate the rejuvenation efficiency of various rejuvenators
on the fracture potential of all rejuvenator-aged bitumen systems.

4.2.3. C-S curves and derived parameters

The C-S curves can directly reflect the material characteristic varia-
tion during the fatigue damage. Based on Eq. (7), the material integrity
C of bitumen shows an exponential relationship with the damage in-
tensity S. The changes of constants C; and Cy can be detected to quan-
titively evaluate the aging and rejuvenation effects on the C-S curves of
bitumen. Fig. 14(a) presents the C-S curves and correlation formulas of
fresh and aged bitumen. As the damage intensity S rises, the C value
decreases gradually. A high aging degree accelerates the reduction trend
of the C parameter. It shows that the deterioration level of bitumen in-
tensifies as the long-term aging time prolongs. The influence of aging on
the constants C; and Cy of C-S curves is depicted in Fig. 14(b). As the
aging time extends, the C; value rises, but the Cy parameter declines
linearly. It implies that a high aging degree intensifies the deterioration
rate of material integrity but relieves its sensitivity to the damage in-
tensity S of bitumen. This phenomenon is also observed in strain-stress
curves, which reveal that the aging degree enlarges the destruction
threshold but promotes the damage rate.

Fig. 15 depicts C-S curves of LAB40 rejuvenated bitumen with vari-
able rejuvenator types and dosages. Increasing rejuvenator content leads
to the C-S curves of rejuvenated bitumen moving to the upper right for
all rejuvenated binders. These rejuvenators can renovate the C-S curve
of aged bitumen to the fresh bitumen level. When the damage intensity S
keeps constant, the C parameter of rejuvenated bitumen improves
significantly as the rejuvenator dosage rises, and thus the corresponding
fatigue life will extend. Moreover, the rejuvenator type greatly in-
fluences the restoration effectiveness of C-S curves. Adding bio-oil re-
covers the C-S curves to the greatest extent, followed by the engine-oil
and naphthenic-oil, while the aromatic-oil shows the lowest rejuvena-
tion effect.

Fig. 16 displays the C;, Cy values and their rejuvenation percentages
(CiR and CgR) of rejuvenated bitumen, showing linear relationships
with the rejuvenator dosage. C; and C, correlate negatively and posi-
tively with increased rejuvenator content. This variation trend is the
opposite of the aging case, indicating that the inclusion of rejuvenators
dramatically improves the C-S response of aged bitumen. The rejuve-
nation efficiency of various rejuvenators on C; and Cy parameters are
different. In detail, the magnitude of C;R values is BORB > NORB >
EORB > AORB, while the order of the CoR parameter follows BORB >
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AORB > NORB > EORB. Therefore, neither one can fully reflect the
rejuvenation efficiency of different rejuvenators on the C-S curve of aged
bitumen.

4.2.4. Fatigue life Ny and rejuvenation percentage

The Nf and N{R values are calculated using Egs. (8) and (15),
respectively. The fresh and aged bitumen results are shown in Fig. 17.
The relationship between the N of bitumen and strain level agrees well
with Eq.10, and the Log(Ny) value decreases linearly as the logarithmic
value of shear strain increases. It is interesting to notice that there is no
consistent influence law of long-term aging time on the N¢ values of
bitumen in the entire strain region. At low strains (1%-2%), the N¢ value
of bitumen tends to increase as the aging level deepens, which presents
an opposite trend when strain is higher than 4%. Based on the correla-
tion equations, the aging degree promotes the enlargement in the initial
Nt value of bitumen, increasing the reduction rate of the N¢ parameter to
the strain level. To keep consistent with the following sweep (TS) test,
the N¢ parameters at two strain levels of 2.5% and 5% are considered to
assess the fatigue life of bitumen with different aging and rejuvenation
conditions. To the N¢ parameter at 2.5% strain (Ng5), the short-term
aging shows a positive effect, slightly reducing after 20 h long-term
aging. However, the N, 5 values of LAB40 and LAB8O continue to rise,
even larger than the fresh bitumen.

