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Abstract: In order to study the influence of moisture on the interface of crumb rubber–asphalt (CR)
mixture, the interface bonding performance and crack resistance of a crumb rubber–asphalt mixture
under dry and wet conditions were studied at three scales. At the macroscale, the characteristics of
medium temperature fatigue cracking and low temperature fracture were studied by semi-circular
bending tensile test (SCB) on the example of digital image correlation (DIC) technique. At the
microscale, the surface energy of CR with basalt and limestone was measured using the contact angle
measurement test, and then the adhesion work was calculated and analyzed. At the molecular scale,
the model of CR, the model of basalt representative mineral (augite) and limestone representative
mineral (calcite) were studied by molecular dynamics simulation. The relationship between these
three scales was further explored to reveal the mechanism of the damage of moisture on the interface
deterioration of the CR mixture. The results show that moisture has a certain effect on the interface
of the CR mixture, which is characterized by macroscopically reducing the crack resistance of the
asphalt mixture, microscopically reducing the adhesion ability between the asphalt and the aggregate
and weakening the interaction between the asphalt and aggregate molecules at the molecular scale.
Molecular dynamics can accurately simulate the deterioration of micro asphalt-aggregate adhesion
under the damage of moisture. The decrease in microadhesion leads to the decrease in the crack
resistance of the macro-CR mixture.

Keywords: moisture; interface cracking; digital image correlation (DIC); molecular dynamics; crumb
rubber asphalt (CR)

1. Introduction

The study of a crumb rubber–asphalt (CR) mixture proved that it had good road
performance and diverse functions [1–6]. However, in the service process of crumb rubber–
asphalt pavement, the looseness, spalling, cracks and other diseases have seriously affected
the service performance and service life of crumb rubber–asphalt pavement [7–9]. The
reason is that many issues are related to moisture. The performance of the interface between
CR and aggregate decreases under the condition of moisture, resulting in moisture damage
to the CR mixture, thus affecting the service life of asphalt pavement [10,11]. Therefore,
clarifying the interaction mechanism between the CR and the aggregate in the presence of
moisture is the core issue to ensure the service durability of a CR mixture and provides a
reference for the application and promotion of a crumb asphalt mixture.

The interface behavior of asphalt mixtures under the action of moisture is usually
evaluated by macro-indicators such as the crack strength and spalling rate [12–15]. In
addition, some scholars have used microcharacterization technology to study the asphalt
mixture, including the surface morphology, structure, mechanical properties and other
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microproperties of the material [16–20]. Molecular simulation [21,22] is a computer numer-
ical simulation test, which is not limited by the detection means, specimen preparation
or other conditions. It effectively complements the shortcomings of macro tests and can
reveal the molecular-scale mechanism of many macro tests. In recent years, it has also been
more widely applied to the research of asphalt mixtures. From the current research, the
research on the interface effect of asphalt mixtures mainly focuses on single-scale research
and analyses of macroperformance and materials’ microcharacteristics, but the multiscale
and cross-scale research idea can better solve the mechanism problem of asphalt mixture
performance. Many scholars have also carried out multiscale studies on different prop-
erties of asphalt and asphalt mixtures, including asphalt aging performance [23,24], the
combination of old and new materials in recycled asphalt mixtures [25–27], the diffusion
of modifiers [28,29], and the interaction between asphalt and aggregates [30,31]. A large
number of studies have confirmed that the multiscale idea is feasible in the research of
asphalt and asphalt mixtures.

Therefore, in order to study the interface adhesion and failure mechanism of CR
mixtures under the action of moisture using the multiscale method, this study carried out
a cracking resistance test of a CR mixture at the macroscale and compared the effects of
different cracking forms on the CR mixture. At the microscale, the surface free energies
of asphalt and aggregate were calculated and analyzed by the surface energy theory, and
the damage from moisture on the surface adhesion of asphalt and aggregate was studied.
At the molecular scale, the interaction mechanism between CR and aggregate under the
action of moisture was studied by constructing a 12-component CR model, a representative
molecular aggregate model, and an interface model of CR and aggregate. Finally, the
interface adhesion mechanism and failure behavior of the CR mixture under the action of
moisture was revealed by correlating the interface properties under different scales.

