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Abstract: An asphalt mastic has thixotropic characteristics that significantly influence its fatigue
and healing performance. Therefore, understanding the thixotropy of an asphalt mastic is clearly
of great importance. However, research in this area is still in the early stages. This study focuses
on self-heating as one of the biasing performances of asphalt material by analyzing the viscosity,
stress, and hysteresis loops the of asphalt mastics under cyclic shear loading. Twelve types of asphalt
mastics fabricated with asphalt, as well as different types of mineral filler, were selected to examine
thixotropy. In addition, the filler /asphalt ratio was examined via the hysteresis technique to analyze
the hysteresis loop and the viscosity—shear rate. The thixotropic potential function was also studied
from the energy viewpoint. The results show that asphalt mastics with different asphalt binders,
mineral fillers, and filler volume fractions showed hysteresis loops for shear stress versus shear
rate diagrams. With an increase in the loading times of the cyclic load, the area of the hysteresis
loop gradually decreases, and the hysteresis area most likely features a relatively stable value. The
thixotropy of the asphalt can be significantly reduced by adding filler, and different types of mineral
filler can slightly influence the thixotropy. The viscosity decreases with an increase in the shear rate,
and it gradually recovers with a decrease in the shear rate. The greater the filler /asphalt ratio, the
greater the viscosity, and the faster the viscosity’s descent is with the prolongation of time. Due to
the existence of a higher amount of filler content, the recovery of a viscosity crack is more difficult.
For asphalt mastics with high filler/asphalt ratios, the thixotropic mechanism can be explained via
particle agglomeration and the depolymerization theory. For asphalt mastics with low and medium
filler /asphalt ratios, the thixotropic mechanism can be explained via the particle chain theory. The
damage and recovery of the internal structure of an asphalt mastic can be characterized by the
structural failure potential function and the structural recovery potential function, respectively.

Keywords: mastics; thixotropy; structural failure potential function; structural recovery potential
function; energy viewpoint

1. Introduction

Over its lifetime, asphalt pavement is subjected to repeated traffic loading, which
causes mechanical damage within the constitutive layers. This reduces the pavement’s
carrying capacity, accelerates its damage, and shortens its service life. To achieve a better
understanding the performance of asphalt pavement, reducing its damages and prolonging
its life, cyclic loading tests are commonly carried out in a laboratory setting on asphalt
materials of different scales [1]. Many methods exist for simulating the cyclic loading,
such as the time sweep (TS) and the linear amplitude sweep (LAS), to evaluate the asphalt
material’s fatigue life.
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The fatigue of asphalt pavement is defined as the accumulation of damage resulting
from repeated loading. Usually, the fatigue of asphalt material is described as a decrease
in its complex modulus due to the propagation of initiation microcracks in asphalt ma-
terials [2,3]. With continued loading, this propagation of microcracks accelerates and
subsequently coalescences to form macrocracks. Based on mechanical properties and
damage accumulation, the process of crack propagation can be divided into three main
stages. The first stage, which is related to the occurrence of plastic and elastic deformation,
self-heating, and thixotropy, showed a rapid increase in damage. The second stage, in
which microcracks appear in the material, is quasi-stationary. The third stage, in which the
macrocracks coalesce and propagate rapidly, is when the damage rate increases [4-7].

Classically, the evaluation of fatigue is based on a decrease in the original complex
modulus. It does not involve consideration of the self-healing and thixotropic behaviors of
asphalt material, which are reversible and have “biasing effects” on fatigue analysis [8,9].
However, the quantification of nonlinearity, heating, thixotropy, and fatigue on asphalt
mixture damage showed that nonlinearity, heating, and thixotropy contribute to a decrease
of more than 90% in the complex modulus within 100,000 cycles for a strain amplitude of
100 pm/m [10]. Cyclic testing that was applied to test the fatigue of virgin asphalt and was
modified also proved that the significant loss of the modulus exhibited at early stages is
related to thixotropy and viscoelasticity [11]. Among the factors that have “biasing effects”
on fatigue, thixotropy has the most significant influence on the complex modulus decrease
and on the phase angle increase. Thixotropy, which is the intrinsic ability of a viscoelastic
material to restore the microstructure inside the un-cracked part of the material, corresponds
to a stiffness or viscosity decrease in the material over time under cyclic loading, as well as
to stiffness or viscosity recovery after rest [12]. This indicates that thixotropy is the most
important factor influencing the self-healing ability of asphalt material at the beginning
of all occurring and propagating microcracks. A study on the mechanism and factors of
asphalt materials’ self-healing ability also proved this conclusion [8].

In addition to its effect on the fatigue of asphalt and mixtures, thixotropy was also
applied to explain the reversible behavior occurring during wet conditions of moisture
damage between the asphalt and aggregate [13]. Research on thixotropy is considered an
effective way to describe the internal damage of different asphalt materials that results
from the cyclic loading of the same formalism. Therefore, researchers try their hardest to
separate the influence of thixotropy form fatigue [14-16].

