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Abstract: In the numerical simulation of the macroscopic
flow of the concrete, it can optimize the performance
indicators of the screw conveyor and improve the unifor-
mity of the material to be discharged in the batch produc-
tion. The discrete element method is effective. The accuracy
of physical parameters of this method is a key issue for
the reliability of the simulation results of concrete. In this
study, we measured the parameters describing the inter-
action between gravel, mortar, as well as between these
two materials and the wall (steel). The experimentally
determined parameters include the particle density, size,
shape, coefficient of restitution, coefficients of static, and
rolling friction. The cohesion coefficient of mortar particles
for batch time was obtained by comparing the spread dia-
meter and flow time in V-funnel experiments and simula-
tion. After these calibration steps, the DEM parameters
were validated by comparison of the mass flow rate and
driving power by the batch production of screw conveying
in simulations and experiments. The calculated results are
proved to be close to the experimental data, which demon-
strates that the measured DEM parameters are of sufficient
accuracy to be used in the simulation of concrete flow
performance (mass flow rate, energy consumption) in
the screw conveyors.

Keywords: discrete element method, fresh concrete, model
parameters, time-dependence, calibration

1 Introduction

The screw conveyor is the main equipment for the indus-
trial production of precast concrete components, its per-
formance directly affects the construction efficiency, cost,
and quality of concrete parts. Recently, due to higher
requirements of precast concrete components, an increase
in the performance of screw conveyors has become an
important issue to reduce costs and to accomplish intelli-
gent and efficient operation at low waste levels. For a long,
the concrete conveying process and the phenomena in the
screw conveyor were difficult to understand. The discrete
element method (DEM) has recently been applied exten-
sively to gain an understanding of the internal phenomena
of the screw conveyor, to control the operation. This
method can provide information about the location, velo-
city, stress, and energy of each particle in a granular
system [1–3]. Some researchers have used DEM to study
the concrete flowability of the handling equipment (pump,
screw conveyor, mixer truck) to tackle the practical pro-
blem, including discharging, mixing, segregation beha-
viors, and particle deposition in the pump [4,5].

In the DEM calculation, the physical parameters are
principal particle properties, which affect the simulated
motion of the granular matter [6]. Some of the DEM para-
meters are affected by shape, roughness, and size of
particles [7]. Many researchers have explored the rela-
tionship between the physical parameters and the simu-
lation results. For instance, the effects of physical
parameters on the repose angle [8,9], flow time [10],
and packing density (or porosity) [11,12]: all investigators
found that the DEM parameters clearly affect the results,
and particularly when the parameter values are varied in
certain ranges.

In screw conveyor simulations by DEM, the physical
parameters of concrete in different batch times (or rest
times) are very different. In many DEM studies, the inves-
tigators simply used parameter values taken from the open
literature in their studies without making any attempt to
“measure” the parameters. There are still some investiga-
tors who use the mathematical method to determine or
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reduce the variation range of DEM parameters, for example,
the K-means, Plackett-Burman, and Gauss-Newton iterative
method [13]. If the parameters used are inappropriate, the
findings of the studied parameters may be incorrect.
Furthermore, the DEM parameters may be influenced not
only by particle properties but also by the environment
(e.g., moisture of particles and cohesion of the particles).
Therefore, it is motivated to design procedures by which
these DEM parameters could be “measured.”

The physical parameters can be divided into two main
categories. One includes contact parameters, mainly co-
efficients of static and rolling friction, coefficient of restitu-
tion, and cohesion of coefficient. The other includes
particle properties, e.g., particle density and size, Poisson’s
ratio, and Young’s modulus. The physical parameters can
be measured directly or indirectly in the experiment. For
indirect measurements, Li et al. [14] described in the litera-
ture that the coefficient of friction between particles and
contact wall was calibrated using a concrete standard flow
test. Bouziani and Benmounah [10] stated in the literature
that by measuring the flow time of concrete particles in the
V-funnel, the cohesion of coefficient between particles was
calibrated. According to the test of slump and expansion for
concrete, the response surface optimization method is used
to reverse the DEM model parameters [15]. For direct mea-
surements, the Gaussian curve of the size distribution was
measured by a particle size screening experiment in litera-
ture [16]. The volume displacement method was used to
directlymeasure the density of rock particles in the literature
[17]. The coefficient of restitution of the particles was mea-
sured with a drop test in the literature [18]. The coefficient of
friction between particles and contact materials can be mea-
sured by shear experiments [19], slope experiments [20], and
others.