Thus, the evaluation result regarding the aging effect on the fatigue
life of bitumen significantly depends on the applied strain level. In
addition, the N¢ value of bitumen at 5% strain (N¢s) declines exponen-
tially as the aging time prolongs. The N¢s of aged binders with different
aging levels longer than LAB80 can be predicted using the N¢-t relational
formula. Fig. 18 displays the Nfand N¢R values at 2.5% and 5% strains of
LABA40 rejuvenated bitumen. Regardless of strain level, the N values of
rejuvenated binders increase linearly as the rejuvenator dosage rises. It
suggests that incorporating rejuvenators improves fatigue resistance and
extends the service life of aged bitumen. As expected, the N¢s values are
lower than the Ng, 5. The apparent difference in the enhancement level
of four rejuvenators on the Nt of aged bitumen shows BORB > EORB >
NORB > AORB. It further signifies that the bio-oil maximally enhances
the fatigue life of aged bitumen, followed by engine-oil and naphthenic-
oil, while the aromatic-oil has the lowest fatigue life extension capacity.
It should be mentioned that the difference in N values of rejuvenated
binders with various rejuvenators is significant, indicating that the N is
an effective indicator to evaluate and discriminate the fatigue life of
different rejuvenator-aged bitumen blends.

As the rejuvenator dosage increases, the N¢R5 increases linearly, but
the N{Ry 5 shows a linearly decreasing trend. The reason for the negative
N¢Rg 5 values is that the N¢ of aged bitumen at 2.5% strain is higher than
the fresh bitumen, and the inclusion of rejuvenators continues to enlarge
the Ny 5 value of aged bitumen. Therefore, the N¢ 5 results violate the
rejuvenation definition and fail to assess the rejuvenation efficiency of
rejuvenators on the fatigue performance of aged bitumen. On the con-
trary, the N¢Rs values can effectively and quantitatively estimate the
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rejuvenation efficiency of various rejuvenators on fatigue life, and the
scope of N¢Rs values (0-550%) is much wider than the stress-strain
curve and C-S curve parameters. Table 6 lists the correlation equations
of N¢-C and N¢R-C curves of rejuvenated binders with variable aging
degrees. The fatigue life and corresponding rejuvenation percentage.
are remarkably influenced by the aging level of bitumen. When the
strain level is 2.5%, the high aging degree enlarges the N, 5 values of
rejuvenated bitumen. The N{Rps values of LAB20 rejuvenated are

12

positive, which becomes negative for both LAB40 and LAB8O cases. The
aging level effect is more significant regarding the Nf5 and NfR5 values.
The severe aging degree of bitumen reduces the fatigue life and reju-
venation percentages of rejuvenators when the rejuvenator type/dosage
is the same. Furthermore, the ranking of N and N¢Rg is invariable as
BORB > EORB > NORB > AORB.
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4.2.5. LAS curve fitting parameters

It has been proved that the rejuvenation efficiency strongly relies on
the evaluation parameters. The LAS results analysis introduces various
parameters in Eqs.8-11, including the a, k, G*sindiptial, S, A, and B. The
influence of aging and rejuvenation on fatigue performance from LAS
tests is a joint result of their effects on these parameters. This section
aims to investigate these parameters’ variation of bitumen due to
different aging and rejuvenation conditions and propose several critical
evaluation indicators reflecting the rejuvenation efficiency of various
rejuvenator-aged bitumen blends. The results of fresh and aged bitumen
are shown in Fig. 19. The parameters a, k, and G*sindinjtjs increase
linearly as the aging time prolongs. By definition, parameter o refers to
the rate of damage accumulation, and a high aging level promotes the
deterioration rate of bitumen. The k is derived from the parameters o
and Cy, which increases and reduces as the aging degree deepens. It
results in a positive correlation between the k and aging time t. The
aging time dependence of the k parameter is determined by the variation
rate of « and Cp, and the former is much larger than the latter. Thus, the
k parameter shows less sensitivity to the aging time than the a. Similar to
the fatigue parameter discussed in section 4.1.2, the G*sindjy;tja) value of
bitumen enlarges significantly during the long-term aging process,
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indicating that the fatigue resistance of bitumen weakens gradually. The
St parameter is the damage intensity at the fatigue failure point, which
decreases exponentially due to increased aging time. It means that a
high aging degree leads to an earlier break point of bitumen. By defi-
nition (B = -2a), the B parameter presents an opposite trend to the a with
a two times variation rate versus aging time. Further, the A parameter is
determined by different terms, and the aging time promotes its expo-
nential increment, especially when the aging level deepens from LAB40
to LABS8O.