It is generally accepted that thixotropy stems from the structure that is formed through
the interaction between the dispersed particles in the material. The material’s viscosity and
stiffness depend on the sizes and shapes of the particle clusters [17]. The Brownian motion
and the shear rate affect the formation and failure rate of the clusters. As it is of great
importance to study the thixotropy of asphalt materials, previous studies on the thixotropy
of an asphalt mixture focused mainly on its recoverable and “biasing effect” on fatigue
and healing. The temperature, loading condition, and composition of the asphalt mixture
were considered to be the factors influencing the thixotropy of the asphalt mixture [18].
Modeling the thixotropic contribution during fatigue tests of asphalt concrete showed
that the evolution of thixotropy is equivalent to an increase in temperature, and viscosity
seems to guide thixotropy [7]. Research has been performed on the thixotropic behavior of
a fresh cement and asphalt emulsion paste applied to a structure parameter, which is the
ratio of the difference between the initial and equilibrium shear stress to the equilibrium
shear stress. This research was performed to evaluate the thixotropy of cement asphalt,
and it demonstrated that cement asphalt with a high yield stress demonstrated a more
pronounced thixotropic behavior [19]. As the proportion of the asphalt emulsion directly
influences the cement asphalt’s yield stress, it is reasonable to deduce that the thixotropy of
cement asphalt depends on the proportion of the asphalt emulsion. Cement asphalt with
a greater asphalt emulsion has better thixotropy.
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The thixotropy of the asphalt binder suggests that as the hysteresis loop changes
according to the shear rate, the thixotropy of the asphalt binder depends on the shear
rate [14]. Reversible molecular structuring and thixotropy in bitumen showed that different
types of asphalt binders manifested similar levels of the reversibility of the microstruc-
ture [20]. Thixotropy was an intrinsic rheological property of the asphalt binder, which
required a longer amount of time to rebuild the structures compared to their breakdown
process [20]. The modeling of the thixotropic properties of SBS-modified asphalt showed
that the cross-linked polymer network in the SBS-modified asphalt improved its thixotropic
characteristics [21].

Many research studies have been conducted on the thixotropy of asphalt binders
and mixtures, and much work has been performed to separate thixotropy from the first
stage of fatigue: microcrack generation and propagation. However, little research has
been performed on the thixotropy of asphalt mastics. An asphalt mastic is a composite
of an asphalt binder and mineral filler with a particle size of less than 0.075 mm. The
existing literature has explored the relationship between the performance of mixtures
and the asphalt mastic properties. The results indicated that testing mastics provides
greater insight into asphalt mixture performance compared with testing binders [13,22,23].
Asphalt mastics were considered the actual bonding materials of aggregates of different
sizes. In addition, asphalt mastics comprise the weakest phase in an asphalt mixture.
A correct understanding of asphalt pavement cracking performance showed that cracking
is strictly linked to the properties of the mastic phase and its components. Many research
studies carried out in recent years have highlighted the influence of asphalt, filler, and
the asphaltfiller interaction on the asphalt mastics’ rheological behavior. Only a few
researchers investigated the thixotropy of asphalt mastic. A previous study proved that
despite the existence of mineral filler, asphalt mastics exhibited a thixotropic contribution in
accordance with pure asphalt. The content of the filler, combined with the physicochemical
properties of filler and the asphalt-filler interaction, influences thixotropy of mastics [24-26].
The thixotropic tendencies of asphalt mastics are similar to those of asphalt binders, and
the type of mineral filler has a minimal effect on the thixotropic model [27].

Although the important effect of thixotropy on the fatigue of asphalt pavement has
been recognized and some effort has been taken to explore the thixotropy of asphalt
materials, it has not been researched in great depth. Further study remains to be conducted
on the mechanism. Therefore, this paper presents the thixotropy of asphalt mastics obtained
via different asphalt binders, mineral fillers, and filler volume fractions. The influence
of asphalt and filler on the thixotropy of asphalt mastics is explored by analyzing the
thixotropic loop and viscosity of asphalt mastics. The thixotropic potential function is also
studied from the energy viewpoint.

2. Experimental
2.1. Materials

Three types of PG58-22 asphalt binders and five types of mineral fillers with a diameter
of less than 0.075 mm were selected for this study. The performance of the three asphalt
binders is listed in Table 1. The average particle size (APS), mineral composition, and
densities of the five mineral fillers are listed in Table 2.

Table 1. Performance of Asphalt Binders.

Asphalt Penetration 25 °C/0.1 mm Soft Point/°C Duration/cm PG/°C
SK90 83.0 45.5 85 (10 °C) 58-22
KL90 81.6 46.0 >100 (10 °C) 58-22

SK70 63.0 47.5 50 (10 °C) 58-22
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Table 2. Properties of chemical composition.