In the current physical parameters of concrete mea-
surement, calibration experiments are usually done at a
shorter time scale rather than satisfying actual produc-
tion conditions. For instance, the time-dependence of con-
crete resulting from the batch production mode of the
screw conveyor. The physical parameter measurement in
a shorter time scale is difficult to reflect the effect of the
batch production mode on the parameters of the concrete
DEM model. Especially, the performance of screw con-
veyors is influenced by the workability of concrete in batch
production. Therefore, it is difficult to get the concrete
physical parameters that can accurately describe the per-
formance index of screw conveyed by the above methods.
It can be seen that it not only has important theoretical
significance but also has considerable practical value to
establish a check method of DEM model parameters for
concrete considering the influence of batch production.

Given the measurement of the physical parameters of
the DEM model for concrete affected by time-depen-
dence, it makes a systematic study for the measurement
methods and results of gravel and mortar physical para-
meters. We first report the measurement methods and the
results of determining the main physical parameters,
such as particle shape, size, density, coefficient of resti-
tution, and coefficient of static and rolling friction of
gravel and mortar. Then, the coefficient of rolling friction
of gravel and the coefficient of cohesion of the mortar was
calibrated by comparison of the macro parameters such
as the angle of repose, flow time, and spread radius of the
particles built-in experiments and in simulation. At the
same time, the time function of the coefficient of cohesion
for mortar is fitted. Eventually, the “measured” DEM
parameters are validated by comparison of the mass
flow rate of concrete by the batch production of screw
conveying in simulations and experiments.

2 Discrete element model of
concrete

To accurately simulate the flow state of conveying con-
crete, an appropriate mathematical model is needed to
describe the particle–particle and particle–contact wall
interaction of fresh concrete. In the numerical simulation
of concrete, gravel and mortar are considered as solid
phases [21,22], where gravel is a non-cohesive particle
and the mortar is a cohesive particle. In the DEM numerical
simulation, the Hertz–Mindlin slip-free model is adopted
for gravel particles [17,23]. The Johnson–Kendall–Roberts
model is adopted for mortar particles [24,25]. The normal
elastic contact force is calculated for the overlapping contact
radius a and the coefficient of cohesion γ. In the model of
fresh concrete composed of gravel andmortar, the equations
of particle–particle interaction forces and moments are listed
in Table 1.

The translation and rotation of particle–particle and
particle–contact wall under the interaction are calculated
by Newton’s second law. During the calculation period t,
the equation of the motion of controlling particle i with
mass mi and radius Ri can be written as follows:
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where mi, Ii, Vi, and ωi are the mass, moment of inertia,
translational velocity, and rotational velocity of particle i,
respectively, g is the acceleration due to gravity, j repre-
sents a particle i, Fe represents the elastic force, which is
the summation of the normal and tangential forces Fcn,ij
and Fct,ij, respectively, at the contact point with particle j,
Fd represents the damping force, which is the summation
of the normal and tangential damping forces, Fdn,ij and
Fdt,ij, at the contact point, Tij andMij are the torque due to
the tangential components of the contact forces and
rolling friction torque on particle i form particle j, respec-
tively. Moreover, = /I m R2 5i i i

2 and = ×m ρ Vi i are the
moment of the inertia and mass of the particle, respec-
tively. The equations for the contact forces and torques in
equations (1) and (2) are given elsewhere [26].

3 Measure physical parameters
of the concrete

For the numerical model of gravel and mortar, physical
parameters such as particle size, shape, density, the coef-
ficient of friction, and the coefficient of cohesion have an
important influence on the flowability and viscosity of

simulated concrete [14]. Therefore, this section will explain
the measurement methods and results of the above para-
meters. Among them, the Poisson’s ratio and shearmodulus
of gravel and mortar are obtained through literature [10,27].

3.1 Particle size and shape

The shape of the gravel is irregular and the size is random
[28,29]. In this paper, the gravel particles studied were
obtained from an aggregate company in China. To reduce
the influence of particle size and shape on the reliability
of numerical simulation, the pass rate of the particle size
of the gravel was obtained through the screen test, as
shown in Figure 1.