Fig. 20 depicts the LAS parameters and corresponding rejuvenation
percentages of rejuvenated bitumen, considering the influence of reju-
venator type and dosage. All LAS parameters and their rejuvenation
percentages show linear correlations with rejuvenator content. In detail,
the a, k, and G*sindipiia values of rejuvenated bitumen decrease as the
rejuvenator dosage increases, while the S¢, A, and B parameters enlarge.
Compared with the aging effect, these rejuvenators can restore most LAS
parameters of aged bitumen toward fresh level, except the parameter A
determined by all the rest LAS parameters as Eq.11. That’s why the
negative AR values of BORB, EORB, and NORB binders are observed.
However, the aromatic-oil rejuvenator can restore the A parameter, but
the rejuvenation effectiveness is limited. Thus, parameter A is excluded
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Table 6
Correlation equations of N¢-C and N¢R-C curves.
Samples LAB20 LAB40 LAB80
BORB Nf2.5s = 694.2*C Nfz.5 = 1030.9*C Ngz5s = 1072.3*C
Ni2s + 2460.9 +3074.8 +3306.3
EORB Nf2.5 = 656.5*C Ngp.5 = 785.3*C Ngz.5 = 903.6%C
+ 2209.3 + 3547.0 + 3226.8
NORB Nps = 625.8*C  Np.s = 675.0*C Npas = 737.6%C
+ 2349.3 + 3152.0 + 3597.8
AORB Nf2.5 = 81.1*C Nfz5 = 46.7*C + Nf2.5 = 70.0*C +
+ 2380.9 3146.9 3172.5
BORB NR25 = NRas5 = NRas5 =
NeRo 5 562.4*C + -155.6*C + 24.96 —151.3*C-28.22
115.3
EORB NR25 = NRas5 = NRas5 =
550.9%C-222.3 —113.1*C-107.2 —128.2*C-7.122
NORB NR25 = NRy5 = NRy5 =
514.9%*C-34.47 —101.3*C + —100.4*C-105.6
3.358
AORB NfRos = NfRy 5 = 7.200*C NRgps =
66.00%C + +4.778 —10.98*C +
7.851 7.293
BORB Ngs = 87.0%C + Ngs = 88.8*C + Nfs = 69.5*C +
N¢s 167.9 134.3 39.1
EORB Ngs =71.5*C+ N = 64.0%C + Ngs = 50.4*C +
159.8 158.3 61.8
NORB Nis = 66.4%C + Ngs = 47.2*C + Nfs = 41.9*C +
167.4 177.1 76.5
AORB Ngs = 14.1*C+ N = 13.7%C + Ngs = 9.60*C +
179.9 161.2 98.9
BORB NfRs5 = 36.94*C- N¢Rs = 35.30*C- N@Rs = 23.59*C-
NRs 12.35 23.58 40.46
EORB NfRs = 30.83*C- NfRs = 25.00*C- N{Rs = 17.00*C-
17.85 6.306 27.13
NORB NRs = 28.38*C-  NgRs = 17.90*C NiRs = 13.97%C-
12.68 + 7.259 18.49
AORB NfRs = 6.108*C- N¢Rs = 5.480*C- NfRs = 3.252*C-

4.150

4.196

5.346

from effective evaluation indicators. The rejuvenation efficiency of re-
juvenators significantly differs from parameter to parameter. Interest-
ingly, the variation trends of parameters oR, kR, and BR are similar,
following the AORB (BORB) > NORB > EORB ranking. To these three
parameters, the AORB binder shows a lower rejuvenation percentage at
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low rejuvenator dosages (<7.5%) but a higher value than the BORB
when the rejuvenator content is higher than 7.5%. Based on these three
parameters, it is difficult to completely distinguish the rejuvenation ef-
ficiency of bio-oil and aromatic-oil rejuvenators on the fatigue perfor-
mance of aged bitumen.

