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The mechanical characteristics of tailing sands have an important impact on the safety and stability of the tailing dams. Fully
understanding the effect of drying and wetting cycles (DWC) and water content on the characteristics of tailing sands is urgently
needed. In this study, direct shear tests were first carried out to analyze the effect of DWC and water content on the macroscopic
mechanical characteristics of tailing sands. Then, the mesoscopic mechanical behavior of tailing sands with different water
contents under the action of DWC was studied by using PFC2D particle flow software. The results showed that the effect of DWC
on the shear properties of tailing sands is more pronounced than water content. The cohesive force and the internal friction
angle increase first and then decrease with the increasing water content. With the increasing number of DWC, the cohesive force
and the internal friction angle all decreased to varying degrees. The results of the mesoscopic mechanical analysis indicated that
after experiencing the DWC, the force chain of the sample gradually thickens to form a coarse force chain network area, and the
number of cracks inside the sample is significantly larger than that of the sample that has not experienced the DWC. The results
of this study are of great significance for understanding the macroscopic and mesoscopic shear failure mechanism of tailing
sands under the effects of DWCs and water content.

1. Introduction
The tailing dam is a man-made debris flow hazard with high
potential energy, and there are many unstable factors in its
operation process. The collapse of the tailing dam not only
affects the production of mining enterprises but also brings
huge disasters to the inhabitants. Due to periodic changes in
water conditions (i.e., rainfall infiltration, water evapora‐
tion, and repeated elevation and decline of the infiltration
line), the tailing dam is subjected to long-term drying
and wetting cycles (DWCs) during operation. It was found
that the DWCs will lead to a decrease in the mechanical
properties of the soil, and the changes in water content
also affect the microstructure and mechanical properties of
the soil. Under the action of DWC and water content, the
matric suction and shear strength of the soil will change,
thus affecting the stability of the soil structure. Therefore, a

comprehensive understanding of the influence of the DWC
and water content on the characteristics of tailing sands is
of great significance for the long-term safety and stability of
the tailing dam.

A substantial effort has been made on the changes in
the physical properties and mechanical behavior of rock
materials under the action of cyclic wetting and drying
[1–21]. The properties of rock materials (i.e., porosity,
longitudinal wave velocity, compressive strength, shear
strength, etc.) are significantly influenced by DWCs. Zhou
et al. [7] studied the dynamic tensile strength characteristics
of rocks after cyclic drying and wetting. They inferred that
the cumulative crack damage caused by cyclic drying and
wetting was the main reason for the reduction of strength.
Zhao et al. [8] carried out nuclear magnetic resonance
(NMR) tests and mechanical tests of mudstone under
the action of cyclic drying and wetting. It indicated that
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the increase in porosity was responsible for the deteriora‐
tion of the mechanical properties of mudstone. Huang et
al. [9] reported that the damage of uniaxial compressive
strength and elastic modulus of sandstone has a logarith‐
mic relationship with the number of DWCs. Li et al.
[13] found that the strength and deformation characteris‐
tics of the medium-grained sandstone samples decreased
with the increase in the DWCs. Wu et al. [16] investiga‐
ted the effect of DWC on the physical characteristics and
strength parameters of silty mudstone and silty sandstone.

They suggested that the mechanism of cyclic drying and
wetting-induced rock weakening is mainly microcrack
expansion caused by contraction and expansion of the
mineral structure. Yao et al. [17] found that the uniaxial
compressive strength and tensile strength of argillaceous
siltstone in the Yangtze River Basin decreased exponentially
with the number of DWC. The composition and micro‐
structure of minerals showed gradual changes under the
action of DWCs. Li et al. [18] explored the effect of DWCs
on sandstone properties (i.e., porosity, dynamic strength,
and energy dissipation). It was found that the effect of water
saturation on dynamic strength changed from enhanced
to weakened with the increase in porosity. Except for
physical properties and strength characteristics, the fracture
toughness has also been investigated. For example, Hua
et al. [19] and Ying et al. [20] found that the fracture
toughness decreased with increasing number of DWCs.
Cai et al. [21] explored the fracture behavior of sandstone
subjected to DWCs. It indicated that the fracture toughness
and energy dissipation of sandstone decreased significantly
with the increasing number of drying and wetting cycles.

The DWCs play an important role in soil physical and
mechanical properties. A number of scholars have carried
out studies on the physical and mechanical properties of
soils under the action of wet and dry cycles [22–28].
It was found that the DWCs can cause the changes in
particle position and pore structure of soil, which ultimately
causes changes in shear strength. As the number of drying

Figure 1: The polarizing microscope image of tailing sands. (a) 50 times transmitted light image of tailing sands; (b) 125 times transmitted
light image of tailing sands; and (c) 500 times transmitted light image of tailing sands.

