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Abstract: The fatigue performance of hard asphalt is an important factor that affects the service life
of asphalt pavement. In order to comprehensively explore the influence of chemical components
on the fatigue performance of hard asphalt, and to eliminate the chemical instability between the
microstructure of asphalt from different oil sources, seven kinds of hard asphalt were designed and
prepared with saturates, aromatics, resins, and asphaltenes (SARA) extracted from the same hard
asphalt. Rheological, time sweep and linear amplitude sweep (LAS) tests were carried out to evaluate
the fatigue properties. The results show that the complex modulus of asphalt binds increased rapidly
with an increase of asphaltene and resins and that the colloidal structure was strengthened, which
would increase the fatigue factor. In the time sweep test, the strength of the colloidal structure
significantly affected the fatigue life, and the fatigue life was different under different test stresses.
In the viscoelastic continuum damage (VECD) model, the cumulative damage was related to the
modulus, while with the increase of asphaltene and resins, the fatigue life showed a trend of first
increasing and then decreasing. The linear regression analysis showed that the fatigue life of hard
asphalt had a good correlation with strain sensitivity. This study investigated the applicability of
different fatigue evaluation methods and revealed the influence of four components on the fatigue
properties of hard asphalt. The results provide significant insights in the improvement of the fatigue
performance of both hard asphalt and corresponding mixtures.

Keywords: hard asphalt; SARA fractions; rutting factor; fatigue performance; strain sensitivity

1. Introduction

Due to the repeated actions of vehicle loads, the fatigue damage generated inside the
pavement material structure has become one of the main types of pavement distress, and
the fatigue failure caused by fatigue damage has become a major failure mode restricting
the service life of asphalt pavement [1,2]. The fatigue performance of asphalt mixture
directly affects the service life of asphalt pavement. Previous studies have shown that the
fatigue failure of asphalt binder acts as a crucial role in determining the fatigue life of the
mixture [3], and fatigue cracks generally initiate and propagate within the binder or mastic
phase of asphalt mixtures. Because of the significant contributions of asphalt binders to the
fatigue performance of asphalt pavement [4,5], an assessment of the fatigue performance
of the asphalt binder is pivotal [6].

Selecting an appropriate asphalt binder is an important method by which to prevent
premature fatigue failure of asphalt pavement. In the field of engineering, Enrobé a Module
Élevé (EME), is known, in the French standard, as the high modulus asphalt mixture in
the base and sub-base layer of the pavement structure. It has a larger amount of asphalt,
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thicker asphalt film and smaller porosity than conventional asphalt mixtures; can achieve
excellent durability and fatigue resistance; and has been used on a large scale [7,8]. The
asphalt binder used in EME, which needs a penetration grade at 25 ◦C lower than 25
(0.1 mm), is also known as hard asphalt [9–11].

The research on improved asphalt fatigue tests is an ongoing effort and has been
introduced over the past decades within the framework of current performance grade
(PG) asphalt specifications. A dynamic shear rheometer (DSR) is employed for evaluating
the viscoelastic properties of an asphalt binder in terms of fatigue potential, and the
linear viscoelastic parameter G*sinδ, known as the fatigue factor, is used to quantify
asphalt fatigue resistance [12]. To establish a better rating of the role of binders in mixture
fatigue, the parameter Nf, defined as the number of cycles required to propagate cracks, is
recommended to replace the binder parameter G*sinδ through the time sweep (TS) test,
which was proposed by Bahia during NCHRP 9-10 [13,14]. Under the TS test mode, the
direct application of cyclic loading at sufficient stiffness levels, along with fixed frequency
and amplitude in either controlled stress or controlled strain mode, was approved and the
relevant fatigue performance indicators measured. A significant amount of research has
been devoted to defining fatigue failure. The simplest fatigue failure definition used in
asphalt material tests is 50% loss in stiffness or pseudo stiffness [15–22]. The Glover–Rowe
parameter is a function of two rheological properties, and complex shear modulus (G*) and
phase angle (delta) are measured at 15 ◦C and a frequency of 0.005 radians/second in the
DSR, which needs more test time than the TS test [23].

As the TS test requires a long testing time, an accelerated testing process named the
linear amplitude sweep (LAS) test has been used in asphalt material testing, based on
the simplified viscoelastic continuum damage (VECD) theory [24–26]. The LAS test is an
accelerated amplitude sweep procedure that is used instead of a fatigue-type test in either
controlled stress or controlled strain mode [27]. The test data interpretation is then used to
predict the fatigue life within a significantly shorter time compared with the TS test. Thus,
the method has been widely accepted and has been found to correlate well with the fatigue
behavior of asphalt pavement [28].