Chemical Composition/% Densities/

Filler = APS/um Jem—3
SiOZ CaO Ti02 A1203 Fe203 MgO Kzo g/cm

A 45.67 6.5 86.9 0.0 1.7 0.8 3.6 0.3 2.628
B 64.51 59.1 13.0 0.7 12.4 5.6 5.1 2.6 2.749
C 40.96 9.18 82.46 0.00 2.67 1.06 3.31 0.35 2.632
D 42.82 8.11 84.24 0.00 2.28 0.95 3.42 0.33 2.631
E 36.17 11.87  78.02 0.00 3.64 1.32 3.02 0.40 2.636

The fabrication of asphalt mastics was carried out with the help of a small mixer. Prior
to mixing, an asphalt binder and mineral filler were placed in an oven at 135 °C to melt the
asphalt binder completely and heat the mineral filler to the same temperature. Then, the
heated filler was gradually added to asphalt, and the two were stirred together for at least
20 min until the mix was evenly blended. Finally, the mix was pulled into silicone molds
with a diameter of 8 mm to test its rheological property. The combination of the asphalt
binder, mineral filler, and the filler volume fraction used to fabricate the asphalt mastics are
shown in Table 3.

Table 3. Combination of asphalt mastic.

Asphalt Binder Filler Filler Volume Fraction Asphalt Mastic
0.6 SK90 + 0.6A
0.8 SK90 + 0.8A
1.0 SK90 + 1.0A
A
1.2 SK90 + 1.2A
1.4 SK90 + 1.4A
SK90
1.6 SK90 + 1.6A
B SK90 + 0.8B
C SK90 + 0.8C
D SK90 + 0.8D
0.8
E SK90 + 0.8E
KL90 A KL90 + 0.8A
SK70 A SK70 + 0.8A

2.2. Mechanical Testing

The laboratory testing of the asphalt binders and mastics was conducted on an AR2000
dynamic shear rheometer (DSR) by TA Corporation. Silicone molds with a diameter of 8 mm
and a height of 2 mm was selected for the asphalt and mastic molding. The temperature for
all tests was 25 °C, and three replicates were performed for each test condition. In the case
of good repeatability, the average of the three replicates was used for the analysis. Good
repeatability was assumed when the difference among the three replicates was smaller than
10% of the mean.

Commonly, two methods are available for analyzing the thixotropy of viscoelastic
materials: the hysteresis technique and the stepwise test. The hysteresis technique involves
increasing and decreasing the shear rate, as thixotropic materials show hysteresis loops for
shear stress versus shear rate diagrams. These loops are used via their enclosed areas to
characterize thixotropy. The stepwise test involves subjecting samples to constant change
from one value to another in the shear rate or shear stress. Thixotropy is indicated by the
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growth in viscosity after a sudden decrease in the shear rate. In this study, the hysteresis
technique was selected as it has the advantage of being quick and qualitative. The sample
was subjected to a series of shear rates, which increased from 0.05 to 2.50 s~! and then
decreased back to 0.05 s~ 1. One circlecycle of this test lasted for 1262 s. Ten circles were
conducted for each sample. The experimental device and the relation of strain vs. time are
shown in Figures 1 and 2.

Figure 1. The experimental device.

WA
\/ \/ \/ \/ \/ Frequency /11z

Figure 2. The relation of strain vs. time.

%%/ureng

3. Results and Discussion
3.1. Hysteresis Loop and Viscosity

Figure 3 shows the relationship between the shear stress and the shear rate for the
asphalt materials. A gradual rise in the shear stress was obtained by continuously increasing
the shear rate. Then, a gradual decline in the shear stress was obtained by continuously
decreasing the shear rate. The relationship between the rising and falling curves was found
to produce a hysteric loop. The stress response of a material with thixotropy lags behind
the change of the shear rate. The upward line and the downward line of the stress and the
shear rate curve do not coincide; instead, they form a loop, which is called the hysteretic
loop. The greater the thixotropy, the larger the area surrounded by the hysteretic loop.
The area enclosed by the hysteretic loop is a guide for the thixotropy of asphalt materials.
This is an indication of the breakdown and recovery of the mastic structure. The reason
beyond the formation of the loop is that the recovery speed is lower than the breaking
speed (“Thixotropic Properties of Mastics Incorporates Secondary Filler”). The smaller the
loop area, the weaker the thixotropy. This also indicates a shorter structure recovery.
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Figure 3. The hysteresis loops of asphalt materials.

In combination with Figure 1, Table 4 shows that with an increase in the loading time,
the shear stress hysteresis loop for each asphalt mastic tends to move toward the shear
rate axis. With an increase in the cyclic load’s loading time, the area of the hysteresis loop
gradually decreases, and the area of the hysteresis loop will most likely feature a relatively
stable value. Therefore, the relationship between the shear stress hysteresis loop change
law and the potential function of the structural failure under the corresponding conditions
also remains.

Table 4. Area of each hysteresis loop and the corresponding maximum stress.