According to the particle size distribution curve, the
average value of the particle size of the gravel is 12.5 mm
and the standard deviation is 2.9. To reduce the amount
of calculation, three typical shapes of particles were
selected through the observation method. After the three
sample particles were categorized accordingly, the size of
each particle was estimated using the particular shape’s
DEM equivalent [2,30], as shown in Figure 2. There are
many types of mortar raw materials, among which the
largest particle size is the sand. By sieving the sand, it
can be seen that the particle size is uniform and the max-
imum particle size is less than 4.75 mm. In this paper, the
particle size of the mortar was uniformly set at 5 mm
spherical particles [31].

3.2 Particle density

In order to make sure that the mass of the concrete par-
ticles in the numerical simulation is consistent with that

Table 1: The equations of particle–particle interaction forces and
moments
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Figure 1: Particle size sieving pass rate.
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in the experimental, the particle densities of the gravel
and mortar are measured separately. Particle density is
the ratio of the mass of a particle to its own volume. The
density of the gravel was measured by volume displace-
ment using a measuring cup [32]. The density of the
mortar was obtained indirectly from the bulk density.
When the mortar was filled with a measuring cup, the
net weight of the mortar is measured as m. In this paper,
the mortar model is 5 mm spherical particles, so the
experiment used 5mm glass sphere filled with measuring
cup and measured the total volume of glass sphere is

= ⋅V n V5 mm, in which n is the number of spheres and
V5 mm is the volume of a single sphere. The particle density
of the mortar is calculated according to the formula

= /ρ m V .motar The particle density and bulk density results
of gravel and mortar are shown in Table 2.

3.3 Coefficient of restitution

The coefficient of restitution is the ratio of the height of
the particle before and after the collision contact mate-
rial, refer Table 3. It reflects the elasticity of particles after
the collision. The coefficient of restitution between gravel,
mortar, and steel plates is generally measured using a
drop test. The experimental device is shown in Figure 3.
To reduce the statistical errors of the coefficient of restitu-
tion, the “particle plate” plane is as smooth as possible

during the measurement. Meanwhile, only the motion of
the particles in the vertical direction is considered in the
measurement, ignoring the rotational motion. The gravel
and mortar particles were randomly selected, as shown in
Figure 3, each is tested 3 times, and then the average value
is calculated. The results of the coefficient of restitution
measurements are shown in Table 3.

3.4 Coefficient of friction

The coefficients of static and rolling friction are the two
main parameters in the DEM model [33,34]. According
to the definition of friction coefficient, the coefficient is
measured by a self-made friction coefficient measuring
device, as shown in Figure 4. To measure the friction
coefficient between gravel, mortar and steel plate, par-
ticle plates of different materials are used, as shown in
Figure 3.

Figure 2: Particle shape representation for DEM modeling of gravel. Non-spherical particles models based on a multisphere method for
gravel [2].

Table 2: Density of gravel and mortar

Particle
type

Diameter
(mm)

Bulk density
(kg/m3)

Particle density
(kg/m3)

Gravel 5–15 1,425 2,591
Mortar 5 1,835 3,210
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3.4.1 Coefficient of static friction

To reduce the error caused by the rotation of the particles
when measuring the static friction coefficient, the gravel
and mortar balls (non-sticky) are fixed on the acrylic
plate with glass glue. In the experiment, the moving
speed of the slider is as low as possible to ensure that
the high-speed camera can accurately capture the posi-
tion where the particles start to move. The particles were
placed at three different positions on the inclined surface
and the experiment was repeated 5 times. After removing
the abnormal value in the result, the average value and

dispersion are obtained. Table 4 summarizes the value of
the static friction coefficient.

3.4.2 Coefficient of rolling friction

To reduce the influence of particle shape and surface
roughness on the measurement results, the gravel parti-
cles with smooth surface and nearly spherical shape were
screened. The particles were placed at three different
positions on the inclined surface and the experiment
was repeated 5 times. After removing the abnormal value
in the result, the average value and dispersion are obtained.
Table 5 summarizes the value of the rolling friction coeffi-
cient. See the literature for a detailed derivation of the
formula [34].

