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Abstract: During the concrete mixing process, the transition of aggregates from a dry to a moist state
introduces a crucial dynamic that significantly influences particle interaction, consequently impacting
mixing homogeneity. In this paper, based on the discrete element method, the effect of aggregate
moisture on the mixing process of sand and stone was investigated. The interaction between dry
particles was described by the Hertz–Mindlin model, while the interaction between wet particles was
calculated by the linear cohesion model considering the liquid bridge force. Additionally, a functional
relationship between the moisture content and the parameters of the linear cohesive contact model
was established. The results show that the numerical method can be employed to simulate the mixing
process. Notably, when the moisture content of pebbles ranges from 0% to 0.75% and that of sand
ranges from 0% to 10.9%, the linear cohesion model is deemed suitable. The standard deviation of
the mixing homogeneity of wet particles is lower than that of dry particles for short mixing time,
indicating that a small amount of liquid enhances mixing homogeneity. However, moisture has no
obvious effect on mixing homogeneity for a long mixing time. This nuanced understanding of the
interplay between moisture, particle interactions, and mixing duration contributes valuable insights
to optimize concrete mixing processes.

Keywords: concrete; mixing; moisture content; angle of repose; liquid bridge force; discrete
element method

1. Introduction

The mixing of fresh concrete is a complicated process, involving the transformation of
aggregate state. As moisture dynamically transports in the mixing process, the aggregate
undergoes a transition from a dry to a wet state, leading to significant changes in the
interaction between particles. Over the past few decades, numerous scholars have analyzed
the complexities of particle interactions [1–3]. For dry particles, the primary interactions
are transiently nonviscous inelastic collisions and friction. For wet particles, when the
particles are close to each other, the liquid bridge is formed near the contact point, causing
the particles to bond and altering the mechanical properties. It is noteworthy that even
humidity in the air can contribute to cohesion by forming tiny liquid bridges at the points
of contact between particles. Understanding the distinct nature of interactions for dry and
wet particles is crucial in comprehending the intricate mechanics of concrete mixing. This
knowledge lays the foundation for further advancements in optimizing concrete mixtures
and the overall construction process.

The cohesion generated by the liquid bridge between particles has a great influence
on stability [4–6], and even small amounts of liquid or vapor can contribute to form the
liquid bridge [7–9]. The properties of wet granules are very different from dry granules.
The presence of liquid not only affects the forces between particles but also leads to
dynamic and static property changes. Tegzes et al. [10] investigated the effect of interstitial
liquid on the physical properties of granular media. They measured the angle of repose
as a function of liquid content and observed an increase in the angle of repose with
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higher liquid content. Samadani et al. [11] also studied the effect of fluid on the angle of
repose of particles in silo, noting a dramatic increase in the angle of repose with a rising
fluid content until it reached an ultimate value. Moisture also affects the mixing and
segregation of wet particles. Samadani and Kudrolli [12] studied the effect of liquid on
segregation by the image of the pile produced when particles were poured into the silo.
They observed a substantial reduction in segregation with the addition of a small amount
of liquid. Liao et al. [13] investigated the effect of liquids on particle segregation in drums
and found that an increase in moisture content significantly affected the segregation of wet
particles. Geromichalos et al. [14] investigated the effect of small amounts of liquid on the
behavior of particles by shaking horizontally cylindrical jars containing glass beads with
different liquid contents. They found that mixing homogeneity is highly dependent on
liquid content, and a transition to viscoplastic behavior occurs at a critical liquid content.
Zhu et al. [15] focused on the high-shear mixing process of a granular flow containing
a high proportion of solid particles in a liquid. Their study demonstrated that a higher
moisture content tends to slow down the mixing process. Overall, these studies collectively
underscore the intricate influence of liquid content on the various physical properties and
behaviors of granular materials.

In recent years, owing to the rapid development of computing technology, numerical
simulation has become a prevalent method. The discrete element method (DEM), originally
proposed by Cundall and Strack [16], stands out as a numerical method used to simulate
the motion of discontinuous media. The liquid bridge force model proves instrumental
in replicating the flow dynamics of wet particles [17]. Depending on the volume of the
liquid, the interstitial liquid between particles exists in different states, which are pendular,
funicular, and capillary [18]. Based on the DEM, Hassanzadeh et al. [19] studied the effect
of cohesion on the macroscopic behavior of coarse particles through the angle of repose test.
Additionally, a multitude of scholars employed DEM to explore the influence of moisture
content on the mixing performance of aggregates [20,21]. Krenzer et al. [22] proposed
a new DEM model to investigate the effect of moisture on the mixing process of fresh
concrete. Examining the flow dynamics of dry and wet particles in a four-bladed mixer,
Radl et al. [23] observed that the accumulation of wet particles was more pronounced
compared to dry particles. Umer et al. [24] scrutinized the flow behavior of wet and
dry particles on a single blade, noting the superior mixing performance of wet particles.
Remy et al. [25] investigated the flow and agglomeration of wet particles in a bladed mixer
using PIV and DEM. The results indicated that at a low moisture content, the convective
and diffusive motion of wet particles intensified, enhancing mixing uniformity. However, at
a higher moisture content, mixing uniformity diminished due to agglomeration. Shah [26]
studied the flow of wet and dry particles in a vertical cylindrical mixer and revealed that
the mixing efficiency of dry particles was higher than that of wet particles with higher
moisture contents.

