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Abstract: Recycling waste concrete has become a large problem in developing countries. The aim of
this work is to provide guidance for screening concrete particles and improving screening efficiency.
First, the elastoplastic collision model is established for calculating the coefficient of restitution for
concrete particles with different compressive strengths. Then, a bar circular vibrating screen is applied
to simulate the screening process of concrete particles by using the discrete element method (DEM).
The optimal vibrating parameters, which contain amplitude, frequency and inclination angles,
is analyzed for the representative concrete particles containing C15, C45 and C80 by comparing
the screening efficiency. The results show that the optimal screening parameters of amplitude
and frequency is smaller with the increase in the compressive strength of the concrete particles.
Appropriately, the large inclination angle is suitable for screening fine concrete particles with a gap
vibrating screen. This work should be helpful for the screening process of concrete waste particles
and provides a theoretical basis and simulation case for screening and recycling other particles, such
as sand, stone, iron ore and copper ore. In the screening processes of construction wastes, the optimal
screening parameters can be selected quickly by calculating the coefficient of restitution and adopting
the DEM simulation.

Keywords: waste concrete; discrete element method; the coefficient of restitution; screening efficiency;
vibrating screen; hertz contact

1. Introduction

Globally, large amounts of concrete produced as a result of demolition cause environ-
mental pollution, additional waste dump and a waste of resources [1]. It has been proved
that waste concrete can be recycled as aggregates for reproducing concrete. The physical
and mechanical properties of recycled concrete (RC) was earlier studied by Topçu, who
examined the 28-day compressive strength of RC and provided the availability of RC [2].
Moreover, the size and replacement ratio of recycled concrete aggregates (RCA) signifi-
cantly influence compressive strength, split tensile strength, elasticity modulus, abrasion
and other indicators [3]. Evangelista [4] studied the mechanical behavior of RC made with
different replacement ratios of fine recycled aggregates (FRA) with sizes under 0–5 mm,
and gave a reasonable replacement ratio that does not jeopardize the mechanical properties
for FRA.

Recycled coarse aggregates can also be raw material for producing RC. An experiment
based on different proportions of FRA replacement and fine concrete aggregates (FCA)
replacement was implemented by Sérifou [5] and the results show a gradual decrease
in compressive, splitting, and flexural strength, with the increase in recycled aggregate
percentage. Ly [6] found that concrete-containing FRAs exhibited a higher workability and
lower compressive strength than concrete containing natural coarse aggregates, and the
particle size distribution (PSD) of FRA can be replaced more freely, depending on the usage
of concrete mixtures.
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Recently, new methods to test the mechanical properties of RC were developed. Kou [7]
used FRA, crashed from fresh concrete, to make partition wall blocks for testing the loss
of mass, compressive strength, transverse strength and ultrasonic pulse velocity of the
partition blocks. Furthermore, Digital Image Correlation (DIC) has been proved to be a
reliable and high-precision method for testing the mechanical properties of RC [8]. Liu [9]
analyzed the strain distribution and crack propagation of the modeled concrete containing
stone and brick aggregates with the DIC. The X-ray micro-computed tomography scanning
technique and image process was used by Duan [10] to measure the mechanical properties
and chloride-ion penetration of RC. With the huge amounts of data, the artificial intelligence
methods can be used to predict the mechanical properties of RC with high reliability [11].

In chemical properties, Ho [12] assessed the reactions and mechanisms that are in-
volved in various methods, such as the formation of calcium hydroxyapatite, the pozzolanic
reaction, and the desulfurization reaction, for confirming the importance of chemical recy-
cling and the use of concrete waste.