The rolling friction coefficient of the above-men-
tioned measured particles is an idealized case, ignoring
the errors caused by the shape and surface roughness of
the particles. The angle of repose experiment was carried
out on the gravel, to correct the error of rolling friction
coefficient during the measurement. By adjusting the

Table 3: Coefficient of restitution of the particles

Particle type Coefficient of restitution Equation

Steel Gravel Mortar

Gravel 0.1 0.05 0.04 e H Hw 1 2= /
Mortar 0.01 0.04 0.01

Note: H1 is the starting drop height, H2 is the height of the bounce
after impact.

Figure 3: Measurement of the coefficient of restitution: particle plates: (1) gravel, (2) steel, (3) mortar, (4) selected particle, and
(5) measuring drop height ruler.
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rolling friction coefficient, make sure that the simulation
values of the angle of repose are in agreement with the
experimental values. The device consists of a slump cone
and a spread length tester, as shown in Figure 5(a). The
slump cone is filled with gravel particles, and it is quickly
lifted after the particles piled up smoothly. The particles
collapsed and accumulated on the spread diameter tester
(steel plate) to form a stable angle of repose.

3.5 Coefficient of cohesion

The bonding property of mortar directly affects whether
the mortar can effectively coat the gravel particles, thereby

affecting the workability of the concrete. The cohesion
coefficient of the mortar particles is mainly used to simu-
late the cohesion of the mortar macroflow. By comparing
the flow time of the V-funnel experiment and simulation,
the methods are used to calibrate the cohesion coefficient
of mortar particle–particle [35]. The cohesion coefficient
of the particles and the contact wall is calibrated by
the self-compacting spread diameter after the mortar
flows. The V-funnel experiment is repeated every 10min,
recording the discharge time and self-compacting spread
diameter of mortar on the time scale. The device is shown
in Figure 5(b), and the experimental results are shown in
Figure 6.

It can be seen that as the batch time scale increases,
the mortar discharge time from the V-funnel becomes
longer and the cohesion becomes stronger. In contrast,
the self-compacting spread diameter of the mortar on the
Spread tester decreases, and the deformability of the
mortar is also decreased. This is the macroscopic flow
change rule of mortar. According to this rule, in the
numerical simulation of the V-funnel experiment, the
combination of the cohesion coefficients of mortar particle–
particle and particle–contact wall is modified so that the
discharge time and the self-compacting spread diameter
are consistent with the trend of experimental results.
Another purpose is to reduce the measurement error of
the above parameter through the correction of the cohe-
sive coefficient of mortar.

The calibration process of the above parameters will
affect the measurement efficiency and accuracy, so that
they cannot be determined by a single experiment, but
requires a certain logical order. Since the coefficients of
friction and cohesion interact, and the particle model
parameters are idealized in the measurement. Therefore,
the measurement errors are revised in the determination of
the last parameter such as the coefficient of cohesion for
mortar particles and the coefficient of rolling friction for
gravel particles. The steps to determine the model para-
meters are shown in Figure 7.

Figure 4:Measurement device of the coefficient of friction: (a) three-
dimensional representation of device and (b) experimental device.
The upper slope rotated to the position where particles started
slipping on the surface. The angle of the upper slope, the height of
the particle, and the horizontal distance are measured [34]. Particle
plates are shown in Figure 3.

Table 4: Coefficient of static friction of gravel and mortar

Particle
type

Means value of the coefficient of
static friction

Equation

Steel Gravel Mortar

Gravel 0.43 0.47 0.52 μ θtans =

Mortar 0.18 0.52 0.25

Note: The standard deviation of the coefficient of static friction of
the gravel is 0.05 and the mortar is 0.043.

Table 5: Coefficient of rolling friction of gravel and mortar

Particle
type

Means value of the coefficient of rolling
friction

Equation

Steel Gravel Mortar

Gravel 0.08 0.1 0.13 μ h dr = /

Mortar 0.06 0.13 0.08

Note: The standard deviation of the coefficient of static friction of
the gravel is 0.037 and the mortar is 0.03.
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4 Result and discussion

Based on the physical parameters of the gravel and mortar
in the experiment, by contrast with the angle of repose, the
discharging time, and spread diameter experimental and
simulation value, verify the reliability of the DEM model
for the gravel and mortar, respectively. At the same time,
the time function of the coefficient of cohesion of mortar is
fitted in the DEM simulation. The calibrated physical para-
meters of concrete were used to analyze the flow perfor-
mance of different batch processes for screw conveyors.
And the DEM model of concrete was proved by comparing
the mass flow rate of the simulation result with the mea-
sured result.