Area Maximum Stress
Asphalt Mastic
1 2 3 4 5 1 2 3 4 5
SK90 + 0.6A 6529 3787 4052 3217 4232 31,156 25,984 24,060 22,451 19,733
SK90 + 0.8A 7835 7015 6808 5740 3697 32,072 23,302 19,951 15,590 14,625
SK90 + 1.0A 9918 7890 7559 6146 4234 48,834 46,116 43,740 40,286 36,399
SK90 + 1.2A 20,151 13,101 7048 7244 4858 48,890 45,206 37,639 30,344 22,656
SK90 + 1.4A 26,004 19,373 7912 4335 4745 47,782 30,838 23,433 17,965 10,829
SK90 + 1.6A 21,358 12,815 8909 5681 3273 38,892 34,826 25,763 19,730 12,346
SK90 + 0.8B 11,927 5299 4583 4700 4425 33,429 30,613 24,881 25,804 17,693
SK90 + 0.8C 11,225 5549 5509 3896 3446 31,792 25,492 21,620 17,270 14,579
SK90 + 0.8D 7326 4695 7356 5554 3816 36,584 32,012 29,214 26,688 18,071
KL90 + 0.8A 8047 3174 5357 5241 4504 36,832 23,178 22,179 18,859 15,674
SK70 + 0.8A 8567 7090 5057 4020 3723 39,183 26,784 23,177 22,207 18,487

The relationship between viscosity and the shear rate can also be obtained at the same
time as the hysteresis loop test. The viscosity—shear rate curve is shown in Figure 4. For
the first cycle, with an increase in the shear rate, the viscosity decreases gradually. This
results from the deformation of the internal structure of asphalt, which stems from a high
shear rate. When the shear rate reaches the maximum, the viscosity gradually increases
with a decrease in the shear rate to another peak viscosity; however, this viscosity value
is far less than the value of the first circle. In the following four cycles, this process is
repeated and the viscosity grows smaller and smaller. The general trend is that the viscosity
decreases with an increase in the shear rate, and it gradually recovers with a decrease in
the shear rate. However, the maximum value of the viscosity cannot return to its initial
value and grows smaller and smaller.
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Figure 4. Change in viscosity during hysteresis.

3.2. Influence of Materials on Thixotropy of Asphalt Mastics

Figures 5 and 6 are the hysteretic loops and viscosity-strain rate curves for SK90, SK70,
and KL90 asphalt mastics with a filler /asphalt ratio of 0.8. Figures 7 and 8 are the hysteretic
loops and viscosity—strain rate curves for mastics fabricated with SK90 and filler A, with
the filler /asphalt ratio varying from 0.6 to 1.4. Figures 7 and 8 are the hysteretic loops and
the viscosity—strain rate curves for mastics made of SK90 and mineral fillers A, B, C, D,
and E, with a filler/asphalt ratio of 0.8. These hysteretic loops and the viscosity—strain
rate curves were obtained under the same test condition of shear rates that increased
from 0.05 to 2.50 s~! and then decreased to 0.05 s~!. Five hysteretic loops existed for each
asphalt mastic.

0.05 = 0.040
= SK90+0.8A iy 0.035 L —=— SK90+0.8A
004l —* KLO0+0.8A / —o—KL90+0.8A
' —4— SK70+0.8A o 0.030  —*— SK70+0.8A
> & 0.025
£ 0.03 &
2 =
2 2 0.020
4 0.02 5
e @ 0.015
0.010
0.01 i
0.005
0.00 0.000
0. 1.0 L5 2.0 25 0. 0.5 1.0 1.5 2.0 25
Shear rate /1/s Shear rate /1/s

The first Hysteresis loops

The fifth Hysteresis loops

Figure 5. The hysteresis loops of asphalt mastic fabricated from different asphalt.
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Figure 6. Change in viscosity during hysteresis of mastics fabricated from different asphalt.
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Figure 7. Hysteresis loops of asphalt mastic fabricated from different filler volume fractions.
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Figures 5-10 show a change in the law of the hysteresis loop shape with an increase
in the cyclic loading times. The hysteresis loop tends to gradually move toward the shear
rate axis. According to the definition of thixotropy, it is a continuous decrease in viscosity
over time when flow is applied to a sample that was previously at rest, as well as the
subsequent recovery of viscosity over time when the flow is discontinued. This definition
explains that thixotropy is time dependent and has a memory of deformation or flow.
Flow-induced structural changes govern thixotropy. Due to the gradual breakdown of the
original microstructure of an asphalt mastic with a shear strain rate, the shear stress begins
to drop, and the viscosity crack is generated during the first cyclic loading. The shear stress
will continue to drop on the basis of the first viscosity crack during the second cycle of
shear loading. The shear stress of an asphalt mastic will drop, and the viscosity crack will
propagate on the basis of the previous loading until its viscosity reaches an equilibrium.
The greater the viscosity crack of an asphalt mastic is, the smaller the shear stress is at
the same shear rate. Therefore, the hysteresis loop of an asphalt mastic tends to gradually
move toward the shear rate axis with an increase in the cyclic loading.