This paper investigated the effect of moisture content on the mixing homogeneity of
sand and stone using the DEM. To capture the complex interactions between particles, the
Hertz–Mindlin model was adopted for dry particles, while the linear cohesive model was
utilized for wet particles. The moisture content was intricately linked to the parameters of
the linear cohesive contact model. To determine the appropriate moisture content range
for employing the constitutive models, experimental data on the angle of repose were
meticulously fitted. This step helped establish guidelines for selecting the constitutive
model based on the moisture content levels. Subsequently, the numerical method’s validity
was assessed by comparing simulation results with experimental findings, ensuring the
model’s accuracy in representing real granular behavior. Lastly, the mixing process of sand
and pebbles across various moisture content variations was thoroughly analyzed. This
investigation illustrates how moisture affects the homogeneity of the mixture, offering
insights into optimizing mixing procedures for sand and stone compositions under different
environmental conditions.
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2. Contact Model

The interaction forces among particles play a crucial role in the behavior of granular
materials, and these forces are significantly influenced by the moisture content of the
particles. The distinction between dry and wet particles is evident in the nature of the
forces at play. In the case of dry particles, there is no adhesive interaction between them.
This lack of adhesive forces implies that the particles do not exhibit cohesion in their dry
state. On the other hand, when particles are wet, cohesion arises due to the presence of
liquid bridge forces. Liquid bridges can exist in various states, determined by the moisture
content, and there are four primary types of liquid bridges: pendular, funicular, capillary,
and slurry [27]. In the pendular state, particles are connected by a liquid bridge at the
contact point. This type of bridge forms a pendular connection between adjacent particles.
In the funicular state, some of the voids are completely filled with liquid, but there are
still voids containing air. Liquid bridges generate around the contact points, enhancing
adhesion between particles. In the capillary state, the liquid almost entirely fills the spaces
between the particles, but the liquid on the surface of the particles is drawn back into
the spaces under capillary action. This suction results in a cohesive interaction between
particles. In the slurry state, particles are suspended in the fluid, the cohesion depends
on the viscosity of the liquid rather than the liquid bridge force [28]. Understanding these
different states of liquid bridges is crucial for comprehending the variations in cohesive
forces and interactions between particles at different moisture levels. This knowledge
is particularly valuable for the mixing homogeneity of sand and stone, where moisture
content plays a key role in shaping the behavior of the particulate system.

2.1. Dry Particle Contact Model

For dry particles, the Hertz–Mindlin contact model is often used to represent their
interaction. The normal force Fn and tangential force Ft are calculated as follows [29]:

Fn =
4
3

E∗√R∗δn
3
2 (1)

Ft = −Stδt (2)

1
E∗ =

(1 − v2
i )

Ei
+

(1 − v2
j )

Ej
(3)

1
R∗ =

1
Ri

+
1
Rj

(4)

where E* is the equivalent Young’s modulus, R* is the equivalent radius, νi and νj are
Poisson’s ratio, Ei and Ej are Young’s modulus, Ri and Rj are the radius of the particle, St is
the tangential stiffness, δn is normal overlap and δt is tangential overlap.

2.2. Wet Particle Contact Model

The liquid bridge force stands as one of the primary forces governing the interactions
between wet particles. Notably, the cohesion engendered by a liquid bridge can surpass
the gravitational force exerted by the particles’ own weight. This phenomenon underscores
the significant role of liquid bridges in particle cohesion and aggregation. When the
liquid films coating the surfaces of two particles come into contact, a liquid bridge is
initiated. This bridge forms a bond between the particles, contributing to their cohesive
behavior. Furthermore, following the collision and subsequent rebound of two particles,
it is conceivable that a liquid bridge force persists within a certain distance between
them [30,31]. Understanding these dynamics is pivotal for grasping the intricate interplay
of forces within wet particulate systems. They elucidate the mechanisms behind particle
cohesion and aggregation.
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2.2.1. Liquid Bridge Force

There are static and dynamic liquid bridge forces. The static liquid bridge force is
determined by the combination of surface tension and hydrostatic pressure, while the
dynamic liquid bridge force primarily results from the viscosity of the liquid filling the
gap. Notably, when compared to the static counterpart, the dynamic liquid bridge force
induced by the viscosity of water is usually considered negligible. In this paper, the focus is
primarily on analyzing the static liquid bridge force. The process begins with the formation
of a liquid film around the wet particle, uniformly covering their surfaces (refer to Figure 1).
As the particles approach each other, a portion of the liquid film gradually merges, giving
rise to the creation of a stable liquid bridge (illustrated in Figure 2). This phenomenon
plays a crucial role in understanding particle cohesion and aggregation in wet conditions.
In addition to the arc hypothesis, other assumptions are made in this paper: the surface
of the liquid bridge is concave [32]; when the liquid bridge is stretched, the contact angle
between the liquid bridge and the particle or wall is considered constant. The hysteresis
phenomenon of the contact angle [33] is not considered, and the contact angle is assumed
to be 0 degrees [34,35].
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The premise of calculating the liquid bridge force is to determine the volume of liquid
bridge according to the moisture content. The volume of liquid bridge V is calculated by
Equation (5) [36].

V =
8πρpR3

pω0

3ncρl
(5)
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where ρp is the particle density, Rp is the particle radius, ρl is the liquid density, ω0 is the
moisture and nc is the coordination number, and in this paper nc is taken as 6 [37].