2. Materials and Models
2.1. Preparation of Test Materials and SCB Specimens
2.1.1. Asphalt

The penetration degree of matrix asphalt used in this study was 90, and the modifier
was 0.25 mm rubber powder particles. The rubber powder particle content was 20% by
weight of asphalt. The quantitative matrix asphalt was weighed, the quality accuracy was
controlled at 0.01 g, the temperature of the matrix asphalt was controlled at 140 ◦C, and
the rubber powder particles preheated and dried in advance were slowly added to the
matrix asphalt many times, and gradually heated up and stirred. Finally, the temperature
of asphalt and rubber powder mixture was controlled at 180 ◦C, and the mixture was
stirred for 30 min. The evenly mixed mixture of asphalt and rubber powder was put into
the high-speed shear emulsifier to maintain the shear rate of 6000~7000 r/min and the
temperature of 160 ◦C for 30 min, and then it was kept in the oven at 120 ◦C for 2 h to
prepare the CR. The technical matrix asphalt and CR indices indices are shown in Table 1.

Table 1. Technical indices of CR and matrix asphalt.

Technical Index CR Matrix Asphalt

Penetration (25,100 g, 5 s) (0.1 mm) 68.2 91.5
Softening Point/◦C (Ring and ball test) 57.3 51.5

Ductility (5 cm/min,10 ◦C)/cm 17.2 9.4

Asphalt is a complex mixture of macromolecules. In the study of the chemical compo-
sition of asphalt, the asphalt was divided into several parts according to different solubility
and physicochemical properties by using the different solubilities of various organic com-
pounds in asphalt. According to the four-component analysis method stipulated in Standard
Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) [32],



Appl. Sci. 2022, 12, 6940 3 of 20

the four-component analysis test of matrix asphalt was carried out. The mass percentages
of the four components of matrix asphalt are shown in Table 2.

Table 2. Mass percentages of four components of matrix asphalt.

Asphalt Components Asphaltene Saturate Aromatic Resin

Mass percentage (w/%) 9.4 25.2 28.8 36.6

2.1.2. Aggregate and Gradation of CR Mixture

The aggregate used in this study was basalt machine-made crushed aggregate, and
relevant tests were carried out according to Test Methods of Aggregate for Highway Engineering
(JTG E42-2005) [33]. The technical indices of the coarse aggregate and fine aggregate are
shown in Tables 3 and 4, respectively.

Table 3. Technical indices of coarse aggregate.

Item Unit Specification
Test Result

Method
10~20 mm 5~10 mm 3~5 mm

Crushing value of stone % ≤26 13.0 11.0 T0316
LA abrasion value % ≤28 9.5 10.5 T0317

Soundness % ≤12 1.5 1.6 T0314
Soft stone content % ≤2 1.1 1.0 2.0 T0320
Water absorption % ≤2 0.8 0.9 0.9 T0304
Water washing

method <0.075 content % ≤1 0.1 0.3 0.4 T0310

Table 4. Technical indices of fine aggregate.

Item Unit Specification Test Result Method

Apparent relative density g/cm3 ≥2.5 2.734 T0328
Soundness (>0.3) % ≥12 25 T0340

Mud content (<0.075 mm) % ≤3 0.4 T0333
Sand equivalent % ≥60 88 T0334

Methylene blue value g/kg ≤25 1.8 T0346

The filler was lime powder ground from limestone. Relevant tests were carried out
according to Test Methods of Aggregate for Highway Engineering (JTG E42-2005). The technical
indices are shown in Table 5.

Table 5. Technical indices of filler.

Item Unit Specification Test Result Method

Appearance — No
agglomerate

No
agglomerate —

Water content % ≤1 0.5 T0103
Apparent density t/m3 ≥2.5 2.686 T0352

Hydrophilic coefficient — <1 0.5 T0353
Plasticity index % <4 2.1 T0354

Heating stability —
Actual

observation
record

No
deterioration T0355

Particle size
range

<0.6 mm % 100 100
T0351<0.15 mm % 90~100 100

<0.075 mm % 75~100 99.6
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The gradation of the CR mixture was AC-16, and the gradation was designed in
accordance with the requirements of Technical Specifications for Construction of Highway
Asphalt Pavement (JTG F40-2004) [34]. The gradation composition is shown in Table 6.

Table 6. Gradation composition of CR mixture.

Particle size (mm) 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Synthetic gradation 100 94.2 83.6 71.8 48.5 33.6 25.4 18.6 12.9 9.6 6.6

2.1.3. Preparation of SCB Specimen

The SCB specimen was simple in molding and had strong repeatability. In addition,
the stress state of the specimen was more in line with the actual use of road surface and
better simulates the wheel load [35].

The CR mixture was formed by a rotary compaction instrument. The diameter of
the specimen was 150 mm, the compressive stress was 600 kPa, the deviation angle was
1.16◦, the speed was 30 r/min, and the compaction control method was 170 mm height
control. The target void ratio was 5.0%. A 100 mm diameter core machine was used to
core the cylindrical CR mixture. The core sample was cut into a semicircle specimen with a
thickness of 40 mm ± 0.5 mm. Then, a pre-cut with a depth of 1 cm and width of 4 mm was
made in the middle of the semicircle span. Preparation process of SCB specimen is shown
in Figure 1.
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Figure 1. SCB specimen preparation.