As expected, the bio-oil exhibits the largest rejuvenation efficiency
on the G*sindipitial, followed by engine-oil and naphthenic-oil, while the
aromatic-oil shows the lowest effect. However, the G*sindjjtia) param-
eter is the fatigue parameter of bitumen without damage, which has
been considered and discussed in the LVE fatigue section. Furthermore,
the difference in S¢R values of various rejuvenated binders is detected,
showing a BORB > EORB(NORB) > AORB ranking. The finding agrees
well with the previous conclusion, but the S(R sequence of EORB and
NORB depends on the rejuvenator dosage. In other words, the S¢
parameter can reflect the difference in bio-oil and aromatic-oil rejuve-
nation efficiency but shows limitations in distinguishing the effect of
engine-oil and naphthenic-oil in the entire range of rejuvenator dosage.
Interestingly, the conclusion on the parameter S¢ is exactly comple-
mentary to parameters o, k, and B. To differentiate the rejuvenation
effectiveness of different rejuvenators on fatigue performance recovery
of aged bitumen with LAS parameters, the parameters S¢ and o are
recommended as complementary evaluation indicators.

4.3. TS test parameters

4.3.1. Aging influence on TS fatigue parameters

The G*-N curve is the main output from the time sweep test, which of
fresh and aged bitumen at two stress of 2.5% and 5% are shown in
Fig. 21(a). Different important evaluation parameters can be derived
from the G*-N curves, such as the fatigue life with 50% residue G*
(Ns0%) and phase angle at the peak point (Speak). Meanwhile, the dissi-
pated energy ratio (DER) variation versus load cycles (illustrated in
Fig. 21(b)) can be used to determine two parameters (fatigue life Np29
and initial dissipated energy Wy). The aging effects on these TS fatigue
parameters are also plotted in Fig. 21. As the load cycle prolongs, the G*
value of bitumen decreases gradually, which is more significant at high
strain. Moreover, the descent rate of the G* value becomes faster after
long-term aging. High strain level results in a large Speax value of
bitumen, decreasing significantly due to aging.
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Fig. 19. Aging influence on LAS parameters of bitumen.
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Fig. 20. Rejuvenation influence on LAS parameters of bitumen.

Regarding the DER-N curves, the high strain and aging intensify the
increasing rate of DER curves dramatically, reducing the derived Np29
value of bitumen. Regardless of the strain levels, the linear relationships
between the aging time with parameters Nsgy, Speak, Np20, and Wo.
Long-term aging reduces the Nsgo, Speak, and Np2o values but increases
the Wy parameter of bitumen. It suggests that a high aging level
significantly shortens the fatigue life, enlarges the elastic ratio, and in-
creases the energy dissipation of bitumen. Further, the high strain de-
creases the Nsoy and Npyo and expands the Speax and Wo values of
bitumen, which weakens the sensitivities of Nsgy, Np2o, and Wy pa-
rameters to the aging time.

4.3.2. TS fatigue parameters of rejuvenated bitumen

Fig. 22 shows the Nsgy, Speak, and their rejuvenation percentage
(NsgoR and peakR) of rejuvenated bitumen. As the rejuvenator dosage
increases, the Nsgo, and Spear values of rejuvenated bitumen enlarge,
showing the opposite trend to the aging effect. It means that the inclu-
sion of rejuvenators improves fatigue life and restores the viscoelastic
property of aged bitumen. Like the LAS results, the strain level strongly
affects the N50% and N50%R values of rejuvenated bitumen. When the

strain level is 2.5%, the Nsgo-C (and NsqoR-C) curves of EORB and
NORB binders almost overlap, resulting in huge difficulty in differenti-
ating the rejuvenation efficiency of engine-oil and naphthenic-oil re-
juvenators on fatigue life. At 5% strain, the magnitude of NsgoR for
rejuvenated binders is EORB > NORB > BORB > AORB. Additionally,
the Speax and SpearR values of AORB are the highest, while the NORB
shows the lowest values. Nevertheless, the sequence in Speax and SpeakR
of BORB and EORB inverts as the strain level changes from 2.5% to 5%.