In the research on the fatigue performance of hard asphalt, a considerable number
of findings have yielded meaningful research results. Zou’s research has pointed out that
different oil sources and different production processes of hard asphalt have different effects
on the fatigue life of asphalt mixture [29]. Quan revealed that epoxidized rapeseed oil has
a positive impact on the fatigue performance of modified hard asphalt binders [30]. Qin
has indicated that the fatigue performance of hard asphalt is much lower than penetration
grade 70 asphalt in the DSR fatigue test under a strain control model [31]. It was found
that the strain level in a hard asphalt mixture would be reduced due to the larger stiffness
modulus, and that it possessed better fatigue resistance than conventional mix [32–34].

It should be noted that the macroscopic properties of asphalt are closely related
to the chemical components of asphalt. Some studies on the influence of the chemical
components on the fatigue properties of hard asphalt have been carried out from the
perspective of chemical composition [35,36]. In order to better understand the influence
of chemical components on the fatigue properties of hard asphalt, this study employed
saturates, aromatics, resins, and asphaltenes (SARA), separated from the same hard asphalt
by solvent elution method, to customize and design seven kinds of hard asphalt samples
according to the related literature [37,38]. Additionally, rheological test, time sweep test
and LAS test were conducted by DSR to investigate the fatigue characteristics through
a comparative analysis of chemical components and fatigue test results. The research
results of this paper suggest that the relative proportions of the four components should be
considered when producing hard asphalt, such as when utilizing the blending method, so
as to improve the strain sensitivity of hard asphalt, which has important engineering value
when improving the fatigue properties of asphalt and EME mixtures.
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2. Materials and Experiments
2.1. Materials

In this work, the compatibility stability between different asphaltenes and resins
should be eliminated [39]. According to the asphalt chemical component test method
(T0618) in Standard Test Methods of Bitumen and Bituminous Mixtures for Highway
Engineering (Issued by Ministry of Transport, Beijing, China) [40], SARA fractions were
separated from the same virgin hard asphalt, as shown in Figure 1. Seven kinds of asphalt
binders were designed using the SARA fractions referring to the relevant literature, which
were then blended with toluene solution in a ceramic mold and dried at 60 ◦C for 48 h in a
vacuum oven for subsequent tests, as shown in Figure 2. Table 1 shows the properties of
virgin hard asphalt and the results of SARA fractions.
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Table 1. Properties of virgin hard asphalt.

Test Items Value Testing Method Contents (wt%) Virgin Asphalts Testing
Method

Penetration 25 ◦C (0.1 mm) 29 T 0604
Saturates 17.11

T0618

Penetration index (PI) 0.92 T 0604
Ductility (50 mm/min) 10 ◦C (cm) 1 T 0605

Aromatics 50.79Ductility (50 mm/min) 15 ◦C (cm) 8 T 0605
Softening point (◦C) 56 T 0606

Resins 16.8860 ◦C dynamic viscosity (Pa·S) 666.1 T 0620
Solubility (%) 99.7 T 0607 Asphaltenes 15.22

2.2. Experiments
2.2.1. Dynamic Shear Rheological (DSR) Tests

The rheological properties were determined by DSR (Marlvern Kinexus, Malvern
Instrument Ltd., Malvern, UK) in order to conduct the complex modulus G* and the
phase angle δ, and the temperature ranged from 40 to 82 ◦C in accordance with the ASTM
D6373 [41], at intervals of 6 ◦C at 10 rad/s. The strain level was 12%, the gap was set to
1 mm and the diameter of the plates was 25 mm. The rutting factor G*/sinδ and fatigue
factor G*sinδ could then be calculated [42].

2.2.2. Time Sweep (TS) Test

The time sweep test under constant stress was used to study the fatigue damage
characteristics of asphalt under cyclic loading. When the load amplitude was too small,
the test would take too long and the specimen might not even suffer any fatigue damage.
When the load amplitude was too large, the fatigue damage would be inflicted too quickly,
making the fatigue life too small and the dispersion of the test results too large. Therefore,
the appropriate load amplitude should be selected for the time sweep test. Considering
the test duration and data stability, and referring to the research results [43], the stress
control mode was selected. The stress amplitude was 0.1 Mpa and 0.2 Mpa, the parallel
plate was 8 mm, the plate spacing was 2 mm, the oscillation frequency was 10 Hz, and the
test temperature was 30 ◦C.