Half of the SCB specimens were saturated with water for 15 min under the vacuum
degree of 97.3 kpa and then soaked in water for 48 h to achieve the purpose of soaking. The
water temperature was 25 ◦C. The dried specimen was used as a control for reserve.

2.2. Preparation of Contact Angle Measurement Sample

The CR was heated to a molten state and placed on the glass slide. The glass slide
and asphalt were put into the oven and heated at 120 ◦C for 30 min to make the asphalt
on the surface of the glass slide fully leveled. The leveled asphalt and the glass slide were
removed and put into the drying chamber for cooling. The basalt and limestone aggregates
were cut into cubes of 60 mm × 60 mm × 60 mm and then polished with lithographic
polishing machine to remove surface particles to avoid their impact on experimental results.
The polished test blocks were put into the drying chamber for standby. Contact angle
measurement samples are shown in Figure 2.
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2.3. Construction of Models
2.3.1. Model of CR

In order to better study the physical, mechanical and rheological properties of asphalt,
Li et al. [36] proposed a 12-component model of asphalt, including 3 asphaltenes, 5 resins,
2 saturates and 2 aromatics. The matrix asphalt molecular model was constructed according
to the four-component ratio of asphalt obtained in the experiment (as shown in Table 2)
and the 12-component asphalt model. The molecular ratio of each component was listed in
Table 7.

Table 7. Ratio of matrix asphalt component model.

Components Number of
Molecules Mass Ratio Simulated

Mass Ratio
Experimental

Mass Ratio

Asphaltene
AS-1 1 3.9%

9.5% 9.4%AS-2 1 2.5%
AS-3 1 3.1%

Resin

R-1 4 9.7%

36.7% 36.6%
R-2 3 7.3%
R-3 4 5.1%
R-4 3 7.3%
R-5 4 7.3%

Aromatic
Ar-1 8 15.8%

28.3% 28.8%Ar-2 7 12.5%

Saturate
S-1 6 12.7%

25.7% 25.2%S-2 7 13%

Representative molecular models of asphaltenes, aromatics, saturates and resins were
added according to the ratio calculated in Table 7 to construct the matrix asphalt molecular
group model, as shown in Figure 3.

The rubber components of waste tire rubber powder were mainly natural rubber,
butadiene rubber and styrene butadiene rubber. The main rubber components of radial
truck tires were natural rubber and styrene–butadiene rubber, and the mass ratio of natural
rubber to styrene–butadiene rubber was 7:3. Natural rubber was the homopolymer of
the natural rubber repeat unit, while styrene–butadiene was formed by the emulsion
polymerization of styrene and butadiene at low temperature. The content of each structural
unit is shown in Table 8 below.

The natural rubber was polymerized into a single natural rubber chain according to 15
repeating units, the styrene–butadiene rubber was polymerized into a single styrene–butadiene
rubber chain according to the content in Table 8, and then the structure and energy of the
single natural rubber chain and the single styrene–butadiene rubber chain were optimized
according to the ratio of 7:3. After optimization, the Amorphous Cell module was used
to construct the rubber powder molecular group model. The construction process of the
rubber powder molecular group model is shown in Figure 4.
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After the molecular model of asphalt and rubber powder was established, the molecu-
lar model of CR was constructed by combining the two molecular group models according
to a 20%mass ratio of rubber powder to asphalt, as shown in Figure 5.
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2.3.2. Model of Aggregate Mineral

Basalt was the most commonly used aggregate in engineering applications in Inner
Mongolia. Therefore, basalt was selected as the representative aggregate in this study,
and limestone was selected as the control group. The main mineral composition of basalt
was augite, and the main mineral composition of limestone was calcite. The crystal cells
were treated with supercell, and the crystal surface was cut along the direction of (0 0 1)
to form a two-dimensional supercell system. A 10 Å vacuum layer was established on
the surface of the supercell along the Z direction, which had a three-dimensional periodic
boundary condition. It was used as the representative molecular model of the aggregate.
The molecular model and information are listed in Table 9.

Table 9. The representative aggregate molecular models and information.

Mineral Type Cell Model Lattice Parameters Molecular Model

Augite
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Note: a, b and c are lattice lengths, α, β, γ are the lattice angles.