These studies present various methodologies for recycling waste concrete. In eco-
nomics, reuse and recycling strategies are also important for the effective use of concrete
wastes and are flexible in regard to lifecycle, the economy and the environment. Guerra [13]
proposed algorithms integrated with a 4-Dimensional Building Information Model (4D-
BIM) to estimate quantities of concrete and drywall waste generation for on-site reuse and
off-site recycling using a temporal-based approach. The proposed algorithms enhance
planning and enable the visualization of construction waste performance throughout con-
struction. At the same time, it improved the rate of construction waste reuse and recycling
and reduced the raw cost. Mi [14] proposed a new sustainable construction design reflect-
ing the compressive strength ratio effect. This design helped use more original concrete
by adjusting the compressive strength ratio according to the requirements of different
structures. For considering the lifecycle of RC, calculating and extending recycle times
based on concrete usage and life design is important for strategy design. Xia [15] proposes
a novel framework to guide the lifecycle assessment (LCA) of concrete structures with
reuse and recycling strategies. The framework could help simplify the LCA and give
different strategy combinations for improving the reliability. Furthermore, extreme events,
such as earthquakes, are highly correlated with the designed structural strength of RC.
Welsh-Huggins [16] predicted the lifecycle performance of three concrete mixes under
different seismic conditions that benefit LCA and the material choices of waste concretes.

Some researchers found that many other materials, such as municipal solid wastes
incineration fly ashes [17], tires [18], carbon fiber reinforced polymer composites, recycled
plastic particles [19], can be utilized as raw material for RC in addition to waste concrete.

The above research mainly focuses on the mechanical chemical properties and lifecycle
strategies of RC. The processes for concrete waste such as crash and screening also play
an important role in recycling concrete waste [20]. Generally, on construction sites, the
building process begins with the recycling process. With limited process capacity, building
efficiency might be affected by the efficiency of screening. The developed recycling system
in many studies [20,21] for concrete waste contain multiple screening processes which
cannot be ignored and limit the production of RCA. However, there are few studies
concerning the screening mechanisms for concrete waste. A vibrating screen is used as
a highly efficient and economic piece of equipment in common screen processes [22–24].
In most cases, the vibrating screen is applied for coal preparation and has become a well-
established technology. The experimental method is a classical method for studying the
screening mechanisms of coal preparation with high reliability [25]. However, testing takes
a significant amount of time and the results cannot be used in other situations. For these
reasons, a simulation method called the discrete element method is developed for screening
granular materials [26,27], such as coal [28], iron ore [29] and copper ore [30]. In the present
study, the discrete element method is proved to be an important method for revealing the
mechanism of coal screening.
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Although coal screening technology is relatively mature, there remain some important
issues. The screening mechanisms for different particles is not discussed. Due to the
different parameters of the particles, an optimal screening method might be completely
different. Hertz [31] first proposed the elastic model of two contact elastic particles which
calculate the contact force between two particles. Based on his research, the coefficient of
restitution between two particles and between particles and the screening surface can be
calculated, which is ignored by most researchers in their studies on particle screening. With
the calculated parameters, the screening mechanisms of different types of concrete can be
explored. Additionally, this content will be explained in next section. The suitable screening
parameters for different concrete wastes is variable because the mechanical parameters of
concrete with different standards or batches are different.

The aim of this research is to reveal the screening mechanisms of different concrete
wastes. First, a dynamic model of particle collisions is established to calculate the coefficient
of restitution of concrete particles based on the Hertz contact model. Then, a bar screen is
used for FRAs screening, and the DEM simulation is carried out by screening three types of
FRAs. Finally, the optimal screening parameters are given for different types of concrete.

2. Basic Theory
2.1. The Elastoplastic Collision Model of Two Particles and Rigid Plate

Hertz [31,32] deduced the contact force of two elastic particles with radius R1 and
R2 using the elastic mechanical method. The elastoplastic collision model contains two
different types of deformation areas during the collision between particles and the vibrating
screen, as shown in Figure 1. The elastic contact area obeys the law of Hertz contact theory,
and the plastic contact area appears when the stress reaches the compressive strength of the
material. The stress distribution is shown in Figure 1. In the period of the elastic collision,
the contact radius ra under a load P0 is given by

r3
a =

3
4
π(k1 + k2)

R1R2

R1 + R2
P0 (1)
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In which k1 and k2 are the elastic constants of the particles. That is

k1 =
1− µ2

1

πE1
(2)
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k2 =
1− µ2

2

πE2
(3)

where µ is the Poisson ratio and E is the Young modulus of each particles

δ3 =
9

16
π2(k1 + k2)