2.2.3. Linear Amplitude Sweep (LAS) Test

The linear amplitude sweep (LAS) test used a DSR to assess the fatigue behavior of
asphalt binders by the application of systematically increasing load amplitudes (0–30%)
over the course of 3100 cycles at constant test temperature and loading frequency following
the AASHTO TP 101-14 [26]. In this work, the LAS test was conducted under oscillatory
shear in the strain-controlled mode at a frequency of 10 Hz at temperatures of 25 ◦C, 30 ◦C,
and 35 ◦C and the gap and diameter of the plates were set to 2 mm and 8 mm, respectively.
The LAS test consisted of two steps. Firstly, the frequency sweep test was conducted
with the strain value (0.1%) in a range of frequencies from 0.2 to 30 Hz to determine
the rheological properties of undamaged binder. Secondly, 3100 oscillatory shear load
cycles under linearly increasing amplitudes were conducted on the binder to accelerate the
fatigue damage. After that, the continuum damage approach of the viscoelastic continuum
damage (VECD) [44] model was used to calculate the fatigue resistance in accordance with
rheological properties and amplitude sweep test by following Equations (1)–(7).

The damage accumulation was calculated by Equation (1)

D(t) ∼=
N

∑
i=1

[
π IDγ2

0(|G∗| sin δi−1 − |G∗| sin δi)
] α

1 + α
(ti − ti−1)

1
1 + α (1)

where D(t) represents the cumulative damage of asphalt; ID represents the initial value of
|G∗| obtained from the 1.0% applied strain interval, MPa; γ0 is equal to the strain exerted
by the test procedure for the data point at a certain time, %; |G∗| refers to the complex shear
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modulus, MPa; α corresponds to the parameter of rheological property, dimensionless; and
t represents the testing time, s.

The binder fatigue performance parameter Nf can be calculated as follows in Equation (2):

N f = A35(γmax)
−B (2)

where γmax is the maximum expected binder strain for a given pavement structure, usually
a value of 2.5% or 5%; A and B are parameters for the binder fatigue performance model
shown as Equations (3) and (4), respectively; f is the loading frequency (10 Hz); k is the
coefficient shown as Equation (5); Df is defined as that which corresponds to a 35% reduction
in undamaged |G*|·sinδ· (C0), the calculation of which is obtained by Equation (6). The
relationship between |G*|·sinδ and D(t) can be fit to the power law relationship shown as
Equation (7), C0 is the average value of |G*|·sinδ from the 0.1% strain interval, and C1 and
C2 are curve fit coefficients.

A35 =
f
(

D f

)k

k(π IDC1C2)
α (3)

B = 2α (4)

k = 1 + (1 − C2)α. (5)

D f = (0.35)
(

C0

C1

)( 1
C2

)

(6)

|G∗|· sin δ = C0 − C1(D)C2 (7)

3. Results and Discussion
3.1. Rheological Properties Test Results

The temperature sweeping tests were performed with a constant frequency of
10 rad/s [45], and the results of the temperature sweep tests of the seven asphalt binders
are shown in Figures 3 and 4. The phase angle reflects the ratio of the flexibility and
viscous components of the asphalt binder. For viscoelastic materials, the phase angle is
distributed between 0◦ and 90◦, with 0◦ being a purely elastic material, and 90◦ purely
viscous. The greater is δ, the greater part of a deformation that cannot be recovered and the
more permanent a deformation appears to be. As shown in Figures 3 and 4, with increasing
temperature, the complex shear modulus decreased and the phase angle increased, indicat-
ing that the binder gradually transformed from a viscoelastic fluid to a viscous fluid. At
the same temperature, the modulus increased with increasing sample number in the order
of #7 > #6 > #5 > #4 > #3 > #2 > #1, which means that, with increasing resin and asphaltene
content, the complex modulus of the binder increased significantly. An increase in resins
and asphaltenes could effectively enhance the stiffness and improve the rutting resistance
due to the presence of strong intermolecular interactions between molecules consisting
of heteroatoms [46]. The spatial network structure built by resins and asphaltenes could
directly enhance the strength of the asphalt colloid structure. Moreover, for samples #5
to #7, as the test temperature increased, the complex modulus decreased dramatically,
and the phase angle increased sharply. These results imply that the increase in resins and
asphaltenes might, to a certain extent, cause the instability of the colloid structure, resulting
in an increase in the temperature sensitivity [47,48].