The simulations were calculated on a desktop com-
puter whose CPU, RAM, and GPU are 3.7 GHz (Inter Xeon
6126), 64 GB, and NVIDIA P4000, respectively. The dis-
charge process for V-funnel took 20 process seconds and
the simulation finished within 40 h for each case. The

simulation contained 87,000 particles. The slump pro-
cess for the cone took five process seconds and the simu-
lation finished within 4 h for each case. The simulation
contained 2,800 particles. The discharge process for the
screw conveyor took 15 process seconds and the simula-
tion finished within 45 h for each case. The simulation
contained 88,000 particles.

4.1 Research on slump cone test of gravel

The experimental results of physical parameters of gravel
are used for numerical simulation of the collapse process
of gravel in the slump cone. The DEM model parameters
are corrected by comparing the simulation values and
experimental values of the angle of repose and spread
diameter.

When measuring the angle of repose, the image pro-
cessing method is used to collect the image of the piled-
up shape of the gravel from the horizontal direction
[36,37]. Then, the boundary contour of the image is pro-
cessed by using MATLAB and fits the coordinate data, the
results are shown in Figure 8(a). According to the fitted
linear equations, the angle of repose of simulation and
experiment are solved, which are 14.1° and 17.6°, respec-
tively, and the error is 19.8%. The spread diameter is
measured directly with a ruler to obtain simulation and
experimental results of 498 and 442 mm, respectively,
with an error of 11.2%. This is mainly due to the selection
of relatively smooth particles to measure the coefficient of
rolling friction. While the actual gravel is polygonal and
angular with rough surface particles, thus, it makes the
measurement result error relatively large.

Figure 5: Schematic diagram of slump and v-funnel test (a–b), experimental instrument diagram (c).

Figure 6: Discharge time and spread diameter with different batch
time through V-funnel experiment for mortar.

Measurement and simulation validation of fresh concrete  443



Taking the experimental measurement results of the
angle of repose and the spread diameter as the target
values, a single variable method is used to modify the
rolling friction coefficient of the particle–particle and par-
ticle–contact wall. The variation curves of the obtained
angle of repose and the spread diameter are shown in
Figure 9. It can be seen from the figure that as the rolling
friction coefficient increases, the angle of repose increases
while the spread diameter decreases. According to the
slope of the linear fitting equation, the rolling friction coef-
ficient from particle–particle is more sensitive to the angle
of repose and the spread diameter than the particle–
contact wall. Therefore, in the numerical simulation, the
rolling friction coefficient from particle–particle is prefer-
entially determined, and then the particle–contact wall is
fine adjusted. When the rolling friction coefficients of the
particle–particle and particle–contact wall are 0.1 and
0.08, respectively, the maximum error between the angle
of repose and spread diameter obtained from the simula-
tion and the measurement result is 6.4%, as shown in
Figure 8(b). Therefore, the shape and surface roughness
of the gravel have a great influence on the measurement of
the rolling friction coefficient of the particles and cannot
be ignored.

4.2 Research on V-funnel experiment of
mortar

Without considering the effect of time-dependence on the
physical properties of the mortar, the parameters mea-
sured experimentally are called preliminary parameters.

The numerical simulation of the discharging of mortar
from the V-funnel is carried out based on the mortar model
parameters. The timing starts when the funnel outlet is
opened, and the mortar particles flow out until it is empty,
and the timing ends. The relationship between the cohe-
sion coefficient of mortar particles and the emptying time,
self-compacting expansion diameter is shown in Figure 10.

It can be seen from Figure 10 that as the cohesion
coefficient of the mortar particles increases, the discharge
time increases and the self-compacting spread diameter
decreases. To reduce the calibration workload of the
cohesion coefficient, the change interval of the coefficient
of cohesion for the particle–particle and particle–contact
wall was first determined in the simulation. Then the
cohesion coefficient was fine-tuned so that the mortar
of the discharging time and self-compacting spread dia-
meter has consistency on the experimental measurement
results. When the coefficient of cohesion of particle–par-
ticle and particle–contact wall for the mortar are rpp =
0.25j and rpw = 0.15j, respectively, the emptying time is
3.2 s and the self-compacting spread diameter is 608mm.
It can be considered that parameters can accurately
describe the mortar (Trest = 5 min) macroscopic flow.