In this paper, the regression form of liquid bridge force F is adopted [17].

F = 2πRγF∗ (6)

where F* is a dimensionless parameter and can be calculated by Equation (7).

ln F∗ = f1 − f2 exp( f3 ln S+ + f4 ln2 S+) (7)

where f 1, f 2, f 3, f 4 are the coefficients [36].
The dimensionless parameter S+ is defined by Equation (8).

S+ =
S√

V/R
(8)

where S is half of the distance of two particles; R is the average radius of curvature of the
liquid bridge neck and is calculated by Equation (9).

1
R

=
1
2
(

1
Ri

+
1
Rj

) (9)

2.2.2. Linear Cohesive Contact Model

The linear cohesive contact model employed in our study serves as a framework
for characterizing the interaction between wet particles, specifically in scenarios where a
liquid bridge is formed. This model is an extension of the Hertz–Mindlin contact model,
incorporating a normal cohesive force to account for the effects of the liquid bridge. The
mathematical representation of this model is expressed in Equation (10). This model
provides a valuable tool for simulating and predicting the behavior of wet particles un-
der various conditions, contributing to the broader understanding of particle–particle
interactions in the presence of liquid bridges.

F = kA (10)

where A is the contact area of the particles and k is the cohesive energy density (J/m3).

3. Experiment
3.1. Angle of Repose Experiments

The equipment comprises a cylinder with a diameter of 104 mm and a height of
150 mm. Before the test, the cylinder was placed on a slab. After the aggregate was filled to
the entire cylinder, it was lifted at a constant speed. Then, the aggregates collapsed under
their own weight. The angle between the pyramidal surface and the horizontal plane is
defined as the material angle of repose [38].

Two types of materials are used in the experiment: natural sand with a diameter up
to 5 mm and pebbles ranging from 5 to 20 mm in diameter. The bulk density of the sand
is 1618 kg/m3, while the pebbles have a bulk density of 1000 kg/m3. Both the sand and
pebbles undergo a drying process in a dryer, with periodic weighing every hour until a
constant mass is achieved. The mass at this point is considered the initial mass, representing
the dry state with 0% moisture content. Following the initial weighing, the materials are
soaked in water for 24 h. After removing excess water from the surface, the materials
are weighed again. This mass is considered the saturated absorption water state mass,
indicating the maximum water content. Subsequently, the soaked pebbles and sand are
placed back into the dryer. At regular intervals (every 1 or 5 min), samples of pebbles or
sand are taken out, weighed, and the moisture content was calculated. And then the angle
of repose of the experiment is obtained. Due to the potential impact of external factors
on the experiment, such as the lifting speed of the cylinder, the entire process is repeated
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three times for each moisture content. The results of the angle of repose at both the dry
and saturated water states are presented in Figure 3. The state is obviously different for
the sand.
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3.1.1. Relationship between Angle of Repose and Moisture of Pebbles

The experimental results of the angle of repose of the pebbles at different moisture contents
are shown in Table 1. The variation in the angle of repose with moisture content is shown in
Figure 4. The experimental data were fitted, and the fitting equation is shown in Equation (11),
and the fitting curve is shown in Figure 4. The correlation coefficient R2 is 0.9735.

θp =
q1ω5

p + q2ω4
p + q3ω3

p + q4ω2
p + q5ωp + q6

p1ω4
p + p2ω3

p + p3ω2
p + p4ωp + p5

(11)

where ωp is the moisture content of sand, and the coefficients q1~q5, p1~p5 are

q1 = −9.4400 × 108 q2 = 6.5181 × 107 q3 = 2.8968 × 105 q4 = −6178.4091
q5 = −10.8606 q6 = 0.1594 p1 = 2.3825 × 106 p2 = 3795.581

p3 = −84.3253 p4 = −1.7183 p5 = 0.01
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Table 1. Experimental results of pebble angle of repose.

Moisture
Content

Experiment Value (◦) Average Value
(◦)1 2 3

0 15.07 16.22 16.53 15.94
0.001 17.24 19.95 17.63 17.44
0.002 17.9 20 18.09 18.00
0.003 19.8 22.66 19.55 19.68
0.004 18.56 20.4 19.49 19.48
0.005 18.69 20.27 19.29 19.42
0.006 20.02 21.39 20.81 20.54
0.007 20.38 23.92 23.83 23.88
0.008 23.3 24.59 24.68 24.19
0.010 22.21 23.39 23.84 23.15
0.012 21.72 23.03 23.3 22.68
0.015 21.53 22.58 22.77 22.29
0.017 20.75 24.03 21.6 21.18

3.1.2. Relationship between Angle of Repose and Moisture of Sand

The experimental results of the angle of repose of the sand are shown in Table 2. The
experimental data were fitted, and the fitting result is shown in Equation (12), and the
curve is shown in Figure 5. The correlation coefficient R2 is 0.9756.

