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Abstract: In the current recycling process of reclaimed asphalt pavement (RAP), due to the serious
damage of aggregate gradation and the large amount of aged asphalt still wrapped around the surface
of the treated aggregate, the low recycling rate and poor performance of the recycled asphalt mixture
are the major problems of RAP. In view of the shortcomings of RAP recycling technology, it is urgent
to research new treatment methods and design specialized asphalt-stripping equipment to solve the
existing problems. In this paper, based on theoretical analysis and EDEM discrete element simulation,
a principle prototype for efficient micro-damage fine stripping of asphalt on the RAP surface is
developed and tested. The results demonstrate that the principle prototype has a satisfactory asphalt-
stripping effect and achieves fine stripping of aged asphalt on the surface of aggregate without
large-scale crushing. This principle prototype has significant engineering application values, which
provides design solutions and data support for further equipment development.

Keywords: RAP; recycling; prototype; aged asphalt stripping; EDEM

1. Introduction

Due to heavy traffic, asphalt–concrete pavements can be damaged to various degrees,
which requires maintenance, renovation or reconstruction. Plenty of reclaimed asphalt
pavement (RAP) will be generated in the maintenance process [1], which not only occupies
land resources and raises secondary environmental problems, but also causes a great waste
of natural resources [2]. Therefore, how to realize the efficient regeneration of RAP has
become an urgent issue to be solved.

Research shows that asphalt pavements suffer from natural factors, traffic loads, and
physical and chemical interactions between asphalt and mineral aggregate over the long
time of its service, eventually leading asphalt aging to occur [3]. After asphalt is aged,
its chemical composition changes, resulting in the decline of each performance index [4].
However, aged asphalt can be blended with a low-viscosity rejuvenator and combined with
aggregate in RAP to produce a recycled mixture. Therefore, the essence of the recycling
technology of RAP at this stage is to select the aggregate through crushing and screening,
add the rejuvenator to restore the aged asphalt, and then heat and mix it with a certain
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proportion of asphalt, new aggregate and other materials to produce a recycled asphalt
mixture for pavement structures [5]. However, traditional machines such as jaw crushers
or hammer crushers are generally applied for the crushing treatment in the recycling
process [6], which causes the excessive refinement of some aggregates and damage to the
original gradation of the asphalt mixture. In addition, the simple crushing process cannot
effectively separate asphalt and aggregate. After treatment, considerable aged asphalt
mortar still adheres to the aggregate surface, leading to the fact that the utilization rate
of RAP in the actual recycling is restricted to a low level. If the amount of RAP in the
recycled mixture is increased, it would have a negative impact on the low-temperature
crack resistance and water stability of the product [7]. In general, when increasing RAP
content in an asphalt mixture under the premise of ensuring a certain road performance, the
following issues should be considered: additional processing and quality control, changing
of virgin binder grade, preparation of materials for the mixture design, and blending of
the virgin and RAP binders [8]. According to the statistics of Reclaimed Asphalt Pavement
in Asphalt Mixtures: State of the Practice, a similar pavement performance to virgin
asphalt pavement can still be obtained if the RAP content in the recycled asphalt pavement
is maintained at 30–50%, and higher grade binders or a reasonable mixture design are
adopted [9]. However, the aforementioned processes are at the cost of chemical usage and
the environment. In contrast, the proposed method is undoubtedly a more economical and
environmentally friendly method to increase RAP content through mechanical processing
and quality control.