2.3.3. Interface Model of CR-Aggregate

The CR-aggregate interface model was constructed by attaching the asphalt layer
to the aggregate model, a 50 Å vacuum layer was established along the Z direction on
the asphalt layer and the aggregate model was fixed to eliminate the basement effect of
three-dimensional periodic boundary conditions. Water molecules were added between
the asphalt and aggregate interface to form the asphalt–aggregate interface model under
water immersion conditions. The asphalt–aggregate interface model is shown in Figure 6.
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3. Results and Analysis
3.1. SCB Test and Analysis
3.1.1. SCB Test

The loading equipment was a universal material testing (UTM) machine, and the
distance between the two fulcrum points at the bottom of the semicircular specimen was
80 mm. The two failure modes adopted different loading methods. Sinusoidal wave was
selected for the loading waveform of the medium-temperature fatigue failure test, and the
loading frequency was determined by simulating the actual road speed. Considering the
highway driving speed (60–120 km/h), when the driving speed was 60 km/h, the road
surface was unfavorable, and the corresponding frequency was 10 Hz. According to the
preliminary semi-circular bending (SCB) test, the failure load of the specimen with a pre-cut
slot was 2500 N and the selected stress ratio was 0.2, so the loading range was 50 to 500 N.
The test termination condition was that the specimen was completely fractured. In the
low-temperature fracture test, the specimens were subjected to vertical uniform load at
a loading rate of 1 mm/min. The test termination condition was that the specimen was
completely fractured. The loading conditions are shown in Table 10.
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Table 10. Loading conditions of SCB.

Temperature/◦C Control Mode Loading Mode

Medium-temperature
fatigue failure test 20 Stress control

Repeated load: 10 Hz
sine wave, loading range

50–500 N
Low-temperature

fracture test −10 Displacement control Uniform load: 1 mm/min

3.1.2. Digital Image Measurement System

The digital image measurement system consisted of two fixed light sources, image
acquisition equipment (two CCD cameras), calibration equipment, image processing equip-
ment, a loading system, etc. The basic principle of digital image correlation (DIC) tech-
nology is shown in Figure 7. Speckle images before and after the surface deformation
of the measured object were recorded by image acquisition equipment. The reference
subregion with displacement point (x, y) as the center and side length of (2 M + 1)× (2 M + 1)
was selected in the speckle images before deformation. By searching the speckle image
after deformation, the target subregion with the greatest correlation with the reference
subregion was found. The center point of the target subregion was defined as (x’, y’). The
horizontal and vertical displacement components u and v of the subregion before and after
deformation were obtained by the changes of the center points of the reference subregion
and the target subregion after deformation.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 21 
 

after deformation, the target subregion with the greatest correlation with the reference 
subregion was found. The center point of the target subregion was defined as (x’, y’). The 
horizontal and vertical displacement components u and v of the subregion before and 
after deformation were obtained by the changes of the center points of the reference sub-
region and the target subregion after deformation. 

 
Figure 7. Displacement diagram before and after deformation. 

3.1.3. Strain Energy and Interfacial Damage Factor 
The horizontal strain density DE was the area enclosed under the Exx-t curve before 

the horizontal strain reached the maximum value (macrofracture), namely, the cumula-
tive value of horizontal strain of asphalt mixture from the beginning of loading to the 
macrofracture. The higher the horizontal strain density DE value was, the better the crack-
ing resistance of the asphalt mixture was, and its function expression [37] was as follows:  

( )dttExxD
t

E =
0

0

 (1)

where Exx (t) is a horizontal strain–time curve function; t0 is the time corresponding to the 
maximum horizontal strain; and dt is the derivative of time. 

The interfacial damage factor can represent the damage degree of the interface, thus 
reflecting the aggregate–asphalt interface bonding strength. The greater the interface 
damage factor DI was, the greater the damage degree of the aggregate–asphalt interface 
was and the weaker the interface bonding strength was. The interfacial damage factor was 
defined as DI [38]: 𝐷ூ = 𝐸𝑥𝑥/𝐸𝑥𝑥max (2)

where Exx max is the maximum value of Exx, that is, Exx at the time of specimen failure. 
The medium-temperature fatigue fracture strain density DE was the loading time ob-

tained according to the loading times of repeated load, and the horizontal strain before 
the cumulative horizontal strain reached the maximum value (macrofracture) was inte-
grated with the loading time to obtain the area surrounded under the Exx-t curve, that is, 
the cumulative value of horizontal strain of asphalt mixture from the beginning of loading 
to the macrofracture. In the interfacial damage factor DI, Exxmax selected the maximum 
horizontal strain before crack penetration. Taking Figure 8 as an example, the variation 
curve of the horizontal strain of the medium-temperature fatigue fracture with the loading 
time/times of repeated load under dry condition, the dark area in the figure was the inte-
gral area of Exx to the loading time, that is, the horizontal strain energy density DE. The 
peak value of the Exx curve in the figure was the maximum horizontal strain Exxmax. 