2 R1 + R2

R1R2
P2

0
(4)

where δ is relative deformation of two particles. Now, force

E =
1

π(k1 + k2)
(5)

R =
R1R2

R1 + R2
(6)

Combining (1), (4)–(6), that is

ra =

(
3P0R

4E

) 1
3

(7)

δ =
3P0

4Era
(8)

In addition, there are
r2

a = Rδ (9)

P0 =
4
3

E
√

Rδ
3
2 (10)

For the collision of two particles, the dynamic equations can be expressed as

m1
d2δ1

dt2 = P0 (11)

m2
d2δ2

dt2 = P0 (12)

In which the total deformation can be added by each particle deformation, that is

d2δ

dt2 =
d2δ1

dt2 +
d2δ2

dt2 (13)

Combining Equations (11)–(13) gives

m
d2δ

dt2 = P0 =
4
3

E
√

Rδ
3
2 (14)

where m is the equivalent mass of two particles

m =
m1m2

m1 + m2
(15)

According to the Hertz contact theory, the stress distribution of a deformed circular
area is given by

σ(r) =
2E
πR

√
r2

a − r2 (16)

Therefore, the stress of the contact area center is given by

σmax =
2Era

πR
(17)
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In the elastic collision period, the max stress of the contact area is the yield strength
of the particle material, which is equal to the compressive strength of waste concrete.
Therefore, the critical contact radius of the elastic collision period can be expressed as

ra1 =
πRσs

2E
(18)

σs is the compressive strength of waste concrete. Therefore, the critical deformation is
given by

δ1 = R
(πσs

2E

)2
(19)

The dynamic Equation (14) can be solved by using the separate variable method with
the boundary conditions (when δ = 0, the speed

.
δ = v0), and the relative velocity of two

particles is given by

.
δ =

√
(v0)

2 − 16E
√

R
15m

δ
5
2 (20)

Equation (19) gives the critical deformation, therefore the velocity at the end of elastic
collision is given by

v1 =

√
(v0)

2 − 16E
√

R
15m

δ
5
2
1 (21)

With the increase in contact force, the plastic contact area appears in the central contact
area and gradually expands. At this collision moment, the elastic contact area becomes a
ring and wraps round the plastic contact area.

P2 =
∫ ra

rp

∫ 2π

0

2Er
πR

√
ra − r2dθdr =

4E
(

r2
a − r2

p

)1.5

3R
(22)

In the elastic–plastic collision period, the maximum stress is the compressive strength
of concrete and is located in the plastic sphere contact area. According to the edge of the
plastic contact area, considering Equation (14), the compressive strength can be given by

σs =
2E
πR

√
r2

a − r2
p (23)

Combining (22), (23), there are

P2 =
π3R2σ3

s
6E2 (24)

Moreover, the total contact force can be expressed as

P2 =
π3R2σ3

s
6E2 + πr2

pσs (25)

Furthermore, Combining (22)–(25)

P2 = πσsRδ− π3R2σ3
s

12E2 (26)

Finally, the dynamic equations in the plastic contact period are written as

m
d2δ

dt2 = −
(
πσsRδ− π3R2σ3

s
12E2

)
(27)
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The relative speed of two particles in the plastic contact period can be calculated
combined with boundary conditions (when δ = δ1,

.
δ =

.
δ1)

.
δ =

√
.
δ

2
1 −

π5R3σ5
s

48mE4 +
π3R2σ3

s

6mE2 δ− πRσs
m

δ2 (28)

In the end of the plastic contact period, the relative speed becomes 0. Therefore,
relative deformation can be calculated by using Equation (28), which is given by

δ2 =

√√√√(π2Rσ2
s

6mE2

)2

+
m

.
δ

2
1

πRσs
+

π2Rσ2
s

12E2 (29)

The last period is the elastic recover period. In this period, the two particles separated
from each other and the restoring force at the beginning is equal to the contact force at the
end of the plastic contact period. Therefore, the restoring force can be given by

P2 =
4
3

E
√

R
(
δ− δp

) 3
2 (30)