In order to ameliorate the aforementioned problems, pre-treatment should be con-
ducted before hot mixing to remove the asphalt on the aggregate surface and enhance
the aggregate performance in the recycled mixture. At present, the removal methods of
surface impurities mainly include heat treatment, chemical treatment, and mechanical
treatment [10]. For example, taking advantage of the rapid change in temperature, Pan-
durangan [11] kept the recycled aggregate in a furnace at 500 ◦C for 2 h, and then took it
out and soaked it in water to peel off the attached mortar. Ma [12,13] partially washed
RAP aggregates with a mobilized RAP binder and immobilized RAP binder, respectively,
which proved that the interaction between asphalt and aggregate can be improved by
adding a binder in the form of surface free energy, and the content of effective asphalt in
the recycled mixture can be increased. Dimitriou [14] applied the rolling effect produced by
a rotating mixer and the impact of water to remove smaller particles, dust and mortar with
weak cohesiveness from the concrete aggregate. Dilbas [15] and Babu [16] placed concrete
aggregate in a rotating Los Angeles grinding cylinder containing steel balls, using the
grinding and impact effects to reduce the mortar attached to its surface. Zhao [17] blasted
hard particles on asphalt pavement through shot blasting, which applies the high-speed
impact of granular materials to achieve the effect of cleaning debris and attachments on
the surface and effectively improved the skid resistance of asphalt pavement. Compared
with heat and chemical treatments, the mechanical treatment method has the advantages
of process simplicity and cost-effectiveness, and does not introduce chemical impurities, so
it is theoretically more suitable for the practical engineering application of RAP regenera-
tion. However, high energy-consumption, low efficiency and serious wear are the major
problems of mechanical treatment machines. On the other hand, the optimization of these
machines needs to be verified by a large number of experiments or engineering applications,
so research and development has been limited. How to improve the efficiency and treat-
ment effect of these machines has once again become a difficult problem for scholars. With
the rapid development of computer-aided engineering (CAE), the discrete element method
(DEM) provides an approach to solve such engineering problems. DEM is a numerical
method specially applied to solve the problems involving discontinuous media, such as
geotechnical, mining and metallurgical engineering, which can accurately calculate the
force and velocity of granular materials during motion. For example, Kalala [18] applied the
DEM method to study the influence of the lining plate on the working state of the dry mill,
and found that the total impact energy consumed in the mill decreased with the wear of the
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lining plate, while the friction energy consumed increased in contrast. Ren [19] studied the
influence of different process parameters of a tower mill on its working performance based
on the DEM method, and summarized that the grinding force and power consumption
increased with the increase in the speed, diameter and medium filling rate of the agitator.
Through DEM simulations of different shot-blasting blade structures, Choi [20] found that
the efficiency can be improved by 20% after optimizing the number of blade fillets and
bulges, and the shot-blasting test results were in excellent agreement with the results of
the DEM.

To develop an RAP asphalt-stripping principle prototype, this paper starts from the
structural composition of an asphalt mixture, considers the existing products and the
recovery treatment technology with their surface impurity removal effects, applies com-
mercial EDEM software to conduct a simulation, and fabricates the mechanical structure.
Finally, multiple controlled mechanical tests through an electronic universal testing ma-
chine [21,22] are conducted to evaluate the asphalt-stripping effect, and the influence of
different process parameters on the treatment effect is verified. This equipment integrates
different socialized manufacturing resources, which conforms to the trend of socialization,
customization, and service in the manufacturing industry [23]. In the future, when a mature
RAP asphalt-stripping machine is introduced in various regions, a network–physical–social
connection could be established through decentralized social media to form a complex
dynamic autonomous system [24]. Through the integration and customization of products
and services, the utilization of RAP in the whole society can be comprehensively promoted.

2. Structure Design of RAP Surface-Asphalt-Stripping Principle Prototype
2.1. Structural Composition of Asphalt Mixture

In addition to aggregates with various sizes, the RAP obtained from pavement milling
also contains a large number of aggregates bonded by aggregate and aged asphalt. The
physical and chemical properties of aggregates are stable, and their mechanical properties
are not easily changed. Therefore, they can be directly used for recycled mixtures. However,
the hardness of asphalt on the aggregates increases after aging, and then its physical
and mechanical properties become unstable. During the mixing and construction of a
recycled mixture, aggregates loosen easily, fracture and deform [25]. Due to the existence
of aggregates in RAP, in the production of a recycled mixture, it is necessary to add a
rejuvenator to restore the performance of aged asphalt. Nevertheless, in the actual recycling
process, because the aged asphalt wrapped around the aggregate surface is usually very
thick, the rejuvenator cannot fully penetrate it [26], which leads to the failure to effectively
restore the aged asphalt in the deep layer (as shown in Figure 1). As the aged asphalt
is difficult to make fully miscible with the new asphalt in the process of hot mixing, it
will eventually result in the low recycling rate of RAP and the poor performance of the
recycled mixture.

Figure 1. Structure of RAP and diffusion effect of rejuvenator on aged asphalt surface.
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2.2. Functional Analysis and Structural Scheme of the Stripping Structure

In order to improve the recycling rate of RAP and improve the mechanical properties
of the recycled mixture, it is necessary to separate the aged asphalt and aggregate in the
RAP for subsequent treatment. At present, the main method for the separation of an
asphalt mixture is to apply mechanical forces to carry out the indiscriminate large-scale
crushing treatment of RAP, so that the RAP with an uneven quality becomes a mixture
of aggregate and asphalt mortar with near uniform sizes. However, this method will
cause the excessive refinement of aggregate. In addition, because the crushed aggregate
size is close to asphalt mortar, the particle size after screening cannot reflect the actual
grading, resulting in the deviation of asphalt content with the same grading, which will
have a significant impact on the mechanical performance of recycled mixtures. Therefore,
the crushing treatment is not completely applicable to the separation and regeneration of
anasphalt mixture. It is necessary to develop a stripping mechanism dedicated to the fine
treatment of the aggregate’s surface asphalt. Then, the stripped asphalt mortar can be fully
mixed with the rejuvenator to complete the deep regeneration, and the aggregate can be
directly used for the recycled mixture after reasonable setting and grading.