The anti-rutting performance of the asphalt binder can be evaluated according to
rutting factor (G*/sinδ). At high temperatures, higher G*/sinδ values are preferred to
reduce the energy dissipation due to repeated loading. The less energy dissipated per cycle,
the higher the rutting resistance of the asphalt mixture. The impact of the temperature on
the rutting factors G*/sinδ of different binders is presented in Figure 5. The results show
that increasing resins and asphaltenes increased the rutting factor, indicating an increase
in rutting resistance. For example, the rutting factor of #7 asphalt binder at 64 ◦C was
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1200% higher than of #11 asphalt binder. These results have also been noted in previous
studies [49,50].
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A higher rutting factor can lead to the binder being susceptible to cracking risk under
low- and medium-temperature conditions, and fatigue factor G*sinδ was introduced to
characterize the ability of the asphalt binder to resist fatigue cracking due to the superpave
performance grading (PG) method. The fatigue factor is the viscous component of the
modulus (also known as the loss modulus), that is, the more energy the material losses
during the loading process, the worse its corresponding anti-fatigue performance [51].
The variation curves of G*sinδ values with temperature for different binders are shown
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in Figure 6. As can be seen from Figure 6, the G*sinδ gradually decreased as the tempera-
ture increases, the viscosity and plasticity of the asphalt binder were greatly affected by
temperature. With the increase of temperature, the asphalt binder changed from a “glass
state” to a “liquid-like state” [35]. The viscous component increased, the elastic component
decreased, and the fatigue resistance increased.
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At the same temperature, the G*sinδ increased with increasing sample number, as
follows: #7 > #6 > #5 > #4 > #3 > #2 > #1, indicating that the higher the number of resins
and asphaltenes, the larger the G*sinδ. This in turn means that, with the increasing number
of resins and asphaltenes, the glass transition temperature increases, which leads to an
increase in stiffness at the same temperature [35]. The relevant literature points out that
G*sinδ is the test result of a small strain and a small number of loading actions in the
linear viscoelastic range and has nothing to do with the cumulative damage development
under repeated loads. It cannot fully reflect the mechanical state and process of the actual
pavement fatigue cracking and quantitative evaluation of the degree of asphalt fatigue [13].

3.2. Time Sweep (TS) Test Results

The NCHRP 9-10 project proposes the application of TS test to evaluate the fatigue
performance of asphalt [5]. This uses repeated application of loads on the sample, with
a constant load amplitude and frequency, in order to interpret and represent the whole
fatigue process. In the TS test, the fatigue life is determined by analyzing the decay law of
macro technical indexes such as complex shear modulus and phase angle, which belongs
to the asphalt fatigue life determination method based on the appearance method. The
shear times (Nf50) corresponding to the reduction of complex shear modulus to 50% of the
initial value is used as the basis for fatigue failure, which corresponds to the determination
of asphalt mixture fatigue (when the modulus is reduced to 50% of the initial value). The
results of the TS tests of seven asphalt binders are shown in Figures 7 and 8.

As can be seen from Figure 7, there were mutation points in the decay curve of the
complex modulus of 4#, 5#, 6#, 7#, which was caused by the fact that the test time was
too long, and that the DSR equipment could not complete the sweep test of the whole
process in a single test due to the lack of computer memory. Thus, the test program needed
to be repeated, which rendered the program discontinuous. Under a constant stress of
0.1 Mpa, with the increase of asphaltenes and resins, the initial complex modulus of binders
increased, and the values of the #5, #6 and #7 samples were much higher than those of other
binders, which is consistent with the temperature sweep results in Section 3.1. The complex
modulus of all samples decreased with the increase of test time, while the decreasing trend
was different. The complex modulus #5, #6 and #7 decreased slowly; when the number of
stress cycles reached 2.0 × 106, the decrease of complex modulus was still less than 50%,
which means that these three binders had not showed obvious fatigue failure yet. This
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might be due to the fact that the samples contained enough asphaltenes and resins, as
well as clusters composed of connected asphaltenes and resins, to form a high-strength
spatial network structure, greatly increasing the strength of the asphalt colloidal structure.
Under the stress of 0.1 Mpa, the internal damage of the colloidal structure became too small
and inadequate to form a rapid accumulation phenomenon, and the complex modulus
decreased slowly over a long test time. The complex modulus of the #4 sample, after
93,320 cycles, decreased from 10,145 kPa to 5702 kPa. A brittle fracture then occurred and
the complex modulus quickly decreased to 0, as shown in Figure 9. For the #1, #2 and #3
samples, the complex modulus decreased slowly with the increasing test time. The Nf50
of #1 was 13,850, Nf50 of #2 was 23,988, and Nf50 of #3 was 46,374, which indicates that,
under small stress, when the content of asphaltenes and resins increased, the strength of
its colloidal structure increased, which could effectively increase the fatigue resistance of
the binder.
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Figure 8 shows the time sweep results under a constant stress of 0.2 Mpa. Compared
with 0.1 Mpa, the results of 0.2 Mpa showed significant differences, the #5, #6 and #7
samples all showed fatigue failure, the complex modulus decreased gradually with the
increasing test time, and after a certain time, the value quickly dropped to 0 before a
brittle fracture occurred, all of which is similar to the situation of the #4 sample under
0.1 Mpa, seen in Figure 9. The Nf50 of the #1, #2, #3, and #4 samples were 60, 450, 4800,
and 22,200, respectively. Compared with 0.1 Mpa, the fatigue life of samples decreased
significantly, which indicates that, when the test stress increased, the micro-damage in the
colloidal structure material increased, and the micro-damage accumulated rapidly with the
increase of the test cycles. As a result, the fatigue failure of the binder was greatly advanced.
Comparing the results of #5, #6 and #7, it can be seen that Nf50 first increased and then
decreased with the increase of asphaltenes and resins and that the fatigue life did not
increase with the increase of complex modulus. Under the stress of 0.2 Mpa, the cumulative
damage of the #7 sample developed rapidly, and the complex modulus decreased rapidly,
resulting in a lower Nf50 than #6.