0.05 0.030
—=— SK90+0.8A —u— SK90+0.8A
—e— SK90+0.8B 0.025 1 —e— SK90+0.8B
0.04 | 4 SK90+0.8C —a— SK90+0.8C
—v— SK90+0.8D —v— SK90+0.8D
< —— SK90+0.8E - 0.020  —*— SK90+0.8E
£ 0.03 ' S
= =
) » 0.015
2 0.02 z
0.010
00! 0.005
0.00 1 . : : 0.000
0.0 1.0 1.5 2.0 25 0.0 0.5 1.0 15 2.0 2.5
Shear rate /1/s Shear rate /1/s

The first hysteresis loops

The fifth hysteresis loops

Figure 9. Hysteresis loops of asphalt mastic fabricated with different fillers.
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Figure 10. Change in viscosity during hysteresis of mastics fabricated with different fillers.
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With an increase in the cyclic loading times, the area of the hysteresis loop gradually
decreases, and the area of the hysteresis loop will most likely feature a relatively stable
value; that is, a so-called equilibrium loop will be obtained. The hysteresis loop area
obtained from the first loading is the largest. The difference between the hysteresis loop
area obtained from the first loading and the second loading is the largest. Then, the
hysteresis loop area reduction rate becomes increasingly smaller after the second circle, as
shown in Table 4.

As the viscosity and the shear stress are large, the viscosity crack propagates quickly
when the cyclic load is applied for the first time. The subsequent processing will continue
on the basis of the viscosity and the destroyed microstructure at the end of the first circle.
Therefore, the change speed of the viscosity and the shear stress will be relatively small,
and the hysteresis loop area will become smaller and smaller after several loads.

The goal was to compare the thixotropy of the mastics fabricated with different asphalt
binders and the same mineral filler. The first and last hysteresis loops, as well as the curves
of the viscosity—shear rate of three asphalt mastics fabricated with SK90, SK70, KL70, and
mineral filler A, are shown in Figures 5 and 6. (The filler/asphalt ratio was 0.8.) This
demonstrates that no obvious difference existed in the shapes of the hysteresis loops among
these asphalt mastics. The shape of the hysteresis loop of each asphalt mastic is a spindle.
The viscosity of the three asphalt mastics decreased gradually with an increase in the shear
rate, showing typical shear-thinning behavior. After the shear rate reached the maximum
value, it gradually decreased, and the viscosity of the asphalt mastic gradually recovered
and increased. Shearing induces the direction and arrangement of particles in a mastic
change and the damage of its network structure, which manifests as a reduction in its
viscosity. With a reduction in the shear rate, the structure of an asphalt mastic can be
restored within a certain period. This is shown as an increase in the viscosity. Therefore,
the change in viscosity conveyed by the viscosity—shear rate curve in the figure conforms
to the basic definition of thixotropy.

The hysteresis loops of the KL70 asphalt are basically above those of the SK70 and
SK90 asphalts for each cycle. Obvious differences exist in the maximum shear stress among
the three curves. For example, the maximum shear stresses are 32,072 Pa, 36,832 Pa, and
39,183 Pa for the first circle and 14,625 Pa, 15,674 Pa, and 21,487 Pa for the last circle for
the SK90, SK70 and KL90 asphalt mastics, respectively. The viscosity of the three asphalt
mastics was decreased with the prolonging of the shear time. As prolonging the shear time
leads to an increase in internal structure damage and reduces the motion resistance of the
internal particles and molecular chains, its Brownian motion is made easier, and it shows
the characteristics of the reduced thixotropy of the system. The smaller the viscosity of an
asphalt binder, the smaller the hysteresis loop area of an asphalt mastic.

Mineral filler A in filler /asphalt ratios of 0.6, 0.8, 1.0, 1.2, and 1.4 was selected to study
the influence of the filler volume fraction on the thixotropy of the mastics fabricated with
SK90. This showed that regardless of what the ratio of filler to asphalt is, its viscosity
decreases with the extension of the shear time. The last shear time leads to an increase in
the internal structure damage of the asphalt mastic system, reduces the motion resistance
of its fine aggregate particles and molecular chains, makes its Brownian motion easier, and
shows the characteristics of the reduced thixotropy of the system. However, the greater the
filler content of the asphalt mastics, the faster the descent of the viscosity over a long period
of time is. Although an asphalt mastic with a filler/asphalt ratio of 1.4 has the highest
viscosity in the first circle, it has the smallest viscosity at the last circle. This is because with
an increase in fine particles comes free volume between the asphalt macromolecules, which
slows down the molecules’ irregular thermal movement. This is equivalent to a reduction
in molecular spacing, resulting in the difficult movement of the asphalt molecular chain.
Therefore, the greater the filler/asphalt ratio, the greater the viscosity. In addition, due to
the existence of a higher filler content, the recovery of the viscosity crack is more difficult.