In addition, the results of Ny2o and Wy parameters of rejuvenated
binders are displayed in Fig. 23. Similar to N5, several intersections in
Np20-C and Np20R-C curves of BORB with EORB and NOBR binders at
low strain of 2.5%. The variation law of N9 and NpR versus rejuve-
nator dosage and type at 5% strain is similar to the Nsgo, and NsooR
results. However, the ranking of NsgoR and NpyoR of rejuvenated
binders (EORB > NORB > BORB > AORB) from the TS test differs from
Nt from the LAS test (BORB > EORB > NORB > AORB). The reason may
be that the Nsqy, and Nj20 parameters are determined from G*-N curves
without considering the phase angle variation during the TS fatigue test.
With the Wy parameter, the rejuvenation efficiency of rejuvenators can
be evaluated and distinguished, which completely agrees with the LVE
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Fig. 21. The TS fatigue parameters of fresh and aged bitumen.

and LAS fatigue results. However, it should be mentioned that the Wo
represents the initial dissipated energy without considering the entire
fatigue cracking process. These four parameters fail to assess the reju-
venation efficiency of various rejuvenator-aged bitumen blends. The
crack-based parameters derived from the TS test will be discussed
further in the following subsection.

4.3.3. Influence of aging on fatigue crack characteristics of bitumen

The dissipated strain energy (DSE) density is popular to quantify the
fatigue potential of bituminous materials, which is defined as the loop
area of a stress—strain curve [35]. The DSE density at a given radial
position r of undamaged bitumen follows:

»8ind,

DSEy(r) = /lﬁﬁ’c(t)dy(t) = 1To(r)y, (r)sindy = mto(r) a17)

0

where T and vy refer to the shear stress and strain; 7o and yg are the strain
amplitude and stress amplitude; t is the loading time; G*¢ and & repre-
sent the complex shear modulus and phase angle of undamaged
bitumen.

Similarly, the DSE density at the Nth load cycle (DSEy) of a damaged
bitumen can be calculated using Eq.18.

N
DSEx(r) = /
(

N—1)Z

,8indy

Ty (t)dy, (t) = TN (r)ye(r)sindy = nTN (1) (18)

N

where G*y and 8y are the complex shear modulus and phase angle of
damaged bitumen at the Nth load cycle.

At the same time, the torque amplitude (T and Ty) on undamaged
and damaged bitumen specimens are defined as follows:

19)

0 o or e,
Ty = (to @ 2nr e r)dr = (— ® Tomax ® 27r @ 1)dr = — Ty
0 o "o 2

To 0/ 7[13
Ty = / (ty @ 2nr @ 1)dr = / (7 © Trmax © 27T ® r) dr = Ty (20)
0 o \'o 2

where r and r( are the radius position and the whole bitumen radius;
Tomax and TNmax represent the maximum shear amplitude of undamaged
and damaged samples at the Nth load cycle, respectively.

Based on the torque amplitude equilibrium principle, the Ty value of
damaged bitumen at the Nth load cycle is equivalent to the T, of un-
damaged bitumen with an effective radius rg (Txy = Tg), which is

16

displayed as:

3 3
) puoe

T’CNmax - TTEmax (21)
where rg and Tgmay are the effective radius and effective maximum stress
amplitude for the undamaged configuration.

The dissipated strain energy (DSEy) is equivalent to the effective
dissipated strain energy (DSEg), shown in Egs. (21) and (22).