Figure 7. Displacement diagram before and after deformation.

3.1.3. Strain Energy and Interfacial Damage Factor

The horizontal strain density DE was the area enclosed under the Exx-t curve be-
fore the horizontal strain reached the maximum value (macrofracture), namely, the cu-
mulative value of horizontal strain of asphalt mixture from the beginning of loading
to the macrofracture. The higher the horizontal strain density DE value was, the better
the cracking resistance of the asphalt mixture was, and its function expression [37] was
as follows:

DE =

t0∫
0

Exx(t)dt (1)

where Exx (t) is a horizontal strain–time curve function; t0 is the time corresponding to the
maximum horizontal strain; and dt is the derivative of time.

The interfacial damage factor can represent the damage degree of the interface, thus
reflecting the aggregate–asphalt interface bonding strength. The greater the interface
damage factor DI was, the greater the damage degree of the aggregate–asphalt interface
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was and the weaker the interface bonding strength was. The interfacial damage factor was
defined as DI [38]:

DI = Exx/Exxmax (2)

where Exx max is the maximum value of Exx, that is, Exx at the time of specimen failure.
The medium-temperature fatigue fracture strain density DE was the loading time

obtained according to the loading times of repeated load, and the horizontal strain be-
fore the cumulative horizontal strain reached the maximum value (macrofracture) was
integrated with the loading time to obtain the area surrounded under the Exx-t curve,
that is, the cumulative value of horizontal strain of asphalt mixture from the beginning
of loading to the macrofracture. In the interfacial damage factor DI, Exxmax selected the
maximum horizontal strain before crack penetration. Taking Figure 8 as an example,
the variation curve of the horizontal strain of the medium-temperature fatigue fracture
with the loading time/times of repeated load under dry condition, the dark area in the
figure was the integral area of Exx to the loading time, that is, the horizontal strain energy
density DE. The peak value of the Exx curve in the figure was the maximum horizontal
strain Exxmax.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 21 
 

 

Figure 8. Variation curve of horizontal strain with loading time/times of repeated load. 

3.1.4. Analysis of Influence of Moisture on Cracking Resistance of the CR Mixture 
The cracking of the asphalt mixture was mainly characterized by low-temperature 

fracture and medium-temperature fatigue cracking. Based on DIC technology, the strain 
energy density (DE) and interfacial damage factor (DI) of the CR mixture before and after 
immersion with different failure forms were analyzed, as shown in Figures 9–12. 

 
Figure 9. DE of CR mixture before and after immersion under medium temperature fatigue failure. 

 
Figure 10. DI of CR mixture before and after immersion under medium temperature fatigue failure. 

Figure 8. Variation curve of horizontal strain with loading time/times of repeated load.

3.1.4. Analysis of Influence of Moisture on Cracking Resistance of the CR Mixture

The cracking of the asphalt mixture was mainly characterized by low-temperature
fracture and medium-temperature fatigue cracking. Based on DIC technology, the strain
energy density (DE) and interfacial damage factor (DI) of the CR mixture before and after
immersion with different failure forms were analyzed, as shown in Figures 9–12.
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It can be seen from Figures 9–12 that the DE of CR decreases after immersion, and the
DI occurs earlier than that of the dry environment. In addition, it can be seen that the DI
increases faster in the environment with water, indicating that the interface is easier to be
destroyed in the environment with water.

As a kind of viscoelastic–plastic composite material, the temperature and loading
mode have great significance to the performance of the asphalt mixture. By comparing
Figures 9 and 11, the strain energy density of the asphalt mixture at low temperature
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is significantly reduced by three orders of magnitude compared to that under repeated
medium-temperature load. This indicates that when the temperature is lower, the loading
time is shorter, the force is larger and the accumulated microstrain of the asphalt mixture
before fracture is smaller; that is, the specimen fracture occurs when there is no obvious
deformation. Although the strain energy density of the specimen decreases due to both
failure modes, it can be found that the strain energy density of the specimen after immersion
is 15.5% lower than that of the dry specimen under low-temperature fracture failure, and
the strain energy density of the specimen after immersion is 4.1% lower than that of the dry
specimen under medium temperature repeated load. Obviously, the damage from water is
more serious under the low-temperature fracture. This is due to the decrease in asphalt
adhesion caused by water immersion in the asphalt mixture, which makes the asphalt peel
off from the aggregate surface. Under the low-temperature condition, the temperature
stress generated in the asphalt layer exceeds the tensile strength of the asphalt mixture, and
cracks occur at the adhesion interface between the asphalt and the aggregate. Therefore,
the low-temperature condition intensifies the damage effect from water on the interface
between the asphalt and the aggregate.