θs =
q1ωs

5 + q2ωs
4 + q3ωs

3 + q4ωs
2 + q5ωs + q6

ωs4 + p1ωs3 + p2ωs2 + p3ωs + p4
(12)

where ωs is the moisture content of sand, and the coefficients in Equation (12) are

q1 = −20639.146 q2 = −1857.9775 q3 = 827.1269 q4 = −95.8706
q5 = 6.6125 q6 = 0.2319 p1 = −11.6050 p2 = −0.0807

p3 = 0.1398 p4 = 0.01

Figures 4 and 5 illustrate the correlation between the angle of repose and moisture
content. Initially, the angle of repose rises with increasing moisture content, but then it
declines once the moisture content surpasses a critical threshold. This phenomenon occurs
because, as moisture content increases, the state of the liquid bridges between particles
transitions from pendular to slurry. Consequently, cohesion, generated by these liquid
bridges, gradually escalates from zero to its peak, before eventually dwindling to zero in
the slurry state. In view of this, the wet particle model is applicable when the moisture
content ranges from 0% to 0.75% for pebbles and from 0% to 10.9% for sand. Notably, the
steepness of the curve varies; it is particularly pronounced when the moisture content of
pebbles hovers around 0% to 0.4%, and that of sand is roughly 0% to 1.1%. During this
interval, the angle of repose shows a positive correlation with moisture content, indicative
of the pendular state between particles.

As the moisture content of pebbles reaches 0.4% to 0.55% and sand reaches approxi-
mately 1.1% to 5.2%, the angle of repose stabilizes. Within this range, the number of contact
points between particles maximizes, indicating a transition to the funicular state. Here, the
suction force influenced by the liquid content is lower than that in the pendular state [28].
The curve then exhibits a sharp ascent once more at moisture levels of 0.55% to 0.75% for
pebbles and around 5.2% to 10.9% for sand. During this phase, the angle of repose increases
at an accelerated rate with rising moisture content, with even minor increments leading to
noticeable changes. At this stage, the liquid bridges between particles shift from funicular
to capillary, filling all interstices between particles and enhancing cohesion. However,
beyond these moisture thresholds, the curves demonstrate a decreasing trend when the
moisture contents of pebbles and sand are greater than 0.75% and 10.9%, respectively. At
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this phase, the type of liquid bridge between particles becomes slurry. The number of
liquid bridges decreases and the cohesion decreases, so the angle of repose decreases.

Table 2. Experimental results of the sand’s angle of repose.

Moisture
Content

Experiment Value (◦) Average Value
(◦)1 2 3

0 23.61 22.18 23.79 23.19
0.011 25.36 24.95 26.76 25.69
0.019 25.8 25.02 26.95 25.92
0.039 26.45 26.21 27.61 26.76
0.043 25.86 25.64 27.65 26.38
0.052 26.21 25.97 27.26 26.48
0.066 26.92 27.07 28.55 27.51
0.084 28.18 29.98 29.44 29.20
0.091 30.96 30.19 30.19 30.45
0.101 32.44 32.8 31.93 32.39
0.109 32.01 31.93 31.52 31.82
0.119 31.5 31.47 30.7 31.22
0.120 30.66 30.64 29.98 30.43
0.121 29.44 29.44 29.49 29.46
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Figure 5. Fitting curve of sand’s moisture content and angle of repose.

3.2. Sand and Pebble Mixing Experiment
3.2.1. Material

In total, 44.6 kg dry pebbles and 25.6 kg dry sand were utilized in the experiment.
Consistent with Section 3.1, pebbles and sand with different moisture contents were ob-
tained, as shown in Table 3. A mixing machine was used to mix the materials. The pebbles
and sand were put into the mixer in turn to mix for 30 s.

Table 3. Moisture content of sand and pebbles.

Series No. Drying Time (min.) Pebbles’ Moisture Content Sand Moisture Content

1 0 0.026 0.162
2 10 0.009 0.127
3 20 0.005 0.084
4 30 0.001 0.044
5 - 0 0

3.2.2. Sampling Method

In the mixing process, assessing the uniformity of the mixture is crucial, and this
is often performed through calculations using data obtained from sampling. Due to
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the challenges of sampling directly from the mixing machine, a sampler (Figure 6) was
employed. This sampler was equipped with 20 meshes with 612 mm × 610 mm in length
and weight. After the mixing process, the aggregates were discharged into this sampler.
The standard deviation of mixing homogeneity (Smh), as expressed in Equation (13), serves
as the chosen mixing index for evaluating the quality of the mixing. The use of standard
deviation in this context is indicative of the degree of variation in or dispersion of the
properties being measured, providing insights into the homogeneity of the mixed materials.

Smh =

√
1

n − 1

n

∑
i=1

(Xi − X)
2 (13)

X =
1
n

n

∑
i=1

Xi (14)

where n is total number of samples, and X is the average value of the mass ratio of pebbles
to the sample.
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3.2.3. Result of Mixing Experiment

The experimental results presented in Figure 7 reveal a consistent pattern: regardless
of the moisture content, the aggregates at the middle position exhibit higher quantities
compared to other locations. To further investigate and quantify mixing homogeneity, a
quantitative analysis was conducted by calculating the standard deviation, as outlined in
Table 4. The findings in Table 4 demonstrate that the standard deviation of the mixing
degree tends to be higher when the material has elevated moisture content or is completely
dry, in contrast to situations with less moisture content. This observation implies that the
homogeneity of the mixture is enhanced when particles possess less moisture content [25].
In other words, the variability in the distribution of aggregates is more pronounced when
the material is either excessively wet or completely dry, suggesting that maintaining a
moderate moisture level contributes to better mixing homogeneity.

Table 4. Mixing experiment results.