The restoring force at the beginning of this period is equal to the contact force at the
end of the plastic contact period, and there are

πσsRδ2 −
π3R2σ3

s
12E2 =

4
3

E
√

R
(
δ2 − δp

)1.5 (31)

So, the δp is expressed as

δp = δ2 −
[

3
4E
√

R

(
πσsRδ2 −

π3R2σ3
s

12E2

)] 2
3

(32)

The dynamic equations can be established in the same way

m
d2δ

dt2 = P2 =
4
3

E
√

R
(
δ− δp

) 3
2 (33)

The dynamic Equation (33) can be solved by using the separate variable method with
the boundary conditions (when δ = δ2, the speed

.
δ = 0), and the separated velocity of two

particles is given as

.
δ = −

√
16E
√

R
15m

(
δ2 − δp

) 5
2 − 16E

√
R

15m
(
δ− δp

) 5
2 (34)

At the end of the elastic recover period, we have δ = δp, and the relative velocity is
given as

v3 = −

√
16E
√

R
15m

(
δ2 − δp

) 5
2 (35)

Finally, the coefficient of restitution is given

e =
∣∣∣∣v3

v0

∣∣∣∣ (36)

2.2. The Restitution Process between Particles and Screen Surface

In this process, we consider young’s modulus and the compressive stress of the
screening surface, which is made of iron and is far larger than concrete, so the screening



Separations 2022, 9, 153 7 of 15

surface can be considered a rigid body. So, the radius and mass of the screening surface is
infinite and compared to (6) and (15), we have

R =
R1R2

R1 + R2
= R1 (37)

m =
m1m2

m1 + m2
= m1 (38)

In which R1 and m1 is the radius and the mass of the particle. These two parameters
differ from the elastoplastic collision model of two particles and the other calculation
process is the same.

2.3. Calculation of Coefficient of Restitution for Concrete Particles

We selected three typical types of concrete with different compressive strength levels
for the screening simulation. The parameters of these concretes are presented in Table 1.

Table 1. The mechanic parameters of chosen concrete.

C15 C45 C80

Density 2360 2410 2440
Poisson’s ratio 0.17 0.17 0.17

Elastic modulus (GPa) 22 33.5 38
Compressive strength 15 45 80

Therefore, the restitution coefficient of these concretes can be calculated under the
above method. Figure 2 shows the relationship between the particle speed and restitution
coefficients with the chosen concretes.
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As shown in the figure, the restitution coefficient of the concrete particles is highly
correlated with the compressive strength level. The higher the compressive strength, the
higher the restitution coefficient. The coefficient of the restitution decreases with the
relative speed of two concrete particles due to the nonlinear characteristic of the Hertz
contact. In other research, the coefficient of restitution is set up as a constant, which was not
calculated using different particle mechanical parameters [20]. However, this parameter
would affect the screening process of concrete and other particles. Obviously, the particles
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would bounce higher with a high restitution coefficient. Therefore, the screening efficiency
will be influenced by the restitution coefficient.

Moreover, it was found that the coefficient of restitution decreased with the relative
speed, and a nonlinear relationship existed between them. That is because the plastic defor-
mation became larger with the increase in the relative speed and a nonlinear relationship
existed between them.

Figure 3 shows the relationship between the particle radius and the coefficient of
restitution of C80 concrete. It was found that the coefficient of restitution decreased slightly
with the increase in the radius of the concrete particles, and the relationship is nonlinear.
The radius of concrete particles can be ignored for calculating the coefficient of restitution
because the coefficient of restitution is hardly affected by the particle radius.
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Normally, the amplitude of the vibrating screen is 4–6 mm, and the frequency is about
16 Hz. For the convenience of calculating the coefficient of restitution, we take the relative
velocity as 1 m/s.

3. Simulation Conditions

Figure 4 shows the CAD model of the circular vibrating screen and the main section
is marked. The circular vibrating screen is forced by one motor and the motion path is
circular. The detailed screening parameters are shown in Table 2. Table 3 shows the particle
material parameters of the used concrete.

Table 2. The screening and operational parameters used in the experiments.