Comparing Figures 10 and 12, it can be seen that the curve in Figure 10 shows that
the damage factor of repeated medium-temperature load increases gradually with time,
which can be divided into three stages. The first stage is the rapid growth stage, in which
Exx increases rapidly, but the duration is short. The specimen as a whole resists the applied
repeated load, but there is no cracking, and the strain increases rapidly, indicating that the
crumb rubber–asphalt mixture has a certain deformation resistance. The second stage is
the accelerated growth stage, in which Exx and the growth rate gradually increase until
reaching the peak value, which is caused by the gradual generation and full development
of cracks until they are penetrated. The third stage is the abrupt fluctuation decline stage.
In this stage, Exx drops suddenly after the peak value. Then, the fluctuation drops to
the lowest value because the specimen is completely cracked, and the horizontal strain
gradually decreases with the release of horizontal stress. However, in Figure 12, the peak
in the damage factor value of low-temperature fracture failure occurs suddenly. The
results show that the cracks of specimens under medium temperature repeated load are a
cumulative process from damage to micro-cracks and then to macro-cracks, while the cracks
in specimens under low-temperature fracture failure appear suddenly, and the damage
process is very short. The interfacial damage factors of the two failure modes reach the peak
value in advance after immersion, while the dry one lags behind. However, the change
in the interfacial damage factors of the two failure modes with time is also significantly
different. It is not difficult to find that the distance between the two peaks before and
after immersion under low-temperature fracture failure is greater than that before and
after immersion under repeated medium-temperature load, which is consistent with the
conclusion of the above-mentioned strain energy density. That is to say, the damage from
water is more serious under low-temperature fracture.

3.2. Contact Angle Measurement Test and Analysis
3.2.1. Contact Angle Measurement Test

According to material surface theory, surface free energy in a vacuum was the energy
that separated a solid or liquid to create a new interface. Gibbs free energy refers to
the difference between the initial and final free energy of a certain system, which was
represented by ∆G. According to Gibbs free energy, the asphalt–aggregate model in the dry
condition and the asphalt–water–aggregate adhesion-cracking model in the wet condition
were established, as shown in Figure 13.
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Fowkes et al. [39] assumed that the dispersion force between the liquid and solid
interface can be expressed by the geometric mean of the dispersion components of the free
energy on liquid and solid surfaces. On this basis, Owens et al. [40] further developed this
method to make it applicable to polar components. Adhesion work between asphalt and
aggregate is calculated as follows:
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where Was is the adhesion work between asphalt and aggregate under dry conditions
(mJ/m2); Wasw is the adhesion work between asphalt and aggregate under wet conditions
(mJ/m2); γW

a is the surface free energy between the asphalt and water interface (mJ/m2);
γw

s is the surface free energy between the aggregate and water interface (mJ/m2); γs
a is the

surface free energy between the asphalt–aggregate interface (mJ/m2); γd
w is the dispersion

component of the surface free energy of water (mJ/m2); γd
S is the dispersion component

of the surface free energy of aggregate (mJ/m2); γd
a is the dispersion component of the

surface free energy of asphalt (mJ/m2); γ+
S is the Lewis acid component of the surface free

energy of aggregate (mJ/m2); γ−S is the Lewis basic component of the surface free energy
of aggregate (mJ/m2); γ+

a is the Lewis acid component of the surface free energy of asphalt
(mJ/m2); γ−a is the Lewis basic component of the surface free energy of asphalt (mJ/m2);
γ+

w is the Lewis acid component of the surface free energy of water (mJ/m2); and γ−w is the
Lewis basic component of the surface free energy of water (mJ/m2).

The water stability index W ′ [41] was defined, and its calculation is shown in
Equation (4). The larger W ′ was, the less the adhesion work of the material was affected by
water, and the better its surface adhesion ability was:

W ′ =
∣∣∣∣Wasw

Was

∣∣∣∣× 100% (4)

where W ′ is the water stability index; Was is the adhesion work between the asphalt and
aggregate under dry conditions (mJ/m2); and Wasw is the adhesion work between the
asphalt and aggregate under wet conditions (mJ/m2).

3.2.2. Analysis of the Contact Angle Measurement Results

The surface free energy parameters obtained through the contact angle measurement
test were listed in Table 11.

Table 11. Surface free energy parameters of different materials (mJ/m2).