The stripping mechanism was developed based on the refined asphalt treatment
concept which bans forced crushing. With reference to technology for the removal of the
relatively mature surface impurities, a vertical mill with a spiral mixing structure can meet
the requirements of asphalt stripping on the aggregate surface, and its energy utilization
rate can reach 26.3%, which is much higher than that of the traditional ball mill [27]. As
shown in Figure 2a, due to the rotation of the internal spiral stirring blade, the grinding
medium and aggregates can circulate up and down in the axial direction of the spiral shaft
and create a circular movement in the cylinder. Affected by gravity and the extrusion
generated by the spiral rotation, the aggregates can be effectively ground by friction and
shear force [28]. By applying this principle, the stripping mechanism adopted the box
structure and spiral blades. The box structure was used to limit the degree of freedom in
the horizontal direction of the aggregates and offer supports at the bottom. The turning of
the blades makes the aggregates squeeze and grind each other, which forms the stripping
effect. Moreover, there is enough space in the upper part of the box structure to avoid the
forced crushing of the aggregates during processing. The bottom layer aggregates in the
box structure are subject to the gravity of the upper aggregates. It should be noted that
the surface pressure on the aggregates from bottom to top is gradually reduced, so the
stripping effect is also gradually reduced correspondingly. Therefore, for the aggregates
at the top of the box structure, an additional treatment needs to be adopted. As a reliable
method, shot-blasting surface-cleaning technology is widely used in many fields [29]. In
this asphalt-stripping scenario, the shot-blasting machine was set above the spiral structure.
The projectiles of the shot-blasting machine were firstly accelerated by the shot-separating
wheel. Subsequently, they were thrown out of the window of the directional sleeve to
the blade. After being further accelerated by the rapidly rotating blade, the projectiles
spread under the effect of centrifugal force, hit the upper layer of aggregates in the box
structure at high speeds, and form a jet grinding area. As a result, the shot-blasting
machine can clean the aggregates with aged asphalt on the surface, for which the working
principle is demonstrated in Figure 2b. In order to reduce process energy consumption and
avoid excessive refining of aggregates, media free grinding was adopted. Namely, coarse
aggregates (aggregates with particle size greater than 4.75 mm) were used to extrude and
grind the asphalt with their own edges and corners. At the same time, fine aggregates
(aggregates with particle size less than 4.75 mm) were used as projectiles in the shot-blasting
machine to avoid the introduction of other impurities. Because the physical characteristics
of coarse and fine aggregates are the same, the particle size of coarse aggregates would not
be damaged during the grinding process.
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Figure 2. Structure and working principle. (a) Vertical shaft spiral mixing structure; (b) shot-blasting machine.

The stripping structure is composed of spiral blades, a box structure and a shot-blasting
machine, realizing the process of self-grinding of coarse aggregates and the shot blasting
of fine aggregates. With the treatment of spiral blades, the combined effects of centrifugal
force, gravity and friction make the aggregates move in an orderly way and have a basic
force balance. However, due to the morphological differences between aggregates, the
force is uneven and will change at any time. Affected by rolling and sliding, the aggregates
in the box structure generate a strong local shear force, extrusion force, abrasion stripping
effect, and scrubbing effect. Aided by the abrasive effect of the shot-blasting machine,
the high-efficiency and refined stripping of surface aged asphalt can be achieved without
the large-scale crushing of aggregates, and the phenomenon of over crushing and the
agglomeration of particles can be greatly reduced.

2.3. Modeling of the Principle Prototype

As shown in Figure 3, the shot-blasting machine is located on the top of the box
structure enclosed by plates and fixed on the upper support plate. In order to adapt to the
range of shot blasting, the box shape was set as a cuboid. Outside of the box structure, there
is a coarse aggregates entrance, and inside of the box plates, there are wear-resistant liners.
The inner space of the box structure is an aggregates handling cavity. The bottom of the
box structure is a piece of 4.75 mm thick sieve plate, on which a pair of helical blades are
configured. The helical blade shafts are mounted on the sieve plate and the lower support
plate through the bearing seat. A guide plate is arranged between the sieve plate and the
lower support plate and is connected to the exit point of the fine aggregates. In order to
avoid damage to transmission system caused by excessive vibration and dust, a belt drive
was selected to rotate the helical blade shafts. The belt drive is set under the lower support
plate and is driven by a speed reducer at the rear of the box structure. The motor and the
pulley are covered by a motor cover and a pulley cover on the outside, respectively. The
prototype uses a frame welded with angle iron to support the weight of each part, and
each part is fixed with a bolt connection to the frame. SolidWorks was applied to build the
three-dimensional model of the whole machine and verify the strength of non-standard
structures such as the spindle, helical blade, box structure and support. Finally, after the
assembly of all functional modules, a global interference detection was conducted.
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Figure 3. Explosion view of the principle prototype.