In summary, when evaluating the fatigue performance using a time sweep test, differ-
ent test stresses will lead to different conclusions. This is because different asphalt binders
have different stress sensitivities, and the time sweep test can only reflect the accumulated
fatigue damage inside the colloid structure under a single stress or strain. Therefore, in
this test mode, the key to evaluating the fatigue performance is to select the appropriate
test stress or strain for different asphalt binders. However, the pavement bears different
loads in the actual service process, and the asphalt binders bear the stress or strain within a
certain width domain, rather than the repeated action of the stress or strain of a single force
value. Therefore, it is necessary to first study the cumulative damage of asphalt binders
after experiencing the action of stress or strain from small to large and then to evaluate its
anti-fatigue performance.

3.3. LAS Test Results

In view of the deficiency of the rheometric and time sweep tests in evaluating the
fatigue performance of an asphalt binder, the LAS test was used in this section to com-
prehensively evaluate the anti-fatigue performance of samples under repeated loads in
a certain width domain. In order to explore the influence of temperature on the fatigue
performance, LAS tests were carried out on seven samples under temperatures of 25 ◦C,
30 ◦C and 35 ◦C, the relevant stress–strain curves are shown in Figure 10. The peak stress
can be understood as the yield threshold of the material under increased loading, where
the phase angle drops after the material yielded [52,53]. As can be seen from Figure 10,
there were stress peaks in all seven kinds of asphalt samples, with temperature having a
significant effect on the stress–strain curve. With the increase of test temperature, the peak
stress of each sample decreased gradually, and the corresponding shear strain increased
gradually. For example, the peak stress of the #3 sample at 25 ◦C was 500 kPa and the
peak strain was 7.8%, while at 35 ◦C, the peak stress was 185 kPa, and the peak strain was
12.5%. The peak stress decreased by 63% and the peak strain increased by 60%, which
indicates that, with the increase of asphaltenes and resins, the yield threshold of the material
increased with the increase of stiffness. As the sample number increased, the reduction of
shear stress under different test temperatures changed from a smooth decrease to a sharp
decrease at high shear strains. The stress–strain curves showed a steeper trend, as the
smooth decrease indicates the plastic or viscous deformation of the specimen, while the
sharp decrease indicates the fatigue failure of a brittle material. This phenomenon shows
that rutting performance had been strengthened with the increase of asphaltenes and resins,
and that, when the content of asphaltenes and resins was high, the fatigue properties of
the sample may be reduced due to the sharp decrease at high shear strains. For the same
sample, with the increase of the temperature, the state of the sample gradually changed.
As an example, Figure 10g shows the transition from rutting (due to plasticity or viscosity)
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to fatigue failure (due to brittleness), 25 ◦C and 30 ◦C cause fatigue failure, while 35 ◦C
causes rutting.
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(c) Stress‒strain curves of the #3 sample (d) Stress‒strain curves of the #4 sample 
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By comparing the peak stress and peak strain of samples at different temperatures,
shown in Figures 11 and 12, respectively, it can be seen that the peak stress clearly increased,
and that the peak strain decreased gradually at different test temperatures. This indicates
that, with the increase of asphaltenes and resins, the binder became harder and its modulus
increased, in turn indicating that a smaller shear strain would cause fatigue failure.
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Figure 12. Peak strain at different temperatures.