γ γd γp γ+ γ−

CR 22.80 21.94 0.86 0.17 1.10
Basalt 32.39 24.64 6.75 1.08 10.56

Limestone 37.74 31.77 5.97 0.75 11.89
Distilled water 72.8 21.8 51.0 25.5 25.5



Appl. Sci. 2022, 12, 6940 14 of 20

The surface free energy parameters listed in Table 11 were substituted into Equation (3)
to obtain the adhesion work Was and Wasw between CR and basalt and limestone in dry and
wet conditions, respectively. The water stability indices of the adhesion work of different
aggregates and CR were further calculated, and the results are plotted in Figures 14 and 15.
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It can be seen from Figure 14 that the wet surface reduces the adhesion work between
the aggregate and the CR. Although the adhesion work between the CR and the basalt
and limestone aggregates decreases, it is obvious that water has a greater impact on the
limestone. Under the wet condition, the adhesion work between the limestone and CR
decreases more than that between the basalt and CR on the wet surface. It can be seen from
Figure 15 that the W ′ between CR and basalt is greater than that between CR and limestone,
indicating that the adhesion between limestone and CR decays faster under wet conditions.
Although limestone has better adhesion with CR under dry conditions, limestone does not
have good water stability.

3.3. Molecular Dynamics Simulation and Analysis
3.3.1. Optimization and Calculation of Molecular Dynamics Model

After the construction of the molecular dynamics model, it is necessary to optimize
the model to ensure its accuracy, rationality and stability. (a) In order to eliminate the
unreasonable configurations generated in the process of molecular model construction, the
molecular model needed to be geometrically optimized first. The molecular model was
iterated 100,000 times under the Compass II force field. At this time, the molecular group
energy decreased and tended to be stable with the increase in the number of iterations. (b) In



Appl. Sci. 2022, 12, 6940 15 of 20

order to eliminate the unreasonable energy in the process of molecular model construction,
an annealing treatment was carried out on the geometrically optimized molecular model.
The NVE ensemble was selected at 300~500 K, and the number of steps was set to 50,000 for
annealing. (c) In order to make the molecular model achieve energy and volume stability,
the molecular model after annealing was optimized dynamically. The NVT ensemble was
set at 1500 K, one configuration was output every 1000 steps and the dynamics calculation
time was 100 ps. (d) At this time, the molecular model reached the stability of configuration,
energy and volume, and the dynamics calculation can be carried out. The NVT ensemble
was selected to set the temperature at 298 K, and one configuration was output every
1000 steps. The dynamics calculation time was 200 ps, and the dynamics calculation results
can be obtained.

3.3.2. Intermolecular Interaction Energy

In order to quantify the adhesion between the aggregate and the asphalt binder, the
interaction energy of the asphalt aggregate system was calculated. The interface interaction
energy represented the energy absorbed or released by the formation of a new interface
when the interface was separated. The interaction energy between terms A and B in system
(A − B) was calculated by Formula (5) [42]:

Einteraction = E(A − B) − (EA + EB) (5)

where Einteraction is the interaction energy between system A and system B; EA is the potential
energy of term A; EB is the potential energy of term B; and E(A − B) is the total potential
energy of system (A − B).

Considering the influence of the interface’s molecular weight on the adhesion energy
of the crystal model, the influence of the molecular weight difference of the crystal interface
model can be eliminated by converting the interface interaction energy into interface
interaction energy density. The interface interaction energy density is the energy required
or released per unit area during interface peeling. Because of the linear correlation between
the interaction energy density and the interaction energy, the interaction energy density
can also be used to evaluate the bonding degree of the interface. The interaction energy
density was calculated by Equation (6):

Eρ = Einteraction/A (6)

where Eρ is the interaction energy density; Einteraction is the interaction energy between
system A and system B; and A is the area of the model interface.