/// DSEx(r)dVo — ///DSEE(r)dVE
I (07

where V( and Vg are the whole volume of undamaged bitumen and the
effective volume of damaged bitumen; h shows the height of the
bitumen specimen. Solving Eqs.21 and 23, the crack length c at the Nth
load cycle can be calculated as follows:

(22)

N

TE »81nd,
o 2nr e h)dr = (mTe(r) c ° 2mr @ h)dr (23)
0

0

i

To 24)

Fig. 24(a) and (b) display the crack morphology and width variation
versus load cycles. After fatigue tests, three regions are detected for
damaged bitumen: edge flow, factory-roof, and uncracked zones [36],
also reflected by the C-N curve. This study compares the C-N curves of
fresh/aged and rejuvenated binders with variable rejuvenator condi-
tions. The crack width-based rejuvenation percentage CR is adopted to
quantitatively reflect the impacts of rejuvenator type/dosage and aging
level on the fatigue cracking of rejuvenated bitumen.

Fig. 24(c) and (d) depict the C-N curves of fresh and aged bitumen at
2.5% and 5% strain levels, respectively. As the load cycle increases, the
crack width of bitumen prolongs. The crack growth rate of bitumen
increases significantly as the aging degree deepens. In other words, the
higher the aging degree of bitumen, the earlier its fatigue failure occurs,
especially when the aging level changes to LAB40 and LAB80. Mean-
while, the crack width and growth rate of bitumen both enlarge as the
fatigue strain level increases from 2.5% to 5%. At the 5% strain, the
crack width of the LAB80 binder increases to 2 mm when the load cycle
is 1500, which reaches the half point of the specimen radius (4 mm). In
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Fig. 22. Npsoo, NpsowR, Speak, and dpealR values of rejuvenated bitumen.

this study, the crack width values of fresh/aged and rejuvenated binders
at the load cycles of 500, 1500, and 3000 are measured to estimate the
aging and rejuvenation effects on the cracking potential of bitumen.

4.3.4. Fatigue crack characteristics of rejuvenated bitumen

The C-N curves of rejuvenated binders with different rejuvenator
types and dosages at 2.5% and 5% strain levels are displayed in Fig. 25.
The fatigue crack initiation and propagation stages are observed. The
variation trends of C-N curves of rejuvenated bitumen are slightly
influenced by rejuvenator type/dosage. As the rejuvenator dosage in-
creases, the crack width reduces distinctly in the whole region of load
cycles. It indicates that the addition of rejuvenators reduces the cracking
potential of bitumen. Moreover, the crack width of rejuvenated binders
with different rejuvenator types differs significantly. When the rejuve-
nator dosage and load cycle are fixed, the crack width values of bio-oil
rejuvenated bitumen are the smallest, but the aromatic-oil rejuvenated
bitumen shows the largest crack degree. The cracking potentials of
engine-oil and naphthenic-oil rejuvenated binders are in the middle, and
the former is slightly lower than the latter. The increased strain level
signally enlarges the crack width of rejuvenated bitumen. The crack
growth law of rejuvenated binders is affected by many factors, such as
the aging degree of bitumen, rejuvenator type/dosage, strain level, etc.

17

Thus, this study only focuses on the C-N curves within the load cycles of
0-3000.

Table 7 lists the crack width values of fresh/aged and rejuvenated
bitumen at the load cycles of 500, 1500, and 3000 to explore the reju-
venation efficiency of various rejuvenators on the potential cracking
reduction of aged bitumen with changeable aging degrees. The
increased strain level, aging degree, and load cycle all enlarge the crack
width of bitumen. Nevertheless, the inclusion of rejuvenators signifi-
cantly reduces the crack width of aged bitumen regardless of the strain
level and load cycle.

The crack width-based rejuvenation percentages of different reju-
venated binders are calculated and illustrated in Fig. 26. All CR values of
rejuvenated bitumen show linearly increasing correlations with the
rejuvenator dosage. The variation trends of CR-C curves at different load
cycles are similar, and thus one crack width parameter is enough to
evaluate the rejuvenation efficiency of rejuvenators on cracking poten-
tial. Moreover, it is difficult to differentiate the CR values of EORB and
NORB at a strain of 2.5%, and the intersections in their Cy509-C and
Cs3000-C curves at a 5% strain level are detected. On the contrary, the
CsooR values can reflect the difference in the rejuvenation effectiveness
of these four rejuvenators on the crack width of aged bitumen in the
entire dosage range. Therefore, the Csop parameter is recommended as
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Fig. 23. Nj20, Np20R, Wy, and WoR

an effective indicator for crack width-based fatigue performance eval-
uation of different rejuvenator-aged bitumen systems. Based on the
CsooR values, the ranking of crack width reduction efficiency of four
rejuvenators is bio-oil > engine-oil > naphthenic-oil > aromatic-oil,
which completely agrees with the conclusions from LVE and LAS tests.