From the figure, it can be seen that the hysteresis loops of the mastic with a filler/asphalt
ratio of 1.4 are the largest, followed by the filler /asphalt ratios of 1.2, 1.0, and 0.8. A filler/
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asphalt ratio of 0.6 is the smallest, indicating that the higher the filler content, the greater the
thixotropy of the asphalt mastic. The thixotropy of the asphalt can be significantly reduced
by adding filler. The higher the mineral filler content is, the more stable the structure of the
suspension is. It takes a long time to recover after the structure is damaged, and the stress
response lags behind the change in the shear rate to increase the area of the hysteresis loops.

The filler /asphalt ratio also has a significant influence on the maximum shear stress.
As the filler /asphalt ratio increased from 0.6 to 1.4, the maximum shear stress of the asphalt
mastics rose from 31,156 Pa to 48,890 Pa and then decreased to 38,892 Pa. This means that
a mastic with a filler /asphalt ratio of 1.0 could bear the shear loading better. As mineral
fillers have small particle sizes, they have an amorphous structure and a large specific
surface area. They can combine with each other through hydrogen bonds on the surface to
form particle clusters and agglomerate the particles together. The agglomeration structure
is in an unstable state. During shear loading, the agglomerated particles are partially
depolymerized, demonstrating that the structure of the suspension and the corresponding
shear stress decrease.

For the mastics made of an SK90 asphalt binder and five types of mineral fillers, the
maximum shear stress of the asphalt mastics ranged from 31,792 Pa to 36,584 Pa. The results
showed that the shear stress of the asphalt mastics changed slightly with different types of
mineral fillers. A mineral filler with a higher specific surface area has a slightly higher level
of shear stress. This can be explained from the aspect of the filler-asphalt interaction. When
the mineral filler was substituted with cement of a certain mass, the filler volume fraction
in the asphalt mastic decreased as cement has a larger density (3.045 g/cm?) than mineral
filler (2.628 g/cm?3) does. However, as the cement/filler ratio increases, the maximum shear
stress of the asphalt mastics increases. This is because the interaction between asphalt and
cement is higher than that of asphalt and limestone filler. The interaction, which forms
asphalt-filler interfaces, is significantly different between various asphalt and mineral fillers.
As polar asphalt components that interact with a mineral substrate induce multimolecular
structuring in thin films between the filler and asphalt binders, the maximum shear stress
and the viscosity of asphalt mastics are significantly increased. Asphalt-filler interaction
was more prominent with the increase in cement. For this reason, cement is selected to
replace mineral filler to improve the water stability of the asphalt mixture.

3.3. Definition and Analysis of Potential Function

It can be seen that the viscosity of the asphalt mastics gradually decreases with an
increase in the shear rate, which is typical shear-thinning behavior. As the shear rate
reaches its maximum value and then gradually decreases, the viscosity of the asphalt
mastics gradually recovers and increases. When asphalt mastics are thinned via shear, the
direction and arrangement of the particles change, and the network structure is damaged
to reduce the viscosity. With the reduction in the shear rate, the structure can be restored
within a certain period, which is shown as an increase in the viscosity. Therefore, a change
in the viscosity with the shear rate conforms to the basic definition of thixotropy, and it
is concluded that asphalt mastics fabricated with different asphalt binders and fillers of
various volume fractions all demonstrate thixotropy.

For asphalt mastics with high filler-volume fractions, the microstructure showed
the agglomeration of particles. Even the mineral particles were crystal, with a specific,
stable composition and a lattice. The surface was covered with asphalt binders, and as
these asphalt-covered particles could be regarded as an amorphous structure with a small
diameter and a large specific surface area, they can combine with each other through
hydrogen bonding on the surface to form particle clusters, making the particles agglomerate
together. During high-speed shear loading, the agglomerated particles are depolymerized
into many small particles under the action of the shear. In this process, the volume fraction
of the asphalt in the suspension increases, demonstrating the shear-thinning phenomenon.
After the shear stress is relieved, the suspension gradually returns to its previous status
over time. The collision frequency between particles increases, the effective contact between
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particles increases, and the agglomeration between particles is more serious than before
shearing. However, this agglomeration structure is in an unstable state, and it has a reunion
trend. Figure 11 shows the thixotropic mechanism explained by particle agglomeration
and depolymerization.
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Figure 11. Schematic diagram of thixotropic mechanism explained by particle agglomeration and

depolymerization.

Although the thixotropic behavior of asphalt mastics with a high filler content can be

explained well from the perspective of particle agglomeration, the thixotropic behavior
of asphalt mastics with a low filler content cannot be well explained; that is, the viscosity
decreases after high-speed shear. For suspensions with solid content, the contact between
the particles improves. It is considered that in the particle chain model, the particles form
a network structure under the interaction between the particles. The particle chain model
can be applied to analyze the thixotropy of suspensions as well as asphalt mastics with
low and moderate filler content. Figure 12 shows the mechanism of asphalt mastics as it is
explained by the particle chain model.