Drying Time

0 min. (Saturated State) 10 min. 20 min. 30 min. 24 h. (Dry State)

Smh 0.042 0.037 0.038 0.035 0.041
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4. Simulation

The particle shape was simplified in the EDEM simulation, and spherical particles with
diameters of 5 mm and 12 mm were employed to represent sand and pebbles, respectively.
According to the moisture content, the volume of liquid bridge is calculated by Equation (5).
Then, the liquid bridge force F is calculated based on the liquid bridge volume (Equation (6)).
Subsequently, the cohesive density parameter k can be calculated by Equation (10). The
diameter of the cylinder used in the simulation is 104 mm, and the cylinder moved vertically
upwards at a velocity of 200 mm/s until all the particles stopped moving, at which point
the simulation finished.

4.1. Parameter Setting

The properties of sand, pebble particles, and wall are shown in Table 5, and the contact
parameters are shown in Table 6.

Table 5. Properties of raw material.

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

Pebble 0.35 2680 8 × 109

Sand 0.25 2500 1 × 108

Wall 0.30 7850 1 × 1010

Table 6. Contact parameters.

Type of Contact Coefficient of
Restitution

Coefficient of Static
Friction

Coefficient of Rolling
Friction

Pebble–Pebble 0.10 0.20 0.10
Sand–Sand 0.05 0.32 0.15

Pebble–Wall 0.10 0.20 0.18
Sand–Wall 0.05 0.17 0.10

4.2. Simulation of Angle of Repose
4.2.1. Simulation of Pebble Angle of Repose

After determining the simulation parameters, angle of repose simulations were carried
out using EDEM, and the final stacking shapes are shown in Figure 8. And the results are
shown in Table 7 and Figure 9. The relative error is within 5%.
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Table 7. Simulation result of pebble angle of repose.

Moisture
Content

Cohesive
Density (107 J/m3)

Simulation
Value (◦)

Experiment
Value (◦)

Relative Error
(%)

0 0 15.51 16.07 −3.48
0.001 1.94 18.19 17.44 4.30
0.002 2.06 17.70 18.00 −1.67
0.003 2.12 19.60 19.68 −0.41
0.004 2.15 18.87 19.73 −4.36
0.005 2.16 18.64 19.42 −4.02
0.006 2.22 19.80 20.54 −3.60
0.007 2.43 24.66 23.88 3.27
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4.2.2. Simulation of Sand Angle of Repose

Figure 10 displays the final stacking pattern of the sand. The corresponding results
are summarized in Table 8, while Figure 11 offers additional insights into the comparative
analysis between the simulation and experimental outcomes. Upon examination of the
data presented in Table 8 and Figure 11, it becomes evident that the maximum relative error
between the simulation and experimental results does not surpass 5%. This indicates a high
level of agreement between the simulated stacking pattern and the actual experimental
observations, validating the accuracy and reliability of the simulation methodology utilized
in this study.
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Table 8. Simulation result of sand angle of repose.

Moisture
Content

Cohesive
Density (105 J/m3)

Simulation
Value (◦)

Experiment
Value (◦)

Relative Error
(%)

0 0.00 23.06 23.19 −0.56
0.011 0.29 24.75 25.69 −3.66
0.019 0.38 25.18 25.92 −2.85
0.039 0.42 26.52 26.56 −0.15
0.043 0.43 26.30 26.38 −0.30
0.052 0.46 26.47 26.48 −0.04
0.066 0.60 27.13 27.51 −1.38
0.084 0.91 28.78 29.2 −1.44
0.091 1.06 30.60 30.45 0.49
0.101 1.27 32.11 32.39 −0.86
0.109 1.38 32.44 31.82 1.95
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4.3. Simulation of Mixing of Sand and Pebbles

In the conducted simulation of three series of mixing processes, the moisture content
of both pebbles and sand is detailed in Table 3. The cohesive energy density parameter (k)
for the linear cohesive contact model is computed using Equation (10) and is detailed in
Table 9. The mixing process is visually depicted in Figure 12, where 2144 pebble particles
are initially generated at the bottom of the mixer, followed by the creation of 19,862 sand
particles on top of the pebbles. At 7 s, the mixer initiates rotation with a rotational velocity
of 48 rpm for 25 s. At 28 s, the door of the mixer is opened, and the sand and pebbles
are discharged into the sampler. The discharging process is illustrated in Figure 13. The
sampling results are shown in Figure 14.

Table 9. Cohesive energy density k.

Series No. kp (107 J/m3) ks (104 J/m3) kp − ks (106 J/m3)

3 2.16 9.12 2.60
4 1.95 4.32 2.30
5 0 0 0
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Figure 14. Sampling results after discharge.

The comparison of the simulation and experiment of the pebble mass ratio is shown
in Figure 15. It can be noticed that larger errors occur in the outermost grids, such as those
numbered 17 and 18. This is due to the fact that there are fewer particles and less mass in
the peripheral grid compared to the other grids. Table 10 shows that the relative errors
between the experiments and simulations are all within 5%.

Table 10. Simulation and experiment standard deviation of mixing.

Series No. Simulating Smh Experimental Smh Relative Error (%)

3 0.0372 0.0382 −2.61
4 0.0333 0.0349 −4.58
5 0.0388 0.0408 −4.90



Materials 2024, 17, 898 14 of 16Materials 2024, 17, x FOR PEER REVIEW 15 of 18 
 

 

(a) No. 3 (b) No. 4 

 
(c) No. 5 

Figure 15. Comparison of simulation and experiment. 

Table 10. Simulation and experiment standard deviation of mixing. 