As shown in Fig. 27, the CR values of rejuvenated binders strongly
depend on the aging degree of bitumen. All CR parameters tend to
decrease exponentially as the aging level of bitumen increases. It means
that the rejuvenation efficiency of all rejuvenators on preventing the
fatigue crack of aged bitumen weakens becomes smaller to an aged
bitumen after severe aging. However, the aging degree does not influ-
ence the rejuvenation efficiency ranking on crack width reduction of
these four rejuvenators. The correlations between the CR values and
aging time are beneficial to predict the crack width of rejuvenated
bitumen with other aging degrees. According to the results, the Csgp
parameter is preferred to assess the rejuvenation efficiency on crack
width restoration of different rejuvenator-aged bitumen blends.

4.4. Critical fatigue evaluation indicators and correlations

Based on the database in this study, several critical fatigue indicators
from the linear viscoelastic (LVE) test, linear amplitude sweep (LAS)

18
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values of rejuvenated bitumen.

test, and time sweep (TS) test. From the LVE test, the fatigue failure
temperature (FFT) parameter is proposed as an effective LVE fatigue
indicator. In the LAS test, the effective indicators are N¢s, &, and E
parameters. It should be mentioned that the parameters o and S¢ derived
from the VECD model exhibit a complementary effect on evaluating and
differentiating the fatigue life of different rejuvenator-aged bitumen
blends. In the TS test, the crack width (C) findings are consistent with
conclusions from LVE and LAS tests, which have no significant depen-
dence on the load cycle. Overall, the proposed indicators for effectively
evaluating and discriminating the rejuvenation efficiency of re-
juvenators on fatigue performance are FFT from LVE, Ngs, g, E from
LAS, and Csqg from the TS test.

Exploring the potential connections between these critical evalua-
tion indicators from different fatigue tests is interesting. Fig. 28 depicts
the correlation curves between the Csop with FFT, Ngs, &g, and E pa-
rameters. The crack width connects well with these parameters, and thus
the crack width can be predicted with these correlation equations
without conducting the time-consuming time sweep test. As the crack
width increases, the FFT values of fresh/aged and rejuvenated binders
enlarge while the N¢s and &g decrease exponentially. Additionally, the
elastic modulus E derived from the LAS stress—strain curve behaves in a
linearly positive relationship with the Csoo parameter.
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5. Conclusions and recommendations

This study proposes critical indicators for effectively evaluating and
differentiating the rejuvenation efficiency of various rejuvenators on the
fatigue behavior of aged bitumen. Moreover, the potential connections
between these proposed fatigue indicators from different fatigue mea-
surements are explored. The main conclusions and some recommenda-
tions are as follows:

5.1. Conclusions

(1) The bio-oil exhibits the greatest rejuvenation efficiency in
improving the fatigue life of aged bitumen, followed by the
engine-oil, naphthenic-oil, and aromatic-oil rejuvenators. Mean-
while, the rejuvenation percentages on fatigue parameters
enhance significantly with increased rejuvenator dosage but
weaken as the aging level deepens.
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(2)

3

(€]

From the LVE test, the fatigue parameter (G*sind) can better
reflect and distinguish the rejuvenation efficiency of various re-
juvenators on the LVE fatigue performance of aged bitumen than
the G-R parameter, but it shows a limitation of high temperature
dependence. The fatigue failure temperature (FFT) parameter is
proposed as an effective LVE fatigue indicator.

In the LAS test, the effective indicators are fatigue life (Ngs), peak
strain (eg), and elastic modulus (E) parameters. Moreover, the
parameters o and S¢ derived from the VECD model exhibit a
complementary effect on evaluating and differentiating the fa-
tigue life of rejuvenator-aged bitumen blends.