To further verify the model parameters, the mortar
was filled into the slump cone freely, and the average
bulk density was 1,886 kg/m3 in simulation, and the
experimental measurement result was 1,835 kg/m3, with
an error of 2.7%. This slight error is due to the magnifica-
tion of the mortar particle size in the simulation so that
there is porosity between the particles. For cohesive
materials such as mortar, the above calibration method
will reduce the workload. At the same time, because the

Figure 7: DEM parameter verification process of particles.
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parameters of the mortar model are idealized in the mea-
surement, the resulting errors are compensated in the
calibration of the cohesion coefficient.

4.2.1 Time function of cohesion coefficient of mortar

According to the V-funnel test results in Section 3.5, the
batch time causes the discharging time to increase and
the self-compacting deformability to decrease, which
indicates that the cohesion of mortar gradually increases.
To simulate the change of macroscopic flow of mortar,
the cohesion coefficient at Trest = 5 is taken as the bench-
mark, and the cohesion coefficient is modified so that the
measured average mass flow rate and self-compacting
spread diameter are close to the experimental values at
different batch times. The simulation and experiment of

mortar flow through the V-funnel at different batch times
are shown in Figure 11(a)–(c).

As shown in Figure 11, with the increase of the batch
time, the number of mortar particles remaining in the
V-funnel increases at the same discharge time (1.5 s),
that is, it becomes difficult for the mortar to flow in the
funnel. In addition, the spread diameter of the mortar on
the spread tester is getting smaller and smaller, and the
numerical simulation of mortar flow through the V-funnel
is consistent with the macroflow index measured by experi-
ments. Therefore, the modified cohesion coefficient of
mortar can be used to predict the macroscopic flow under
the influence of time dependence.

According to the V-funnel experiment results, the
variation of the cohesion coefficient with the batch time
is calibrated, as shown in Figure 12. It can be seen that the
variation gradient of the cohesion coefficient for the

Figure 8: Fitting results of the angle of repose for gravel (a) and simulation and experimental diagram of repose angle (b).
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particle–particle is higher than that of the particle–contact
wall. Through data fitting for the cohesion coefficient of
mortar, the time function of the cohesion coefficient was
derived in the paper.

4.2.2 Verification of physical parameters of mortar

In order to verify the DEM model parameters of the mortar
particles, the averagemass flow rate and the self-compacting

spread diameter at different batch times through the
V-funnel simulation are compared with the experiment
values. The average mass flow rate is the ratio of mortar
mass to discharge time, = /tMass Massavg funnel emptying.
Figure 13 shows the change of the average mass flow
rate with the batch time. It can be seen that the average
mass flow rate decreased with increasing batch time.
The trend of the simulation value is consistent with the
experimental value, with a maximum error of 7.1%.

The self-compacting spread diametermainly describes
the deformability of the mortar. The mortar was freely
discharged into the spread tester in the V-funnel test until
equilibrium conditions exist. The value of self-compacting
spread diameter in the horizontal and vertical is measured
and the average value is obtained. Figure 14 shows that as
time increases, the spread diameter decreases. All these
suggest that the deformability of the mortar becomes
worse. The simulation prediction value of the self-com-
pacting spread diameter is consistent with the experi-
mental value and the maximum error is 4.4%. The results
prove that the combination of experiment and simulation
can be used to calibrate the cohesion coefficient of con-
crete. And finally, the strategy of calibrating the cohesion
coefficient can effectively compensate the measurement
error of other parameters in the experiment.

4.3 Screw conveying concrete in the batch
process

Concrete discharging is typically handled using a screw
conveyor. The flow characteristics of concrete particles
depend upon raw materials, ratio, environmental factors,
and physical properties. The batch production of screw
conveyors is the main cause of the time-dependent per-
formances of fresh concrete. Especially, the time-depen-
dent performances of fresh concrete will directly affect
the design parameters (mass flow rate, energy consump-
tion) of the screw conveyor in the casting process. And all
this owed to affect the quality and cost of the precast con-
crete. By using theoretical analytical and experimental
methods, the mechanism of screw conveying concrete
and particles flow behaviors cannot realize the visual ana-
lysis at the mesoscale. In addition, the traditional analytical
model cannot describe the influence of concrete property
changes on conveying volume. The discrete element method
is an effective method, which was used to simulate the per-
formance of screw conveyors and concrete casting.