3. Simulation of the Prototype Based on EDEM
3.1. Basic Theory of DEM
3.1.1. Introduction to DEM

As a discontinuous numerical simulation method, the core idea of DEM is to treat the
research object as a composition of some independent and discrete particle units, and the
interaction between the units can be calculated according to the relationship between force
and displacement [30]. When the principle prototype works, the aggregates in the treatment
chamber move, collisions occur between the aggregates, and between the aggregates and
the parts. These collisions determine the force characteristics and movement rules of
the aggregates in the treatment chamber. The motion of the aggregates in the treatment
chamber is regarded as a discontinuous particle flow. Based on contact theory and Newton’s
second law, the motion state of the discrete body in each step can be obtained, and then the
motion of the aggregates can be simulated, finally reflecting the mechanical behavior of the
aggregates under the action of blasting and grinding.

The general solution process of the DEM is to divide the solution space into a discrete
element matrix and connect adjacent units by connecting elements (i.e., contact model)
according to practical problems. The relative displacement between units is a basic variable.
Normal and tangential forces between units can be obtained from the relationship between
force and relative displacement. The acceleration of the unit is calculated using Newton’s
second law based on the resultant force and resultant moment caused by the forces acting
on the unit in all directions and other physical fields acting on the unit. Time integration
is performed to obtain the velocity and displacement of the unit, and physical quantities
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such as speed, acceleration, angular velocity, line displacement and the rotation angle of all
units at any time can be obtained.

3.1.2. Equation of Motion—Newton’s Second Law

According to the dynamic theory, the motion of solid particles in the space coordinated
system is mainly composed of translation and rotation, and the total motion mode of
particles can be the superposition of the two, and the equation of motion is [31]{

mi
dvi
dτ = ∑ f i

Ii
dωi
dτ = ∑ Ti

(1)

where mi is the mass of particle i; vi is the velocity of particle i; Ii is the moment of inertia of
particle i; ωi is the angular velocity of particle i; ∑ f i is the total force exerted on particle i;
and ∑ Ti is the sum of the torques exerted on particle i by the collisions between particles.

When particle j collides with particle i, the torque acting on particle i can be calculated
from the following equation:

Tij = Ri × f ij,c (2)

where Ri is the vector at which the centroid of particle i points to the point of contact; and
f ij,c is the contact force of particles i, j.

If ki particles are in contact with particle i at the same time, the total torque to which
particle i is subject is

ki

∑
j=1

Tij (3)

The velocity and position of the particle i after time ∆τ can be obtained by integrating
the equations of motion, respectively.

3.1.3. Time Step

In EDEM software, simulation calculations are carried out by means of iteration cycles
with time steps. The time step is to regard the motion time of the whole particle system as
a superposition of several time periods, which are small and equal, under the assumption
that the velocity and acceleration of each particle in a single time step are fixed. From the
resultant force and moment obtained previously, according to Newton’s second law of
motion, the acceleration and angular acceleration of the mass center can be obtained, so
that the velocity, angular velocity, displacement and moment of inertia in the time step can
be obtained.

3.2. Configuration of the DEM Simulation Model
3.2.1. Contact Model Selection

The contact model is the core of DEM, which is essential to simulate the contact
force of particle–solid collisions and calculate the particle motion information. Different
contact types must be established for different simulation objects. Commonly used contact
models for EDEM are the Hertz–Mindlin no-slip model, Hertz–Mindlin with JKR model,
hysteretic spring, and Edinburgh elasto-plastic adhesion model [32]. As the aging of asphalt
will cause an increase in elastic components, the rheological properties of asphalt can be
changed from partial viscous to partial elastic [33]. On the other hand, the Hertz–Mindlin
non-slip model is used in EDEM by default to model aggregates as a non-viscous and
incompressible material.

The resulting contact forces between particles and between particles and geometry are
broken down into two forces: one normal force along the contact normal direction and the
other tangential force along the contact plane [28]. The normal force Fn can be obtained
from the formula:

Fn =
4
3

Y∗
√

R∗δn
3
2 (4)
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where R∗ is the particle radius; δn is the normal overlapping amount; and Y∗ is the equiva-
lent Young’s modulus.

The normal damping force Fn
d can be expressed as

Fn
d = −21

√
6
5

β
√

Snm∗vn
rel (5)

where m∗ is mass; vn
rel is a constant of relative speed; and Sn is the normal hardness.

If e is taken as the coefficient of resilience, then β and Sn can be calculated according
to the following equations:

β =
lne√

ln2e + π2
(6)

Sn = 2Y∗
√

R∗δn (7)

The tangential force Ft related to the tangential overlapping amount δt and tangential
hardness St, can be expressed by

Ft = −Stδt (8)

St = 8G∗
√

R∗δn (9)

where G∗ is the shear modulus.
The tangential damping force is

Ft
d = −2

√
5
6

β
√

Stm∗vt
rel (10)

where vt
rel is the tangential relative velocity.