The peak range of the stress–strain curve represents the strain sensitivity of the asphalt
binder. The wider the region, the lower the strain sensitivity. It can be seen from Figure 10
that, for the same asphalt, with the increase of test temperature, the peak range became
wider and the strain sensitivity of asphalt decreased, which indicates that the modulus of
the asphalt decreased gradually and could withstand a wider range of shear strain before
fatigue failure occurred.

Figure 13 showed the stress–strain curves of seven samples at 35 ◦C. With the increase
of the sample number, the peak range of the stress–strain curves first increased and then
decreased, indicating that the micelles composed by asphaltenes and the resins can form a
spatial network structure, increasing the strength of the colloid structure and reducing the
strain sensitivity. The peak ranges of #6 and #7 are extremely narrow, and the peak stress is
much higher than that of other samples. Fatigue failure occurred within a short time after
reaching the peak stress, which means that, with the increase of micelles, the peak range
rapidly reduced, and the strain sensitivity increased significantly.
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Figure 13. Stress–strain curves of seven samples at 35 ◦C.

When LAS test was used to evaluate the fatigue performance of hard asphalt, the
fatigue failure was accelerated by cyclic loading with a step-by-step increasing strain,
which can fully reflect the state of hard asphalt under multiple loads. Thus, we were able to
determine the suitable temperature and strain range of hard asphalt, which has important
guiding significance for the rational utilization of hard asphalt.

The VECD model was used to draw the relationship between cumulative damage and
the integrity of different samples at 35 ◦C, as shown in Figure 14. Abscissa D(t) represents
the cumulative damage, and ordinate C (%) represents the integrity of samples. When
C = 1, the asphalt sample was in an undamaged state; When C = 0, the asphalt sample had
been completely damaged; when the cumulative damage parameter D was determined,
the larger C was, the stronger was the ability of the material to resist damage. In the DC
curve, in the area of low cumulative damage, the integrity parameters of the #1, #2, #3
and #4 samples decreased rapidly, while the integrity parameters of the #5, #6 and #7
samples decreased slowly, which means that the ability to resist fatigue damage of the #5,
#6 and #7 samples was higher than that of #1, #2, #3 and #4 samples. This is contrary to
the above conclusions, as can be seen from Figure 3. The modulus of the #5, #6 and #7
samples were significantly larger than that of other samples, and the calculated cumulative
damage was much higher than that of other samples. As a result, in the same DC curve, the
integrity parameter of the samples with small cumulative damage decreased rapidly, while
the integrity parameter of the samples with large cumulative damage decreased slowly,
distorting the physical index analysis of the DC curve. However, for the asphalt binders
with the same level of complex modulus, such as the #6 and #7 samples, for which the
cumulative damage D was the same, the integrity parameter of the #7 sample was smaller,
indicating a lower integrity and worse fatigue resistance.

In order to explore the influence of different temperatures on the DC curve, the fatigue
damage curves of seven samples at 25, 30 and 35 ◦C were drawn, as shown in Figure 15.
With the increase of the test temperature, the DC curves showed different degrees of change.
For the #1 and #2 samples, when the temperature increased from 25 ◦C to 35 ◦C, the C
value decreased rapidly, as did the ability to resist fatigue damage. This was because
the asphaltenes and resins of the #1 and #2 samples were inadequate to form a spatial
network structure of sufficient strength. When the temperature increased, the stability
of the colloidal structure decreased rapidly, and the internal structure of the asphalt was
damaged rapidly under the action of the continuously increasing strain. For the #3 and #4
samples, with the increase of the test temperature, the C value decreased and the internal
integrity of the binders decreased at the same cumulative damage D. Compared with the #1
and #2 asphalt binders, the decreasing trend of the C value at 35 ◦C slowed down, which
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indicates that, when the content of asphaltenes and resins increased to a certain amount,
the clusters composed by asphaltenes and resins became interconnected to form a spatial
network structure with a certain strength. When the test temperature increased, the spatial
network structure helped the binders to resist the effect of the continuously increasing
strain without rapid damage and fatigue failure.
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Figure 15. DC curves of different asphalt samples at 25 ◦C, 30 ◦C and 35 ◦C.

For the #5, #6, and #7 samples, the DC curves at 30 ◦C and 35 ◦C were interwoven and
the damage of the samples could not be well distinguished. This might be due to the way
in which, when the number of clusters reaches a certain level, the spatial network structure
they form them has enough strength to achieve a similar damage degree at both of the
above temperatures.