Series No. Simulating Smh Experimental Smh Relative Error (%) 
3 0.0372 0.0382 −2.61 
4 0.0333 0.0349 −4.58 
5 0.0388 0.0408 −4.90 

4.4. Effect of Mixing Time on Homogeneity 
The standard deviation of the mixing homogeneity curve for sand and pebbles with 

different moisture contents in the mixer is shown in Figure 16. The mixing process exhibits 
three distinct phases: a fast mixing phase, a slow mixing phase, and a dynamic equilib-
rium phase. Blade mixing initiates at 7 s, and the standard deviation of the mixing degree 
decreases rapidly. The slow mixing phase spans from 13 to 18 s, followed by a dynamic 
equilibrium phase where the standard deviation of mixing homogeneity stabilizes around 
0.05. Notably, these findings align with the trends observed in the standard deviation of 
the mixing degree reported by Schmelzle [39] and Zuo [40].  

During 8–14 s, the standard deviation of the mixing degree for dry particles signifi-
cantly surpasses that of wet particles. This suggests that a small amount of liquid enhances 
homogeneity within a short mixing time. However, as mixing time extends, the distinction 
in standard deviation between the mixing degrees of dry and wet particles diminishes. 
This observation holds significance for concrete production in mixing plants where lim-
ited mixing time is available due to energy consumption constraints. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0.55

0.60

0.65

0.70
Pe
bb
le
s m

as
s r
at
io

Grid number

 Simulation
 Experiment

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0.55

0.60

0.65

0.70

Pe
bb
le
s m

as
s r
at
io

Grid number

 Simulation
 Experiment

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0.55

0.60

0.65

0.70

Pe
bb
le
s m

as
s r
at
io

Grid number

 Simulation
 Experiment

Figure 15. Comparison of simulation and experiment.

4.4. Effect of Mixing Time on Homogeneity

The standard deviation of the mixing homogeneity curve for sand and pebbles with
different moisture contents in the mixer is shown in Figure 16. The mixing process exhibits
three distinct phases: a fast mixing phase, a slow mixing phase, and a dynamic equilibrium
phase. Blade mixing initiates at 7 s, and the standard deviation of the mixing degree
decreases rapidly. The slow mixing phase spans from 13 to 18 s, followed by a dynamic
equilibrium phase where the standard deviation of mixing homogeneity stabilizes around
0.05. Notably, these findings align with the trends observed in the standard deviation of
the mixing degree reported by Schmelzle [39] and Zuo [40].
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During 8–14 s, the standard deviation of the mixing degree for dry particles signifi-
cantly surpasses that of wet particles. This suggests that a small amount of liquid enhances
homogeneity within a short mixing time. However, as mixing time extends, the distinction
in standard deviation between the mixing degrees of dry and wet particles diminishes.
This observation holds significance for concrete production in mixing plants where limited
mixing time is available due to energy consumption constraints.

5. Conclusions

In this paper, the effect of moisture content on the sand and pebble mixing process
was investigated using the DEM. Depending on the moisture content, either a dry particle
contact model or a wet particle contact model was selected. Dry particle interactions were
characterized by the Hertz–Mindlin model, while wet particle interactions were described
using the linear cohesive contact model. The following conclusions were obtained.

The parameters of the linear cohesive contact model were defined as a function of
the liquid bridge force. This study observed that the angle of repose exhibited an initial
increase, followed by a decrease, with varying moisture content. Specifically, when the
moisture content of the stone was within the range of 0% to 0.75% and that of the sand was
within the range of 0% to 10.9%, the wet contact model was employed. Furthermore, this
paper highlighted that the errors between the experimental and simulation results were
within 5%, demonstrating the reliability of the numerical method used.

The mixing process of sand and pebbles was characterized by three phases: the fast
mixing phase, the slow mixing phase, and the dynamic equilibrium phase. During short
mixing times, the standard deviation of the mixing homogeneity of wet particles was found
to be lower than that of dry particles. This observation suggests that the presence of a small
amount of liquid enhances mixing homogeneity in the early stages of the mixing process.

Author Contributions: G.C.: conceptualization, methodology, and supervision. S.X.: designing ex-
periments, simulation, and writing—original draft. D.D.: investigation and review. S.J.: methodology
and supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the NSFC Project of China (12302339), The Scientific Research
Fund of Hunan Provincial Education Department (22A0104, 23B0169), and The Guangxi Key Research
and Development Program (Guike AB23026111).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tahmasebi, P. A State-of-the-Art Review of Experimental and Computational Studies of Granular Materials: Properties, Advances,

Challenges, and Future Directions. Prog. Mater. Sci. 2023, 138, 101157. [CrossRef]
2. Chen, F.; Li, H.; Gao, Y.; Yan, H. Two-Particle Method for Liquid–Solid Two-Phase Mixed Flow. Phys. Fluids 2023, 35, 033317.

[CrossRef]
3. Duran, J. Sands, Powders, and Grains: An Introduction to the Physics of Granular Materials. J. Fluid Mech. 2000, 419, 345–347.