Parameters Value

Screen length (mm) 600
Screen width (mm) 300

Bar gap (mm) 5
Bar diameter (mm) 5

Particle size range (mm) 3–5 5–10
Mass of feeding materials for each particle size range in an experiment (kg/s) 3.5 3.5

Total feeding rate (kg/s) 7
Inclination angle of the deck α (◦) 15, 20, 25, 30

Vibration frequency f (Hz) 12, 14, 16, 18
Vibration amplitude A (mm) 2, 3, 4, 5

Vibration motion Circular
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Table 3. Particle material parameters of C15, C45, C80 concrete used in the simulations.

Parameters Value

C15 C45 C80
Coefficient of restitution for particle to particle 0.2385 0.3271 0.3982

Coefficient of static friction 0.5 0.5 0.5
Coefficient of rolling friction 0.01 0.01 0.01

Coefficient of restitution for particle to screening surface 0.2125 0.2915 0.3548
Coefficient of static friction 0.4 0.4 0.4

Coefficient of rolling friction 0.01 0.01 0.01
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Figure 4. The CAD model of the circular vibrating screen.

4. Results and Discussion

The DEM simulations were performed based on the CAD model and the above settings.
Additionally, the commercial software package of EDEM 2018 was employed to simulate
the screening process of the concrete particles with a bar screen. The simulation time step
was set to be 1 × 10−6 s, which is smaller than the Rayleigh time step calculated by EDEM.
Moreover, the total simulation time was set to 5 s and the particles reached a stable state in
the screening process, which means the real time screening efficiency and particles motion
state became stable.

4.1. The Simulation Analysis for a Typical Screening Process

At the beginning of the screening process, the concrete particles generate in the feed
box and fall to the screening surface freely. The concrete particles bounce and fall from the
onsite area to the overflow area under the gravity and vibration of the screening surface. In
this process, the fine concrete particles have the opportunity to go through the screening
surface gap at each bounce moment. The coarse concrete particles are conveyed to the
overflow area. With the screening of the concrete particles, the contents of fine concrete
particles decreases, and part of fine concrete particles are conveyed to the overflow area.
The less fine concrete particles in the overflow area, the higher the screening efficiency.

Figure 5 shows a snapshot of the screening process for concrete particles. The red
particles are fine concrete particles, and the blue particles are coarse concrete particles.
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In Figure 6, the mass of fine concrete particles along with the length of the screening
surface is presented. The screening area is divided into eight parts according to the length
of the screening surface. Furthermore, the mass of fine concrete particles in each part is
recorded. As the figure shows, the particles cover the screening surface in about 1.4 s and
keep in a stable screening state.
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Basically, with the screening process, the mass of fine concrete decrease with the length
of the screening surface; the closer to the end of the overflow area the less content of the
fine concrete. Moreover, the mass of area 1 is less than area 2 and the particles cannot
cover area 1 due to the gravity. Obviously, the screening capacity is gradually decreased
with the decrease in distance to the overflow area. This shows the screening process of the
concrete particles.
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4.2. Optimal Parameters for Different Concretes

We applied the orthogonal for screening concrete particles. Furthermore, three vibrat-
ing parameters (amplitude, frequency and inclination angle) were selected to optimize
screening efficiency. Additionally, the parameters of the vibrating screen were adjusted
to optimize screening efficiency [27–29]. Moreover, a pre-simulation was completed for
choosing appropriate factors. Based on the vibrating parameters, four factors and three
levels of simulation tests are listed in Table 4.

Table 4. The orthogonal test date for concrete particles screening.

Case Number Amplitude Frequency Inclination Angle Screening Efficiency (%)

C15 C45 C80
1 2 12 15 36.8 38.1 44.7
2 2 14 18 40.2 44.3 52.7
3 2 16 21 49.1 52.7 57.4
4 2 18 24 54.7 43.2 60.2
5 3 12 18 58.4 66.5 78.2
6 3 14 15 65.5 70.9 82.2
7 3 16 24 72.5 78.2 84.1
8 3 18 21 70.6 80.5 83.7
9 4 12 21 78.9 80.2 77.2