3.3.3. Analysis of Molecular Dynamics Results

It can be seen from Figure 16 that there are great differences in the interaction energy
between different aggregates and CR. It is obvious that limestone has a better interaction
relationship with CR, while basalt is worse. At the same time, it can be seen that the
addition of water reduces the interaction energy between aggregates and CR. In order to
eliminate the influence of contact area on the interaction energy between the aggregate
and the asphalt in the molecular model, the interaction energy per unit area between the
aggregate and CR in dry and wet conditions was further compared, as shown in Figure 17.
It can be seen from Figure 17 that the addition of water has a significant impact on the
interaction between aggregate and CR. By comparing the two aggregates, it can be found
that the interaction energy density between basalt and CR decreases by only 38.2% after the
addition of water, while the interaction energy density between limestone and CR decreases
by 64.5% after the addition of water. It can be seen that the interaction relationship of
basalt, as an aggregate mineral, decays more slowly after it is combined with CR. From
the perspective of interaction energy, the interaction performance between basalt and CR
is not as good as that of limestone, but the interaction energy density decreases less after
immersion, indicating that basalt has better adhesion to asphalt under the action of water,
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and it is an aggregate mineral with better resistance to water damage of asphalt mixture.
The reason why the performance of limestone is inferior to that of basalt in the presence of
water is that the main component of limestone is calcium carbonate, and a small part of it
will be hydrolyzed and ionized after encountering water, which destroys its original crystal
structure and destroys the interaction relationship between limestone and CR, so it shows
instability after encountering water. In addition, the combination of asphalt and aggregate
is mainly in the form of hydrogen bond. When water molecules appear at the interface
between asphalt and aggregate, the aggregate will be bonded with some water molecules in
the form of hydrogen bonds, thus reducing the binding ability between the asphalt and the
aggregate. The interaction between the asphalt and the aggregate is weakened. Limestone,
as a more polar molecule than basalt, is more likely to bond with water molecules, so its
interaction with asphalt decreases more dramatically in the presence of water.
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3.4. Multiscale Association Analysis

For the unified research object, observation and analysis at multiple scales can provide
basis and method at micro and molecular scales to solve the macroscopic performance
problem. The relationship between multiple scales is shown in Figure 18. The influence
indices of water at multiple scales on the interface of crumb rubber–asphalt mixture are
shown in Table 12.
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Table 12. Multiscale indices of the influence of water.

Scales Indexes Unit Dry Wet

Molecular scale Basalt-Asphalt Eρ (kJ/mol/A2) 6.131 3.789
Limestone-Asphalt Eρ (kJ/mol/A2) 11.944 4.243

Micro scale Basalt-Asphalt W ′ (%) 100 93.49
Limestone-Asphalt W ′ (%) 100 87.02

Macro scale Medium temperature
fatigue failure DE

- 36.83254 35.3172

Low temperature
fracture DE

- 0.077 0.06505

Through molecular dynamics simulation calculation, it can be known that the interac-
tion energy and interaction energy density of the asphalt and aggregate at the molecular
scale decrease with water participation; the interaction energy density of basalt and CR
decreases by 38.2%, and the interaction energy density of limestone and CR decreases
by 64.5%. Due to the decrease in the interaction energy between CR and the aggregate,
the adhesion ability between the asphalt and the aggregate at the microscale decreases
obviously under the wet condition, the W ′ of basalt and CR decreases by 6.51%, and the
W ′ of limestone and CR decreases by 12.98%. Since the adhesion ability between the
crumb rubber asphalt and aggregate is an influencing factor on the crack resistance of the
crumb rubber–asphalt mixture, the decrease in adhesion ability between the asphalt and
aggregate at the microscale leads to the decrease in the crack resistance of the macro crumb
rubber–asphalt mixture. The DE of medium-temperature fatigue failure decreases by 4.11%,
and the DE of low-temperature fracture failure decreases by 15.52%. It can be seen from the
above that the influence of water on the interface between the crumb rubber–asphalt and
the aggregate is basically the same at the molecular scale, microscale and macroscale. The
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macrocracking of the asphalt mixture can further be analyzed for its internal mechanism
and changes caused at the micro and molecular scale, so as to provide a certain theoretical
basis for further improving the performance of asphalt mixtures. However, due to the
influence of the size effect, the correlations of the three scales need to be further studied.

4. Conclusions

The influence of water on the interface of the crumb rubber–asphalt mixture was
studied using the multiscale method. At the macroscale, the performance of the crumb
rubber–asphalt mixture before and after water immersion under the two failure modes of
medium-temperature fatigue failure and low-temperature fracture failure were analyzed.
At the microscale, the adhesion work and water stability index between crumb rubber
asphalt and basalt and limestone under dry and wet conditions were analyzed. A molecular
dynamics simulation was carried out on the molecular model of crumb rubber asphalt
and a representative molecular model of basalt and limestone at the molecular scale. The
interaction energy and interaction energy density between the asphalt model and the
mineral model were calculated and analyzed. The research conclusions are as follows:

(1) At macroscale, water damage is more serious under low-temperature fracture damage
than that of medium-temperature fatigue failure;

(2) At the microscale, the adhesion energy between the crumb rubber asphalt and ag-
gregate decreases under wet conditions, indicating that the participation of water
has a certain damage to the adhesion ability between the crumb rubber asphalt and
the aggregate;

(3) The adhesion ability between limestone and crumb rubber asphalt is more affected by
water than by basalt;

(4) The results of the molecular-scale simulation are consistent with those of the micro-
adhesion test and the macrofracture test, indicating that molecular simulation has
certain significance in simulating the adhesion ability of water to the interface.
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