'BAY )
0'.'%00%000. \ ..s “
S H %o0e®

e
° °
oo, o
o %%
o 3
o® 00"
2
s’ %’
A

Y increase

—

[ ® S L] ) [
.‘.o::'.o.o. o :0 ...‘: . ‘5 ‘03“::303.:. ..o: HIOR
.00.‘. '.o o .0 :0 o .oooo"‘.“s'o..:.'.. :.{ H
L .".‘ o® o o [vdecreasel & s.o:’ % % ) %
EAETRORAT S i i B g
ol et .o.o..‘. osdtisece 0 .S.gu:.goo:
. o..O '. 0o o ‘." .0':. .:'::’ 0100 ? .o.é .o.o.
o 00l 0 g 0% % 8. K AL :o. :0

Figure 12. Schematic diagram of thixotropic mechanism explained by particle chains.

3.4. Asphalt Mastic Thixotropy Based on Energy Viewpoint

The energy viewpoint is a phenomenological method used to study the thixotropy
of non-Newtonian fluids. It contains the following three elements: (1) from the energy
viewpoint, the apparent viscosity of thixotropic materials is closely related to their mi-
crostructure. The destruction of the microstructure leads to a decrease in the apparent
viscosity, and the recovery of the microstructure will gradually increase the apparent vis-
cosity of the materials. (2) It is believed that the destruction of the microstructure inside of
a thixotropic material will generate potential energy to restore the microstructure inside
of the thixotropic material. This potential energy will gradually increase with a decrease
in the apparent viscosity, and it will decrease with an increase in the apparent visibility.
(3) It is considered that the recovery potential energy in the unit volume of a thixotropic
material has the same dimension as shear stress in a rheological test, and the unit is pascal.
An analysis of the dimension is shown in the following Formula (1).

J] N-m
m w3

m2

= Pa

)

where | is the unit of energy; m is the unit of length; N is the unit of force; Pa is the unit
of pressure.

According to the energy viewpoint, the microstructure destruction of a thixotropic
material will produce potential energy to restore the interior structure. This potential
energy of recovery increases gradually with a decrease in the apparent viscosity, and it



Coatings 2023, 13, 650

13 of 17

decreases gradually with an increase in the viscosity. Assume that the damage and recovery
of the internal structure of a thixotropic material can be characterized by two functions,
defined as the structural recovery potential function (E) and the structural failure potential
function (D). This represents the energy per unit volume, which has the same dimension
as stress, and the unit is Pa. Among the two, the structural recovery potential function
reflects the trend of the internal structural recovery of asphalt material. The greater its
value, the greater the trend of the structural recovery of asphalt material is. The structural
failure potential function represents the destruction trend of the internal structure of asphalt
material under the comprehensive action of internal and external forces. The larger its
value is, the easier it is to destroy the internal structure of crude oil.

With properly made assumptions about the change rate of the structural recovery
potential energy and shear stress, the potential energy can be applied to the analysis of
the thixotropy of asphalt materials. It is assumed that the rate at which the shear stress
and structural recovery potential energy of thixotropic materials change with the amount
of time under a constant shear rate can be described as Equation (2), meaning that the
change rate of the shear stress and the structural recovery potential energy over time are
related not only to their difference but also to the external shear rate. Boundary conditions
for solving the model are defined, as shown in Equation (2), and the rate equation, which
describes the thixotropy of materials, can be established as Equation (3).

c%i =b(t—E),b>0
it 2
i —ay(t—E),a>0

As we have a homogeneous linear differential equation with a constant coefficient, the
coefficient matrix of Equation (1) could be expressed as follows:

-b b
A=| . : (©)]
ay —ay
The characteristic matrix could be expressed as Equation (4):
A+b  —b : .
. . :/\{/\+(a'y+b)}=0$A1:0,)\2:—(b+a7) 4)
—ay A4ay

The general solution of the equation is as follows:
E(t) =c 1 Ny e—(b—‘-a';/)t 1 . (5)
7(t) B! 2 o

E(t)=c1+ cpe= Nt — ) 4 oz

g . . — 7 = ¢~ (brant (6)
T(t) =c1 — %Cze’(b”w =c1— %CZZ
EO)=Ey=c1+c=0
t=0= ay
T(O) =Tp=0C — 7C2 =0 =—-0c= Eoo = Teo (7)
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Then, we have structure recovery potential function E,

2(t) = exp |~ (b +a7)t]
E(t) :c1+c2z:Eoo—Eooz:Eoo(l—z) 8)

T(t) =1 — F02z = Too + (0 — Too)z

where 7 is the coefficient of the shear stress change rate over time; b is the coefficient of
the change rate of the potential energy of the internal structure recovery over time; E is
the potential energy function characterizing structural recovery, Pa; T is the function of the
shear stress, Pa; 1 is the shear rate, 1/s; t is the time, s; 79 is the shear stress at the point
when the shear rate is zero, Pa; 7o, is the shear stress at the point when the shear rate is
infinite, Pa; E is the structural recovery potential energy at the point when the shear rate is
zero, Pa; and E is the structural recovery potential energy at the point when the shear rate
is infinite, Pa.