[CrossRef]
4. Lehman, S.Y.; Christman, L.E.; Jacobs, D.T.; Johnson, N.S.D.E.F.; Palchoudhuri, P.; Tieman, C.E.; Vajpeyi, A.; Wainwright, E.R.;

Walker, J.E.; Wilson, I.S.; et al. Universal Aspects of Cohesion. Granul. Matter 2022, 24, 35. [CrossRef]
5. Binda, L.; Vidales, A.M.; Uñac, R.; Roht, Y.L.; Gómez-Arriaran, I.; Ippolito, I. Effect of Humidity on the Static Angle in Granular

Systems. Granul. Matter 2021, 23, 38. [CrossRef]
6. Valverde, J.M.; Castellanos, A.; Ramos, A.; Watson, P.K. Avalanches in Fine, Cohesive Powders. Phys. Rev. E 2000, 62, 6851–6860.

[CrossRef]
7. Badetti, M.; Fall, A.; Chevoir, F.; Aimedieu, P.; Rodts, S.; Roux, N. Rheology and Microstructure of Unsaturated Granular Materials:

Experiments and Simulations. J. Rheol. 2018, 62, 1175–1186. [CrossRef]
8. Bocquet, L.; Charlaix, E.; Ciliberto, S.; Crassous, J. Moisture-Induced Ageing in Granular Media and the Kinetics of Capillary

Condensation. Nature 1998, 396, 735–737. [CrossRef]

https://doi.org/10.1016/j.pmatsci.2023.101157
https://doi.org/10.1063/5.0140599
https://doi.org/10.1017/S0022112000008946
https://doi.org/10.1007/s10035-021-01188-1
https://doi.org/10.1007/s10035-021-01109-2
https://doi.org/10.1103/PhysRevE.62.6851
https://doi.org/10.1122/1.5026979
https://doi.org/10.1038/25492


Materials 2024, 17, 898 16 of 16

9. Restagno, F.; Ursini, C.; Gayvallet, H.; Charlaix, E. Aging in Humid Granular Media. Phys. Review. E Stat. Nonlinear Soft Matter
Phys. 2002, 66, 021304. [CrossRef]

10. Tegzes, P.; Albert, R.; Paskvan, M.; Barabási, A.-L.; Vicsek, T.; Schiffer, P. Liquid-Induced Transitions in Granular Media. Phys. Rev.
E 1999, 60, 5823–5826. [CrossRef]

11. Samadani, A.; Kudrolli, A. Angle of Repose and Segregation in Cohesive Granular Matter. Phys. Rev. E 2001, 64, 051301.
[CrossRef]

12. Samadani, A.; Kudrolli, A. Segregation Transitions in Wet Granular Matter. Phys. Rev. Lett. 2001, 85, 5102–5105. [CrossRef]
13. Liao, C.-C.; Huang, Y.-Y. Experimental Investigate the Effect of Liquid Distribution State on Size Segregation of Wet Granular

Materials in Rotating Drums. Powder Technol. 2021, 381, 561–566. [CrossRef]
14. Geromichalos, D.; Kohonen, M.M.; Mugele, F.; Herminghaus, S. Mixing and Condensation in a Wet Granular Medium. Phys. Rev.

Lett. 2003, 90, 168702. [CrossRef]
15. Zhu, S.; Wu, C.; Yin, H. Virtual Experiments of Particle Mixing Process with the SPH-DEM Model. Materials 2021, 14, 2199.

[CrossRef] [PubMed]
16. Cundall, P.A.; Strack, O.D.L. A Discrete Numerical Model for Granular Assemblies. Géotechnique 1979, 29, 47–65. [CrossRef]
17. Willett, C.D.; Adams, M.J.; Johnson, S.A.; Seville, J.P.K. Capillary Bridges between Two Spherical Bodies. Langmuir 2000, 16,

9396–9405. [CrossRef]
18. Iveson, S.M. Granule Coalescence Modelling: Including the Effects of Bond Strengthening and Distributed Impact Separation

Forces. Chem. Eng. Sci. 2001, 56, 2215–2220. [CrossRef]
19. Hassanzadeh, V.; Wensrich, C.M.; Moreno-Atanasio, R. Elucidation of the Role of Cohesion in the Macroscopic Behaviour of

Coarse Particulate Systems Using DEM. Powder Technol. 2020, 361, 374–388. [CrossRef]
20. Zhang, H.; Li, S. DEM Simulation of Wet Granular-Fluid Flows in Spouted Beds: Numerical Studies and Experimental Verifications.

Powder Technol. 2017, 318, 337–349. [CrossRef]
21. Zhu, R. A DEM Numerical Investigation on Dry and Wet Particles Mixing in Rectangular Spouted Bed. Ph.D. Thesis, Harbin

Engineering University, Harbin, China, 2011.
22. Krenzer, K. Simulating Mixing Processes of Fresh Concrete Using the Discrete Element Method (DEM) under Consideration of

Water Addition and Changes in Moisture Distribution. Cem. Concr. Res. 2019, 115, 274–282. [CrossRef]
23. Radl, S.; Kalvoda, E.; Glasser, B.J.; Khinast, J.G. Mixing Characteristics of Wet Granular Matter in a Bladed Mixer. Powder Technol.

2010, 200, 171–189. [CrossRef]
24. Umer, M.; Siraj, M.S. DEM Studies of Polydisperse Wet Granular Flows. Powder Technol. 2018, 328, 309–317. [CrossRef]
25. Remy, B.; Khinast, J.G.; Glasser, B.J. Wet Granular Flows in a Bladed Mixer: Experiments and Simulations of Monodisperse

Spheres. AIChE J. 2012, 58, 3354–3369. [CrossRef]
26. Shah, G.N.; Siraj, M.S. DEM Study of Dry and Wet Granular Flows in a Vertical Bladed Mixer. Part. Sci. Technol. 2021, 39, 797–808.