The coefficient of friction is important in the simulation, where µs is the coefficient of
static friction, which affects the magnitude of the tangential force, and the rolling coefficient
of friction µr determines the torque on the contact surface, namely

τi = −µrFnRiωi (11)

where Ri is the distance from the center of gravity to the point of contact; and ωi is the
angular velocity of the particle i at the point of contact.

3.2.2. Material and Geometry Parameter Settings

In order to make the simulation close to the actual operating conditions, the aggregates,
particles and prototype parts should be configured in accordance with the actual material.
Since particles cannot be set as composites in EDEM, the aggregates in the treatment
chamber were defined as aggregates, and the material of the prototype parts was defined
as steel. By consulting the relevant literature and conducting calibration experiments, the
physical parameters of steel and aggregate were collected, as shown in Table 1, and the
contact relationships between different materials are tabulated in Table 2 [34].

Table 1. Physical property parameters of aggregate and steel.

Material Type Poisson’s Ratio Shear Modulus (Pa) Density (kg/m3)

Aggregate 0.25 2.3 × 1010 2700
Steel 0.3 7 × 1010 7850
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Table 2. Contact relation parameters between different materials.

Relation of Contact Coefficient of
Recovery

Coefficient of Static
Friction

Coefficient of
Sliding Friction

Aggregate–
Aggregate 0.10 0.60 0.24

Aggregate–Steel 0.10 0.80 0.24

3.2.3. Aggregate Model Setting

The shapes of aggregate in RAP are extremely heterogeneous and impossible to model
completely. Actually, it is not necessary to conduct a simulation by applying the actual
shape of all aggregates. By constructing special-shaped aggregate models with different
length–width ratios, the force results obtained via simulation are similar to that of the
actual treatment conditions [35]. The simulation is solved by DEM according to the number
of spherical surfaces. If the structure used for particle modeling is too fine, the contact
model will result in complex solutions and a low calculation efficiency. Therefore, without
compromising the simulation results, the aggregate model should be simplified as much
as possible to reduce the number of spherical surfaces. The particle size range in actual
treatment was 0–26.5 mm, in which fine aggregates with a particle size of less than 4.75 mm
were applied as projectiles. In order to reduce the number of spherical surfaces, the
feeding projectile size was unified as 3 mm and the particle generation rate was 4000/s.
Aggregates with particle sizes ranging from 4.75 to 26.5 mm were generated according to
AC-20 gradation, as shown in Table 3. The generated coarse and fine aggregate models are
presented in Figure 4.

Table 3. Aggregate grading parameters.

Specification of Aggregate (mm) Aggregate Grade Ratio (%)

4.75–9.5 30.57
9.5–13.2 23.65
13.2–16 29.66
16–26.5 16.12

Figure 4. Model of particles. (a) Projectile model; (b) coarse aggregate model.

The particle generation in particle factories is categorized as dynamic generation and
static generation. Specifically, the simulation continues when the particles are generated
dynamically, while the simulation is suspended when the particles are generated statically.
Considering the processing procedure of filling coarse aggregates first and then blasting,
grinding and stirring, the static generation of coarse aggregates and dynamic continuous
generation of projectiles are adopted. Four particle factories are applied to model the four
particle sizes of coarse aggregates particles correspondingly. Note that the particle size
generated by each particle factory has a certain fluctuation, so the normal distribution law
is used for the generation of EDEM particles.
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3.2.4. Establishment of the Simulation Model

In order to accelerate the simulation, structures such as the drive, support as well as
complex connecting components were neglected, and only the stripping structure which
has a major influence on the processing effect was retained. The simplified prototype
model including pelletizing wheel, directional sleeve, blade, spiral impeller blade and box
structure with sieve holes on the bottom was constructed using SolidWorks and imported
into the EDEM software. The established geometric model is shown in Figure 5, in which
the impeller speed of the shot-blasting machine is 2600 r/min, the rotating speed of the
helical blade is 90 r/min and the rotating direction is clockwise.

Figure 5. Simulation model of the principle prototype.

3.3. Numerical Simulation and Analysis

Due to the large number of particle contacts in the simulation model, a fixed time step
of 20% was set to ensure the stability of the simulation. Without sacrificing the simulation
results, the actual simulation time was minimized, the target storage time interval was
set at 0.1 s. The grid size was three times the minimum particle radius, and the resulting
total simulation time was 10 s. Figure 6a shows the velocity of some projectiles when they
were ejected, which also shows that the projectiles can form a shot-blasting area in the
lower square at a speed of 54.5 m/s after they are accelerated in the shot-blasting machine.
Figure 6b is the shot-blasting effect diagram during the working process of the prototype. It
can be noticed that the shot-blasting range can just cover the cross section of the treatment
chamber. As a result, the top aggregates can be sufficiently shot blasted, and the shot will
not directly impact the side wall of the chamber.
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Figure 6. Image of simulation. (a) Velocity of the projectiles; (b) shot-blasting effect.