In order to study the effect of temperature on fatigue life, Figure 16 show the fatigue
life of each asphalt sample at three test temperatures under 5% strain. With the increase of
the test temperature, the fatigue life increased to different degrees, and, due to the increase
of the test temperature, the complex modulus decreased. Thus, the cumulative fatigue
damage decreased, which would increase the calculated fatigue life.

As shown in Figure 10g, the stress–strain curve showed a rapid decline at 25 ◦C and
30 ◦C, meaning that the sample appeared to suffer a brittle fracture. Thus, the fatigue life
of the #7 sample did not appear at 25 ◦C and 30 ◦C in Figure 16. By observing the change
trend of the fatigue life of the seven samples, it can be seen that, with the increase of the
sample number, the fatigue life generally showed a change law of first increasing and then
decreasing, which might be related to the strain sensitivity of the colloidal structure and
which is analyzed in the following section.

In order to analyze the effect of strain on the fatigue life, the trend of the fatigue life
with different strains at 35 ◦C was plotted, as shown in Figure 17. It can be seen that, with
the increase of shear strain, the cumulative damage increased, and the fatigue life showed
a trend of gradually decreasing.
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In the low strain zone, the fatigue life first increased and then decreased with the
increase of sample number. With the increase of the strain, the fatigue life of different
samples decreased in different trends. The fatigue life of the #5, #6, #7 samples decreased
rapidly, and the decline rate was #7 > #6 > #5, which indicates that, if there were not
enough aromatic and saturate fractions to provide deformation coordination, the spatial
network structure composed by excessive asphaltenes and resins would quickly reduce
the adaptability of the colloidal structure to the shear strains. The fatigue life of the #1
and #2 samples became gradually close to that of #3 and #4 samples. When the strain
reached about 7%, the fatigue curves of the #2, #3 and #4 samples showed an interweaving
phenomenon, which indicates that, when the strain was small, the colloid with good spatial
network structure and deformation coordination ability could withstand the repeated
action of small strain well and fewer fatigue damage would occur. With the increase of
the strain, the deformation of the colloidal structure increased, the colloidal structure with
more aromatics and saturates components obtained less fatigue damage than that of other
samples due to its better deformation coordination, and their fatigue life became gradually
close to the #3 and #4 samples. When the strain reached a certain level, the fatigue life of



Materials 2024, 17, 2713 16 of 20

the #1 and #2 samples exceeded that of the #3 and #4 samples. The reason for this may
be related to the strain sensitivity of the colloid structure. The above phenomena can be
explained by the schematic diagram of the colloidal structure.

Figure 18 shows the diagram of the colloidal structure of the clusters under different
contact conditions. When the number of resins and asphaltenes was insufficient, as shown
in Figure 18a, excessive aromatics and saturates dispersed to prevent clusters from con-
necting to each other and forming the spatial network structure, leading to the high stress
sensitivity and lower fatigue life. When the number of resins and asphaltenes increased, the
spatial network structure was gradually formed by the sufficient content of clusters, shown
in Figure 18b. In this phase, the content of aromatics and saturates was moderate, which
gave the colloidal structure a certain elastic recovery ability and deformation coordination
performance at the same time. The strain sensitivity of asphalt binder was reduced, and
the fatigue life under wider amplitude sweep was improved. In Figure 18c, as resin and
asphaltene content continued to increase, the content of aromatics and saturates became
too small, which led to the strain sensitivity of the colloidal structure increasing rapidly
and the fatigue life decreasing greatly.
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Through the analysis of the above test results, it can be found that 35% of the initial
modulus, as the fatigue failure criterion, could well distinguish the fatigue properties of
different hard asphalt binders at different temperatures, and the LAS test could be used to
evaluate the fatigue characteristics of hard asphalt.

In order to better analyze the correlation between fatigue life and strain sensitivity,
linear regression analysis of Nf and strain sensitivity was carried out. In this study, the
region of 85% of the peak stress in the stress–strain curve was defined as the strain plateau,
as shown in Figure 19. The strain range of the strain plateau was used as the strain
sensitivity parameter, and the fatigue life of the seven samples with γmax of 5% and 7.5% at
25 ◦C, 30 ◦C and 35 ◦C were linearly regressed with the strain sensitivity parameter.

Materials 2024, 17, x FOR PEER REVIEW 18 of 21 
 

 

that there was a good linear correlation between the fatigue life and the strain sensitivity 
of the colloidal structure at different calculated strains. In order to obtain hard asphalt 
with good fatigue properties, it is necessary to rationally configure the content of four 
components to reduce the strain sensitivity of its colloidal structure. 