[CrossRef]
27. Iveson, S.M.; Litster, J.D.; Hapgood, K.; Ennis, B.J. Nucleation, Growth and Breakage Phenomena in Agitated Wet Granulation

Processes: A Review. Powder Technol. 2001, 117, 3–39. [CrossRef]
28. Mitarai, N.; Nori, F. Wet Granular Materials. Adv. Phys. 2006, 55, 1–45. [CrossRef]
29. EDEM User Guide (2008). Available online: http://tm.spbstu.ru/images/2/28/EDEM2.4_user_guide.pdf (accessed on 7 January 2024).
30. Li, H. Impact of Cohesion Forces on Particle Mixing and Segregation. Ph.D. Thesis, University of Pittsburgh, Pittsburgh, PA, USA, 2005.
31. Albert, R.; Albert, I.; Hornbaker, D.; Schiffer, P.; Barabási, A.-L. Maximum Angle of Stability in Wet and Dry Spherical Granular

Media. Phys. Rev. E 1997, 56, R6271–R6274. [CrossRef]
32. Megias-Alguacil, D.; Gauckler, L.J. Analysis of the Capillary Forces between Two Small Solid Spheres Binded by a Convex Liquid

Bridge. Powder Technol. 2010, 198, 211–218. [CrossRef]
33. Pepin, X.; Rossetti, D.; Iveson, S.M.; Simons, S.J.R. Modeling the Evolution and Rupture of Pendular Liquid Bridges in the

Presence of Large Wetting Hysteresis. J. Colloid Interface Sci. 2000, 232, 289–297. [CrossRef]
34. Hou, Z. Numerical Study of Particle Flow and Mixing Characteristics in a Ribbon Mixer. Master's Thesis, Zhejiang University,

Hangzhou, China, 2019.
35. Li, Z. The Numerical Simulation and Experiment Research of Wet Particles Flow in a Hopper. Nat. Sci. J. Hainan. Univ. 2003, 22, 23–27.
36. Sun, Q.; Wang, G. Introduction to Particle Mechanics; Science Press: Beijing, China, 2009.
37. Huang, W.; Lu, Y. 3D DEM Simulation of Random Packing of Particulates under Gravity. Chin. J. Geotech. Eng. 2006, 28, 2139–2143.
38. Beccati, N.; Ferrari, C.; Bonanno, A.; Balestra, M. Calibration of a CFD Discharge Process Model of an Off-Road Self-Loading

Concrete Mixer. J. Braz. Soc. Mech. Sci. Eng. 2019, 41, 76. [CrossRef]
39. Schmelzle, S.; Nirschl, H. DEM Simulations: Mixing of Dry and Wet Granular Material with Different Contact Angles. Granul.

Matter 2018, 20, 19. [CrossRef]
40. Zuo, Z. Study on the Mixing Process of Powder Particles and the Blade Erosion in an Intensive Mixer. Ph.D. Thesis, Xiangtan

University, Xiangtan, China, 2020.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1103/PhysRevE.66.021304
https://doi.org/10.1103/PhysRevE.60.5823
https://doi.org/10.1103/PhysRevE.64.051301
https://doi.org/10.1103/PhysRevLett.85.5102
https://doi.org/10.1016/j.powtec.2020.12.032
https://doi.org/10.1103/PhysRevLett.90.168702
https://doi.org/10.3390/ma14092199
https://www.ncbi.nlm.nih.gov/pubmed/33922949
https://doi.org/10.1680/geot.1979.29.1.47
https://doi.org/10.1021/la000657y
https://doi.org/10.1016/S0009-2509(00)00506-6
https://doi.org/10.1016/j.powtec.2019.07.070
https://doi.org/10.1016/j.powtec.2017.05.009
https://doi.org/10.1016/j.cemconres.2018.05.012
https://doi.org/10.1016/j.powtec.2010.02.022
https://doi.org/10.1016/j.powtec.2018.01.021
https://doi.org/10.1002/aic.13743
https://doi.org/10.1080/02726351.2020.1829764
https://doi.org/10.1016/S0032-5910(01)00313-8
https://doi.org/10.1080/00018730600626065
http://tm.spbstu.ru/images/2/28/EDEM2.4_user_guide.pdf
https://doi.org/10.1103/PhysRevE.56.R6271
https://doi.org/10.1016/j.powtec.2009.11.009
https://doi.org/10.1006/jcis.2000.7182
https://doi.org/10.1007/s40430-019-1578-1
https://doi.org/10.1007/s10035-018-0792-3

	Introduction 
	Contact Model 
	Dry Particle Contact Model 
	Wet Particle Contact Model 
	Liquid Bridge Force 
	Linear Cohesive Contact Model 


	Experiment 
	Angle of Repose Experiments 
	Relationship between Angle of Repose and Moisture of Pebbles 
	Relationship between Angle of Repose and Moisture of Sand 

	Sand and Pebble Mixing Experiment 
	Material 
	Sampling Method 
	Result of Mixing Experiment 


	Simulation 
	Parameter Setting 
	Simulation of Angle of Repose 
	Simulation of Pebble Angle of Repose 
	Simulation of Sand Angle of Repose 

	Simulation of Mixing of Sand and Pebbles 
	Effect of Mixing Time on Homogeneity 

	Conclusions 
	References