The objectives of this section were to (1) verify that the
calibrated physical parameters of concrete can accurately

Figure 9: Variation curve of rolling friction coefficient, angle of
repose, and spread diameter.

Figure 10: Variation curves of cohesion coefficient, discharge time,
and spread diameter.
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describe the macro flow performance of different batch
processes for DEM simulation and (2) based on the DEM
method, evaluate the feasibility of applying screw con-
veying concrete in batch process.

4.3.1 Experimental setup

In this article, a model screw conveyor was built to inves-
tigate the mass flow rate of concrete and the energy con-
sumption in different batch times. The screw conveyor
configuration used here is a laboratory-scale one. It is
assumed that the concrete particles’ movement behavior
is in conformity with industrial production. The 3D geo-
metric model is shown in Figure 15(a). The key dimen-
sions of the hopper, screw channel, and the parameters
of the screw are annotated in the figures. The experi-
mental device is shown in Figure 15(b). The concrete is
filled into the hopper, and the concrete is discharged into
the bucket at the set speed. During discharge, the mass
of concrete within the bucket was measured by a load
cell (in kg/s). The current (mA) and voltage (V) values
of the motor are measured by a digital multimeter. In the
numerical simulation of concrete discharging, periodic

Figure 11: Snap-shots of discharging concrete in V-funnel experiment (bottom) and the DEM simulation (top) for the different batch times:
(a) 5 min, (b) 15 min, and (c) 25 min.

Figure 12: Variation of the cohesion coefficient at different batch times.
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boundary conditions are applied to the DEM of the screw
conveyor. By counting the mass of concrete from the dis-
charge port and the driving power per unit time, the
simulation value of the mass flow rate and driving power
has been obtained.

4.3.2 Results

In the DEMmodel, the concrete was discharged following
the experimental procedures in different batch times. The

flow patterns of concrete can be observed in simulation.
Figure 16 shows the flow of concrete out of the discharge
port for the hopper. There is a good agreement between
the DEM and experimental results in the continuous dis-
charging. To further verify the physical parameters of
concrete with different batch times, by comparing the
experimental value and simulation value of the mass
flow rate and driving power, the error was calculated,
and the result is shown in Figure 17.

With the increase of batch time, the mass flow rate of
concrete decreases and the driving power of the screw

Figure 13: Average mass flow of mortar at different batch times.

Figure 14: Self-compacting spread diameter of mortar under different batch times.
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increases. The experimental value of the performance
index for the screw conveyor (mass flow rate, driving
power) was bigger than the simulation value in the
same conditions. At the same time, the simulation values
were basically consistent with the experiment data. And
the maximum error of mass flow rate was not more than
10.5%, the maximum error of driving power was not more
than 14.3%. The results showed that the physical para-
meters of mortar and gravel can accurately describe the
flow performance of concrete in batch production. The
error reason is that the prolonged batch time made
the cohesion of concrete enhance, resulting in less con-
crete filled into the screw flight within the same time. In

addition, with the increase in the viscosity of concrete,
the torque of the screw blade to overcome the cohesion
and friction of particles increases. Therefore, the typical
material of concrete has a serious time dependence,
which has seriously affected the mass flow and energy
consumption under batch production.

To evaluate the feasibility of the concrete DEM model
and physical parameters in predicting the performance
index of screw conveyor in the batch process, the mass
flow rate and the driving power are predicted by ran-
domly selecting from the different batch times (10min,
30min) of concrete in simulation. According to the time
function of the cohesive coefficient of mortar particles in

Figure 15: The 3D geometric model of screw conveyor (a) and the experimental equipment (b). It consists of nine parts: screw conveyor (A);
controller (B and C); screw (D); motors (E); power (F); plowshare mixer (G); scale (H); and guide plate (I).