Figure 7 demonstrates the velocity of the coarse aggregates in the treatment chamber at
a certain time. With the turning of the spiral blade, the aggregates can be evenly distributed
along the circumference of the blade in the horizontal direction, and can be lifted from the
bottom to the top in the vertical direction. After reaching the top, the aggregates will fall
along the edge of the chamber. The combination of motion in two directions cycles the
aggregates in the chamber, causing the aggregates in different locations to be processed by
blasting, forming an enhanced grinding area between the two blades. Thus, all aggregates
can be fully and evenly blasted and ground to realize the maximum stripping effect of the
asphalt from the aggregate surface.

Figure 7. Velocity of the coarse aggregates in the treatment chamber. (a) Overall velocity of aggregates;
(b) X-axis view of aggregate velocity; (c) Y-axis view of aggregate velocity; (d) Z-axis view of
aggregate velocity.

Under the action of shot blasting and the self-grinding of aggregates, aggregates will
be subject to a comprehensive force, namely an asphalt-stripping force. Affected by this
force, aged asphalt can fall off the aggregate surface. Figure 8 presents the total stripping
force of coarse aggregates with respect to time in the simulation process.
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Figure 8. The total force curve of coarse aggregates.

4. Test of the Principle Prototype
4.1. Mechanical Test of Single Particle Asphalt Stripping

In order to verify whether the aggregate stripping force obtained via simulation can
meet the requirements of the force required for actual asphalt stripping, the WDM-100
electronic universal testing machine was applied to conduct a single particle asphalt-
stripping test, as shown in Figure 9a. The aggregate and RAP were, respectively, fixed to
the fixtures, and the load on the lower aggregate was controlled by the upper aggregate at a
speed of 2 mm/min. The asphalt on the surface of the aggregate was stripped by the angular
aggregate until the aged asphalt fell off the aggregate surface, and the corresponding
deformation and failure load were recorded. The maximum value of the applied load
during the measurement was the force required to strip the aged asphalt from the surface.
A total of 8 groups of tests were conducted, all of which completed the stripping of aged
asphalt from the aggregate surface, and the aggregate in the upper fixture did not break.
Figure 9b depicts the aggregates before and after stripping for comparison.

According to the corresponding deformation and failure load recorded during the test,
the force and displacement curves are drawn as shown in Figure 9c. Because the aggregates
were composed of aggregates with different particle sizes and asphalt with different degrees
of aging, they still had a certain viscosity and were not brittle materials. Therefore, the force
and displacement curves were not smooth. Although the force and displacement curves
for case 1 and 2 did not show a significant drop trend after the peak point, the maximum
load measured could still be used to quantitatively evaluate the force required to strip
asphalt. To compare the maximum load data obtained from tests with the simulation data,
Figure 9d is depicted. It can be observed that the resultant force on the aggregates during
the processing of the principle prototype is higher than the stripping force measured in
the single particle mechanical test, but it is still far less than the crushing strength limit
of aggregate. With the repeated treatment of various acting forces, the aggregate surface
asphalt will eventually strip off, and it can be guaranteed that the principle prototype will
be dedicated to the aggregate surface-asphalt-stripping treatment, rather than producing
a large-scale crushing effect. Therefore, it was verified that the structure of the prototype
was reasonable.
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Figure 9. The stripping test of a single particle asphalt. (a) Test configuration; (b) aggregate compari-
son before and after asphalt stripping; (c) force and displacement curve of 8 tests; (d) total stripping
force in 8 tests.