In the TS test, the parameters Nsgo, and Np2 derived from G*-N
and DER-N curves fail to completely distinguish the rejuvena-
tion effects of all rejuvenator-aged bitumen systems due to the
negligence of variation in viscoelastic proportion. However, the
crack width (C) findings are consistent with conclusions from LVE
and LAS tests.
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Table 7
The crack width values of fresh, aged, and rejuvenated bitumen.
Bitumen samples C(N = 500), mm C(N = 1500), mm C(N = 3000), mm
2.5% 5.0% 2.5% 5.0% 2.5% 5.0%
VB 0.1973 0.4621 0.2244 0.6686 0.2439 1.0337
LAB20 0.2745 0.5943 0.3122 0.6526 0.3355 0.7178
LAB40 0.3998 0.8186 0.4827 1.1761 0.6230 1.7446
LAB8O 0.5594 1.4822 0.9432 2.0307 1.5243 2.2124
BO10 0.0853 0.2016 0.0945 0.2472 0.0891 0.2848
EO10 0.1272 0.2398 0.1452 0.2791 0.1441 0.3225
LAB20 NO10 0.1428 0.2673 0.1616 0.2976 0.1609 0.3093
AO10 0.1779 0.2604 0.1876 0.3009 0.1812 0.3193
BO5 0.2062 0.4030 0.2299 0.4456 0.2359 0.4624
BO10 0.1228 0.2568 0.1419 0.2893 0.1421 0.3055
BO15 0.0861 0.1909 0.0977 0.2192 0.0956 0.2305
EO5 0.2390 0.4431 0.2921 0.4933 0.4225 0.5146
EO10 0.1604 0.3263 0.1837 0.3798 0.1904 0.4134
EO15 0.1280 0.2737 0.1518 0.3289 0.1596 0.3759
LAB40 NO5 0.2402 0.4797 0.2650 0.5270 0.2699 0.5452
NO10 0.1721 0.3523 0.1976 0.3965 0.2009 0.4106
NO15 0.1244 0.2697 0.1401 0.3056 0.1394 0.3238
AOS5 0.2898 0.6154 0.3146 0.6725 0.3186 0.7134
AO10 0.2420 0.5174 0.2696 0.5607 0.2761 0.5868
AO15 0.1962 0.4077 0.2161 0.4415 0.2134 0.4514
BO10 0.2009 0.3896 0.2330 0.4448 0.2445 0.4700
LAB8O EO10 0.2566 0.4796 0.3043 0.5643 0.3319 0.6395
NO10 0.2551 0.5120 0.2919 0.5826 0.3074 0.6272
AO10 0.3215 0.6797 0.3522 0.7397 0.3618 0.7705
2 C,,,R=5.93*C+69.79, 1<; 0.904 (a) 2.5% strain 20 (b) 2.5% strain - 2 (© 2.5% strain 0 BORB
C,, R=5.48*C+55.80, R*=0.901 R=5.12%C+75.11, R*=0.929 C, R=3.70C+85.69, K=0927 [ EORB

50]

200

(5) The crack width Csg9 parameter shows great correlations with
other critical indicators and can be predicted with these corre-
lation equations without conducting the time-consuming time

sweep test.
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Fig. 26. Crack width and its rejuvenation percentage of rejuvenated bitumen.

5.2. Recommendations for future work

(1) The critical fatigue parameters evaluating the rejuvenation effi-
ciency of rejuvenated bitumen must be further validated and

optimized with more rejuvenation cases.

(2) Implementing the multi-scale exploration of underlying mecha-
nisms on the difference in rejuvenation percentages based on the

critical fatigue indicators is important.

20

(3) The crack initiation and propagation models of fresh/aged/
rejuvenated bitumen will be established to fully understand the
influence of rejuvenator type/dosage and aging degree.

(4) The potential connections between these fatigue parameters and
physicochemical properties (e.g., surface energy and work of
cohesion) of rejuvenated binders will be examined.
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Fig. 27. Influence of aging level on C and CR values of rejuvenated bitumen.
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