Various factors affect the potential functions of structural establishment and struc-
tural failure; these include the molecular motion, the intermolecular interaction between
the molecular aspects of the asphalt and mineral filler, temperature, and loading. The
relationship among these factors will change with changes in the external conditions.

When the cyclic shear rate was applied to an asphalt mastic, the curve of the structural
failure potential function also formed a closed hysteresis loop. Figure 13 shows the potential
function and variations under the cyclic shear rate, in which Figure 13a is the variation of
the two potential functions and Figure 13b is the change in the shear rate.
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Figure 13. Schematic diagram of potential function change under cyclic shear.

In Figure 11, the shear rates of zone 1 and zone 5 are the same, the shear rates of zone
2 and zone 4 are the same, the shear rate of zone 3 is greater than that of zone 2, and the
shear rate of zone 2 is greater than that of zone 1. If the time of the shear rate in each region
is long enough, the potential functions of E and 7 in each region of the graph will finally
achieve a balance. As the shear rate changes step by step, the two potential functions will
also correspondingly increase and decrease (that is, the curve of the potential functions in
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the graph increases and decreases). In the cyclic test, the shear rate increases or decreases
linearly at a constant rate. Therefore, the shear rate of fixed points during the rise and fall
of the shear rate can be selected for research. Assuming that the duration of each shear
rate point is very long, the curve of the potential function in Figure 11 can also be obtained.
However, in fact, the duration of each shear rate in the cyclic test is limited, so the value of
the potential function under each shear rate cannot reach the equilibrium. In Figure 11a,
points on the curve of the structural failure potential function under the action of the shear
rate in each region are taken and connected. The curve formed by the connection of these
points is the upward downward curve in the hysteresis loop. If more shear rates are taken
in the analysis, a closed hysteresis loop can be obtained. With an increase in the shear times
in the cyclic test, the structural failure potential function of an asphalt mastic will gradually
decrease until it reaches the corresponding equilibrium state. Therefore, the hysteresis
loop of the structural failure potential function would move to the shear rate axis with an
increase in the shear time and finally form a hysteresis loop.

Figure 11 also shows that as the shear rate changes from low to high, the shear stress
also increases step by step on the basis of the lower shear rate. It then decreases gradually
according to a certain law, moving toward the equilibrium value with the extension of the
shear rate. When the shear rate changes from high to low, the shear stress will decrease
correspondingly until the equilibrium value is reached. Therefore, a change in the shear
stress is consistent with a change in the structural failure potential function. In addition,
a direct ratio exists between the change in the shear stress (shear rate) and the damage of the
internal structure of the asphalt mastic; that is, the greater the shear stress, the stronger the
loading damage on the thixotropic materials. This suggests that the characteristic of shear
stress is consistent with the structural failure potential function. In addition, according to
Table 4 and Figure 11, with an increase in loading times, the shear stress hysteresis loop for
each asphalt mastic tends to move toward the shear rate axis. With an increase in the cyclic
load’s loading times, the area of the hysteresis loop gradually decreases, moving toward
a relatively stable value. Therefore, the relationship between the shear stress hysteresis
loop change and the structural failure potential function also remain consistent.

4. Conclusions

This paper explored the thixotropic behavior of asphalt mastics as well as the thixotropic
potential function from the energy viewpoint. Based on the results and discussions, the
following conclusions can be drawn:

(1) With an increase in the cyclic load’s loading times, the area of the hysteresis loop
gradually decreases. Finally, the area of the hysteresis loop moves toward a relatively
stable value. Mastics fabricated with asphalts of the same grade and different oil sources
had the same hysteresis loop area at the first circle, but they had totally different areas at
the last circle. These results all depended on the structure’s stability. The thixotropy of
asphalt can be significantly reduced by adding filler, and different types of mineral filler
can influence it;

(2) Viscosity decreases with an increase in the shear rate, and it gradually recovers
with a decrease in the shear rate. As the viscosity and shear stress are great, the viscosity
crack propagates quickly when the cyclic load is applied for the first time. The subsequent
processing will continue on the basis of the viscosity and the destroyed microstructure at
the end of the first circle. The greater the filler /asphalt ratio, the greater the viscosity, and
the faster the descent of the viscosity with the prolonging of time;

(3) For asphalt mastics with high filler /asphalt ratios, the thixotropic mechanism can
be explained by particle agglomeration and depolymerization theory. For asphalt mastics
with low and medium filler/asphalt ratios, the thixotropic mechanism can be explained by
the particle chain theory. When asphalt mastics are thinned via shear, the direction and
arrangement of the particles change, and the changes in the microstructure bring forth
a variety of the thixotropic qualities of asphalt mastics;
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(4) The energy viewpoint is a phenomenological method used to study the thixotropy
of non-Newtonian fluids. It was used to analyze the thixotropy of asphalt mastic in this
research study. The damage and recovery of the internal structure of an asphalt mastic can
be characterized by two functions, defined as the structural recovery potential function (E)
and the structural failure potential function (D).
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