10 4 14 24 78.2 79.7 75.3
11 4 16 15 81.6 76.8 73.5
12 4 18 18 78.5 73.2 68.2
13 5 12 24 77.2 71.3 65.2
14 5 14 21 68 65.8 61.3
15 5 16 18 65.3 62.1 55.8
16 5 18 15 62.4 60.4 53.2

Table 4 shows that the screening efficiency is quite small when the amplitude is 2 mm,
and the screening efficiency increases with the increase in frequency and inclination angle.
The concretes particles pile up on the screening surface because the smaller the amplitude
and the frequency the smaller the vibration intensity. Moreover, the particles with larger
coefficient of restitution will bounce higher on the screening surface with the same vibrating
conditions. Therefore, the screening efficiency of concrete particles with higher compressive
strength is higher as well.

Figure 7 shows the effects of the amplitude, frequency and inclination angle of the
vibrating screen on the average screening efficiency for different concrete particles based
on the calculated screening efficiency list in Table 4. As shown in Table 4, the average
screening efficiency is calculated by the factors of each amplitude level.

Figure 7a shows the influence of the amplitude level on screening efficiency of different
concrete particles. The screening effect of particles with higher compressive strength is
better in low amplitude condition. Moreover, the screening effect of particles with lower
compressive strength is better in larger amplitude condition. The amplitude for the best
screening effect of C15, C45 and C80 concrete particles is 4, 4 and 3 mm, and it can be
deduced that the optimal screening amplitude of C45 concrete particles is between 3 and
4 mm. Therefore, it can be expressed that the optimal amplitude decreases with the increase
in the coefficient of restitution. In conclusion, the appropriate amplitude should be selected
according to the coefficient of restitution of particles, and a smaller amplitude should be
used with the increase in coefficient of restitution of chosen particles.

Figure 7b shows the effects of the frequency of the vibrating screen on the average
efficiency. It can be seen that the screening efficiency of particles with higher compressive
strength in low frequency is better. The optimal frequency of all concrete particles is about
16 Hz and the optimal frequency of particles with higher compressive strength is slightly
smaller than particles with lower compressive strength. This is because a high frequency is
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beneficial to particle stratification and particles with lower compressive strength need a
bigger frequency.

Figure 7c shows the relationship between the inclination angle and average screening
efficiency. The screening efficiency under a larger inclination angle is higher because the
equipment capacity of the bar screen is large and a larger inclination angle is beneficial to
the spread of particles.
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Figure 7. The effects of vibration parameters on the average screening efficiency. (a) the effects of
amplitude on the average screening efficiency; (b) the effects of frequency on the average screening
efficiency; (c) the effects of inclination angle on the average screening efficiency.

5. Conclusions

A collision model of particles was conducted based on Hertz contact and dynamic
analysis. The coefficient of restitution for concrete particles with different compressive level
was calculated. Moreover, the DEM simulation with a circular bar screen was completed for
screening concrete particles using an orthogonal experimental design. The combined effects
of the vibration parameters of amplitude, frequency and inclination angle on screening
efficiency was analyzed for comparing the optimal parameters of different concrete particles.
The following conclusions can be drawn from the present study:

(1) The restitution coefficient of the concrete particles is highly correlated with the
compressive strength level and the higher the compressive strength the higher the resti-
tution coefficient. The effects of particle radius can be ignored when calculating the
restitution coefficient.

(2) The optimal screening parameters of amplitude and frequency is smaller with
the increase in the compressive strength of concrete particles. Appropriately, the large
inclination angle is suitable for screening fine concrete particles with a gap vibrating screen.

In this manuscript, we provide a pervasive simulation process for screening concrete
particles, which is also suitable for screening other granular materials. The optimal screen-
ing parameters can be selected quickly by calculating the coefficient of restitution and
adopting the DEM simulation in the screening processes of other granular materials. In
future studies, the screening experiment of concrete particles will be necessary for verifying
the reliability of the screening simulation. Other construction wastes, such as bricks, stones,
sands, etc., should also be considered for revealing the screening mechanism and improving
screening efficiency, which will be beneficial for concrete batching, recycling waste and
improving the mechanical properties of building material.
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