4.2. Treatment Process of the Principle Prototype

In addition to the initial design, a frequency conversion cabinet was added at one side
of the principle prototype to realize the adjustment of the rotating speed of the spiral blade
and the power of the shot-blasting machine, and a cyclone dust collector was installed
at the rear of the prototype to reduce the dust during treatment. Figure 10 presents the
3D drawing and manufactured product of the principle prototype. The working process
was as follows: the coarse aggregates were fed into the treatment chamber through the
coarse aggregate entrance until they covered the spiral blades. Subsequently, the entrance
of the cyclone dust collector was connected to the coarse aggregate entrance to reduce the
dust. Then, the spindle motor and shot-blasting motor were started, and fine aggregates
were added to the entrance of the shot-blasting machine at a uniform speed. Meanwhile,
the fine aggregates were accelerated by the impeller of the shot-blasting machine and
ejected towards the coarse aggregates at the top layer of the treatment chamber at high
speeds. The aggregates were stirred by the spiral blades at the bottom, and the self-weight
of the aggregates made them produce a comprehensive effect of extrusion, shearing and
friction. As a result, the stripping of asphalt on the aggregate surface was realized. Because
there is enough space above the aggregates, the aggregates will not be subject to pressure
exceeding its strength limit, so the micro-damage fine treatment of the aggregate surface
can be completed without large-scale crushing. During the operation of the prototype, the
stripped asphalt and mineral powder (below 4.75 mm) fell into the guide plate through the
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sieve plate, and were discharged from the fine aggregate exit. After most of the asphalt on
the surface of the coarse aggregates inside the treatment chamber was stripped, all motors
were shut down, and the feeding of fine aggregates was stopped. The cover board was
opened and the processed aggregates in the treatment chamber were taken out. So far, the
fine asphalt stripping on the surface of aggregates was accomplished.

Figure 10. A 3D drawing and manufactured product of the principle prototype.

4.3. Test Scheme and Preparation

The controlled test was conducted based on the principle prototype, in which the
mass of the coarse aggregates to be treated was 40 kg, and the projectile size and treatment
duration were changed, respectively. The treatment effect of the prototype was evaluated
by the changes in different indicators of the coarse aggregates before and after treatment.
The specific test scheme is presented in Table 4.

Table 4. Test scheme.

Scheme Coarse Aggregates Mass/kg Projectiles Size/mm Processing Time/min

1 40 0 30
2 40 0 60
3 40 0–4.75 30
4 40 0–4.75 60
5 40 2.36–4.75 30
6 40 2.36–4.75 60

According to the macroscopical structure and composition of coarse aggregates before
and after treatment, the treatment effect indexes were mainly reflected in the change
in surface morphology and asphalt content. The change in surface morphology can be
observed directly by comparing the change in surface color, shape and composition of
aggregates before and after treatment. To facilitate a targeted observation, some raw
aggregates were dyed and marked before treatment. In addition, it was necessary to weigh
the screened aggregates, calculate the mass loss ratio of coarse aggregates before and
after treatment as the asphalt-stripping rate, and explore the asphalt-stripping situation
under different test schemes. For the calculation formula, see Equation (12), where P is
the asphalt-stripping rate, and m0 and m1 are the masses of coarse aggregates before and
after treatment.

P =
m0 −m1

m0
(12)
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5. Results and Discussion
5.1. Change in Surface Morphology of Coarse Aggregates

A random sampling method was used to observe the treated coarse aggregates, and the
comparison of surface morphology before and after treatment is demonstrated in Figure 11.
Obviously, most of the coarse aggregates lost the black aged asphalt and exposed the gray
rock surface, indicating that the stripping effect of asphalt attached to the aggregate surface
was satisfactory. Moreover, through the comparison of the dyed and marked aggregates
(as shown in Figure 12), it was found that the asphalt layer on the surface of the treated
coarse aggregates had obvious grinding traces. The RAP composed of aggregates and aged
asphalt were worn and broken, indicating the separation of aggregates and asphalt, which
verifies the feasibility of the proposed stripping process.

Figure 11. Surface morphology of coarse aggregates before and after treatment. (a) Surface color of
coarse aggregates before treatment; (b) surface color of coarse aggregates after treatment.

Figure 12. Comparison of dyed aggregates before and after treatment.

5.2. Changes in Asphalt Content of Coarse Aggregates

In order to further verify the asphalt-stripping effect of the principle prototype in the
process of fine treatment, the treated coarse aggregates were weighed, and the stripping
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effect was quantitatively analyzed by the asphalt-stripping rate index. The asphalt-stripping
rate of the principle prototype under different test schemes is tabulated in Table 5.

Table 5. The stripping rate of the principle prototype with different treatment methods.

Scheme m0/kg Projectiles Size/mm Processing Time/min m1/kg P/%

1 40 0 30 28.45 28.88
2 40 0 60 25.10 37.25
3 40 0–4.75 30 25.40 36.50
4 40 0–4.75 60 23.90 40.25
5 40 2.36–4.75 30 25.00 37.50
6 40 2.36–4.75 60 23.40 41.50

It can be concluded from Table 5 that the six groups of tests form four groups of
controlled tests:

The comparison between Schemes 1 and 2, and Scheme 3 and 4, reveals that the
asphalt-stripping rate increases with the increase in treatment time, regardless of whether
the shot-blasting process is added. With the increase in treatment time, the time for
aggregates to collide and strike each other increases, which can realize the more sufficient
shedding of aged asphalt on the aggregate surface.