0 5 10 15 20 25 30
0

100

200

300

400

sh
ea

r s
tre

ss
 (k

Pa
)

shear strain (%)

Peak stress

85% Strain plateau
X2X1

85%

 
Figure 19. Schematic diagram of stress plateau in the stress–strain curve. 

6 8 10 12 14 16

0

1×104

2×104

3×104

4×104

5×104

6×104

 25℃  30℃  35℃
 y = 5578.48x - 43302.458, R2 = 0.79

N
f (

Ti
m

es
)

Strain plateau (%)  
0 2 4 6 8 10 12 14 16

0

1×103

2×103

3×103

4×103

 25℃  30℃  35℃
 y = 455.04x - 3439.79, R2 = 0.73

N
f (

Ti
m

es
)

Stress plateau (%)  
(a) γmax = 5% (b) γmax = 7.5% 

Figure 20. Linear regression analysis between fatigue life and strain sensitivity. 

4. Conclusions 
In this paper, SARA fractions were extracted from the same hard asphalt, and seven 

kinds of hard asphalt binders with different proportions of chemical components were 
formulated. The influence of different SARA fractions on the fatigue performance of the 
hard asphalt was discussed through rheological testing, time sweep testing and LAS test-
ing. The key findings are summarized as follows: 
(1) G*sinδ increases with the increasing number of resins and asphaltenes, which would 

reduce the anti-fatigue performances of the binder. This test reflects only a small 
strain and a limited number of loading cycles in the linear viscoelastic range, and 
larger strains and more test times must be adopted in order to better simulate the 
actual road conditions. 

(2) For the same test samples, different test stresses will lead to different fatigue conclu-
sions, and, when using the time sweep test, selecting the appropriate test stress or 
strain for different asphalt samples is key to evaluating the fatigue performance. 

(3) The LAS test can fully reflect the actual stress state of asphalt binder under repeated 
loads, and effectively evaluate the fatigue performance of hard asphalt under differ-
ent loads. When there is a significant difference in the order of magnitude of damage 

Figure 19. Schematic diagram of stress plateau in the stress–strain curve.

From the stress–strain curves, it can be seen that, with the increase of strain, the stress
of the #5, #6 and #7 samples rapidly decreased to 0, the samples became completely fatigue
damaged, and their fatigue life values at 25 ◦C and 30 ◦C became close to 0. In order to
avoid the influence of this part of the data on linear regression, this part of the test data
was eliminated in the regression analysis, and the linear regression situation was shown in
Figure 20. R2 was 0.79 and 0.73, respectively, for 25 ◦C, 30 ◦C, and 35◦C, which indicates
that there was a good linear correlation between the fatigue life and the strain sensitivity
of the colloidal structure at different calculated strains. In order to obtain hard asphalt
with good fatigue properties, it is necessary to rationally configure the content of four
components to reduce the strain sensitivity of its colloidal structure.
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4. Conclusions

In this paper, SARA fractions were extracted from the same hard asphalt, and seven
kinds of hard asphalt binders with different proportions of chemical components were
formulated. The influence of different SARA fractions on the fatigue performance of the
hard asphalt was discussed through rheological testing, time sweep testing and LAS testing.
The key findings are summarized as follows:

(1) G*sinδ increases with the increasing number of resins and asphaltenes, which would
reduce the anti-fatigue performances of the binder. This test reflects only a small
strain and a limited number of loading cycles in the linear viscoelastic range, and
larger strains and more test times must be adopted in order to better simulate the
actual road conditions.

(2) For the same test samples, different test stresses will lead to different fatigue conclu-
sions, and, when using the time sweep test, selecting the appropriate test stress or
strain for different asphalt samples is key to evaluating the fatigue performance.

(3) The LAS test can fully reflect the actual stress state of asphalt binder under repeated
loads, and effectively evaluate the fatigue performance of hard asphalt under different
loads. When there is a significant difference in the order of magnitude of damage
between different samples, the physical index analysis of DC curves may be distorted.
Attention should be paid to the order of magnitude of cumulative damage when
using DC curves to evaluate the fatigue damage.

(4) There is a good correlation between fatigue life and strain sensitivity as determined
by linear regression analysis. To improve the fatigue characteristics of hard asphalt,
it is necessary to adjust the proportion composition of SARA fractions reasonably to
reduce the strain sensitivity of the colloidal structure.

Further research is necessary in order to optimize the current separation method to
collect more SARA fractions and the influence mechanism of the four components on the
fatigue properties of hard asphalt must be analyzed through a series of microscopic tests,
such as atomic force microscopy (AFM), Fourier transform infrared (FTIR) spectroscopy,
scanning electron microscope (SEM), etc.
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