Figure 16: Concrete discharging behavior in the screw conveyor experiment (left) and the DEM (right).
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Section 4.2, the corresponding coefficient is calculated to
simulate concrete discharging. Figure 18 shows the curve
of the mass flow rate of concrete with the discharging
time. The figure shows that with the increase in the dis-
charging time, the mass flow rate rises sharply, and then
tends to be quasi-static. Meanwhile, in the process of
continuous discharging, the instantaneous values of mass
flow rate have a certain degree of discreteness. This is
because that the deposition effect for concrete, whichmakes
the proportion of gravel filled into the screw flight volume
has a certain degree of randomness. In addition, the mean
value of mass flow rate for concrete in batch time (10min) is
bigger and steady compared to the batch time (30min)
under the same operating conditions. Obviously, the
increase of batch time can cause the flowability of concrete
to become lower. Meanwhile, the volumetric efficiency of
the screw is smaller and the porosity of concrete is bigger.
By comparing the mass flow rate of the DEM predicted
valuewith the experimental value, it can be seen that there
has been the same change trend with discharge time. The
maximum error of mass flow rate (mean value) is less
than 8.3%.

Figure 19 shows the curve of driving power for screw
conveying concrete with discharging time. The figure
shows that the friction and cohesive forces between

Figure 17: Influence of concrete flow characteristics on mass flow
rate and driving power (batch time: 5–25 min, screw pitch: 40mm,
flight diameter: 60mm, core diameter: 24 mm, rotate speed
30 rpm).

Figure 18: Influence of concrete flow characteristics on mass flow
rate at different batch times: (a) 10 min and (b) 30min.

Figure 19: Influence of concrete flow characteristics on driving
power at different batch times: (a) 10 min and (b) 30min.
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concrete particles need to be overcome when the screw
begins to shear motion. The instantaneous values of
power rapidly increase, and the growth rate is approxi-
mately linear. When the concrete is discharged continu-
ously and stably, the driving power tends to be quasi-
static from peak values. When the screw blade is in
contact with the large particle or particle clusters, there
has a phenomenon of carton. Meanwhile, the curve shows
that the anomalous peak values of power, as shown in
Figure 19. In addition, the driving power of the screw for
the concrete (batch time 30min) is larger than the concrete
(batch time 10min) in the same condition. This is because
that the increase of batch time can cause the viscosity of
concrete to become stronger, and the blade shear action on
overcoming the moment of resistance of material becomes
bigger. By comparing the DEM predicted value of power
with the experimental value, it can be seen that there has
been the same change trend with discharge time. Themax-
imum error of power (mean value) is less than 10.07%. The
results demonstrated that the concrete DEM model and
physical parameters can accurately predict the perfor-
mance index of the screw conveyor with batch production.

By numerically simulating the screw conveying con-
crete in different batch times, the given nonlinear power
function fitting the relationship between the performance
index of the screw conveyor (mass flow rate, power) and
batch time. The function equations of mass flow rate and
driving power are as follows:

( )= =−x RMass flowrate 0.646 Adj. 0.9 and0.185 2

( )= =x RDriving power 5.416 Adj. 0.930.343 2

for concrete (the batch time is less than 55 min).
The regressions were significant at the 95% confidence

level. The equation of performance index can be applied
to the control system of the screw conveyor to achieve
the real-time control of discharging weight. According to
the DEM model and physical parameters of concrete, the
equation of performance index under different process
parameters will be further fitted to improve the prediction
accuracy and reliability.

5 Conclusion

In DEM numerical simulation, the physical parameters of
the particles play a decisive role in the accuracy of the
simulation prediction results. Some key parameters of two
main burden materials (gravel and mortar) in the screw
conveying process were measured directly or indirectly in

this work. To accurately simulate the flow of concrete in the
screw conveyor during the batch production process, the
coefficient of cohesion for mortar in different batch times
was obtained. The methods and conclusion can be high-
lighted as follows:

A particle experiment is an effective method to eval-
uate concrete materials and estimate the physical para-
meters of the DEM model. The verification process and
sequence of parameter has a significant impact on mea-
surement efficiency and accuracy.

The shape and surface roughness of gravel have a
significant influence on the measurement accuracy of
friction coefficient, and the angle of the repose experi-
ment is an effective method to correct and verify the
coefficient of friction.

Under the influence of time-dependent change char-
acteristics of mortar, the cohesion coefficient is a function
of time rather than a constant. In the V-funnel test, the
discharging time and the self-compacting spread dia-
meter of the mortar are the effective indexes for cali-
brating the cohesion coefficient.

Concrete conveying experiments were carried out to
verify the accuracy of the measured DEM parameters.
The experimental and simulation results of the mass
flow rate and driving power showed good consistency,
which demonstrates that the measured DEM parameters
are accurate enough to be used in simulations of more
complex conditions encountered in different batch pro-
duction of the screw conveying process.
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