The comparison between Schemes 1 and 3, and Schemes 2 and 4, confirms that when
the treatment time is the same, the surface treatment of coarse aggregates can be promoted
by adding shot-blasting treatment, which can significantly increase the as-phalt-stripping
rate. This is due to the fact that, on the basis of self-grinding of coarse aggregates, high-
speed projectiles can have a strong impact on the surface of coarse aggregates. Under the
dual effect, the aged asphalt on the surface of aggregate is stripped faster.

The comparison between Schemes 3 and 5, and Schemes 4 and 6, verifies that the
asphalt-stripping effect is better when the projectiles size is 2.36–4.75 mm. Actually, the
average mass of 2.36–4.75 mm aggregates is higher at the same flow rate, the kinetic energy
is larger, and the impact on coarse aggregates is correspondingly greater. That is the reason
why it has better asphalt-stripping effect.

Schemes 1 and 2 show that when the treatment time is increased without the shot
blasting process, the asphalt-stripping rate can be increased by 22.47%; Scheme 3 shows
that when shot blasting is adopted, the stripping rate after 30 min is close to Scheme 2,
whose treatment time is 60 min. For Scheme 4, the treatment time is doubled compared to
Scheme 3, but the asphalt-stripping efficiency is only increased by 9.5%, which indicates
that the stripping rate will reach the stable stage faster with the action of shot blasting.

The combustion furnace method is applied to measure the residual aged asphalt
content of the treated coarse aggregates, and the result is collected in Figure 13. With the
untreated aggregates as the control group, the aged asphalt content is 4.5%. It can be found
that the asphalt content of each group of coarse aggregates is significantly reduced after
the treatment by the principle prototype. With the same treatment process, the longer the
treatment time, the lower the asphalt content; with the same treatment time, the treatment
effect is better when the projectiles size is 2.36–4.75 mm, while the treatment effect is
relatively worse without shot blasting. This result is consistent with the trend of the
asphalt-stripping ratio reflected in Table 5.
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Figure 13. Asphalt content of coarse aggregates with different treatments.

5.3. Particle Size Ratio of Each Grade

The processed coarse aggregates were collected and the screening test was con-
ducted to obtain the particle size ratio of each grade. The result is shown in Figure 14.
Compared with the control group, the proportion of raw aggregates with a particle size
within 9.5–19 mm decreases, while the proportion of aggregates with a particle size within
4.75–9.5 mm increases, but the proportion of the overall particle size does not change much.
This result proves that the principle prototype can guarantee the original gradation of
coarse aggregates and avoid excessive refinement.

Figure 14. Proportion changes in different particle sizes with different treatments.
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6. Conclusions

Based on surface cleaning technology and combined with theoretical analysis and
simulation verification, this paper designs and tests an efficient micro-damage fine asphalt-
stripping principle prototype, and studies the asphalt-stripping effect of this prototype
with different processing schemes. The results are as follows:

(1) The principle prototype with fine aggregate blasting and coarse aggregate self-grinding
has a satisfactory treatment effect, which can realize the stripping of asphalt on the
surface of coarse aggregates without damaging the grading of coarse aggregates. The
reliability of the prototype is also preliminarily verified.

(2) The shot-blasting effect and the self-grinding effect lead to satisfactory asphalt strip-
ping. When the blasting process is not applied, the asphalt-stripping efficiency is
low because only the self-grinding contributes. With both processes active, the as-
phalt content on the aggregate surface can reach the lowest achievable amount in the
shortest time.

(3) With the application of the blasting process, increasing the treatment time and projec-
tile size can increase the asphalt-stripping rate and reduce the residual aged asphalt
content on the aggregate surface. The effect of 2.36–5 mm projectiles and 60 min
treatment is the best; the highest stripping rate can reach 41.5%, and the lowest as-
phalt content can be reduced to 1.35% after treatment. Considering that the energy
consumption of 60 min treatment is doubled compared with a 30 min treatment,
while the improvement of the treatment effect is limited, different process parameters
should be selected according to the actual working conditions.

In addition, compared with purchasing new aggregate, the cost of processing the
same quantity of RAP aggregate using the prototype can be saved by 42%, which is
verified by actual energy consumption records. The stripped aged asphalt in RAP can
significantly reduce chemical pollution from the production of recycled mixture. Therefore,
the proposed method can realize the recycling of mineral resources under low-energy
consumption, which has considerable economic and environmental benefits.

Due to the existence of aged asphalt, the addition of RAP will have a negative impact
on the low-temperature cracking resistance, water stability, and fatigue performance of the
mixture. Through tests, the asphalt on the surface of RAP can be dramatically reduced after
the treatment with the proposed machine. The processed aggregate can achieve similar
performance as the virgin aggregate after mixing with a little rejuvenator. Therefore, the
existing problem can be effectively avoided and the performance of the asphalt mixture
can be guaranteed in theory. The specific performance of the recycled asphalt mixture will
be verified when the subsequent machine for production is designed.
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