Figure 2: The cumulative curve of particle size distribution of
tailing sands.
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and wetting cycles increases, the water stability of soil
aggregates decreases [25]. The soil microstructure, such as
particle shape, size, arrangement and distribution, and pore
connectivity, closely affect the macroscopic characteristics
[28, 29]. Hafhouf et al. [24] studied the effects of DWCs
on the unconfined compressive strength of Algerian soil.
Tang et al. [25, 27] carried out a study on the mechanical
properties of unsaturated soil under the action of DWCs.
It was found that the cyclic drying and wetting increased
the number of cracks and reduced the brittleness of the
soil, which eventually led to the decrease in soil strength.
The tailing sands is a kind of unsaturated soil. Research
shows that the drying and wetting cycles increase cracks
in unsaturated soils, and significantly change the hydraulic
behavior of the soil [26]. The cracks promote the formation
of damage zones in the soil which leads to the reduction of
the shear strength [30, 31]. Wang et al. [32] revealed that
the microstructure deformation of tailing sands is the main
factor contributing to tailings leakage. The shear strength

of tailing sands is an important mechanical parameter to
evaluate the stability of tailing dam. The investigations
about the effect of DWCs on shear properties of tailing
sands are still insufficient. To comprehensively evaluate the
safety and stability of tailings dams and effectively control
the hazard of tailings dam failure, it is necessary to investi‐
gate the effects of DWCs on the shear mechanical properties
of tailing sands.

During the accumulation and destruction of tailing dam,
the formation mechanism of local or overall shear zones
depends on the mesoscopic mechanical characteristics of
tailings. Simulation of geotechnical materials under various
stress states in nature with discrete element particle flow
models is an important method to obtain mesoscopic
mechanical parameters. In this study, a lead-zinc tailing in
Hunan Province, China was taken as the research object.
First, tailing sands samples with different water content

under the action of DWCs were prepared and the influence
of water content and cyclic drying and wetting on the
macroscopic shear mechanical parameters of the tailing
sands was explored. Then, the PFC2D particle flow simula‐
tion method was used to further analyze the evolutionary
law of mesoscopic properties, such as the contact network
between particles, the number of cracks, and the failure
mode, under the action of water content and DWCs. It has
certain theoretical significance and engineering value for
the innovation and development of stability analysis
methods for tailing dam.

2. Materials and Methods

2.1. The Physical Properties of Tailing Sands. In this study,
the lead-zinc tailing sands from a tailing dam in Hunan
Province, China were selected, and the obtained samples
were brought back to the laboratory after being sealed and

Figure 3: Tailing sands samples with different water contents.

Figure 4: The cyclic drying and wetting test device.
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numbered. The tailing sands has the characteristics of fine
particles and low viscosity. It does not agglomerate when
soaked in water, and has a frosty and grainy feeling when
touched by hand. The XPL-2 transflective polarizing
microscope was used to observe the apparent structure of
the samples. From the reflected light image of the lead-zinc
tailing sands (Figure 1(a)), it can be seen that the particles
have obvious metallic luster. Under 125 times transmitted
light (Figure 1(b)), the tailings can be divided into opaque
tailings, translucent tailings, and transparent tailings
according to the light transmittance. The lead-zinc tailings
are predominantly opaque tailings with many powdery
debris. Studies have shown that particles with powdery
debris will increase the cohesion and internal friction angle
of tailings under the action of water [33].

From the 500 times transmitted light image (Figure 1(c)),
it can be observed that the lead-zinc tailing sands are mostly
mixed mineral particles and metal mineral particles, which

are distributed in blocks and have obvious powdery debris
on the surface.

The natural density of the tailing sands is 1.734 g/cm3

measured by the ring knife method, and the natural water
content is determined to be 10% by the drying test. In
addition, the optimal water content test and the specific
gravity test were carried out in sequence according to
relevant standards. The physical parameters such as density,
optimal water content, specific gravity, and porosity
obtained from the test are shown in Table 1. The particle
size of soil and its composition play a decisive role in the
mechanical properties. The particle size is generally
characterized by gradation. In the tailing sands samples
taken for this test, more than 90% of the particles have a
particle size greater than 0.075 mm, so the sieving method
was selected to carry out the particle analysis test.

Eight samples of 400 g tailing sands were taken for
parallel sieving tests, and the cumulative curve of particle
size distribution was obtained as shown in Figure 2. The
particle gradation parameters of the sample are shown in
Table 2. It can be seen that the unevenness coefficient (Cu)
is 1.37 and the curvature coefficient (Cc) is 1.04 which do
not meet the requirements of Cu ≥ 5 and Cc = 1–3.
Therefore, the tailing sands sample is poor gradation.

2.2 Sample Preparation. To completely remove the water
from the tailing sands, the collected tailing sands were dried
in a drying oven at a temperature of 120°C until no further
change in mass occurred. According to the natural and
optimal water content of the tailing sands, the dried tailing
sands were added with water to prepare samples with
different water contents (10%, 12%, 14%, 16%, and 18%).
The prepared tailing sands were then placed in a sealed bag

and kept for 24 hours to fully integrate with water. The
prepared samples with different water contents are shown in
Figure 3.

2.3. Experimental Strategy. To fully simulate the DWCs on
site, the tailing sands samples were compacted in three layers
into a ring knife with a size of Φ61.8 mm × 20 mm before the
DWCs. The bottom of the ring knife was wrapped with a
sand-stopping and water-permeable geotextile and fixed
with a cable tie, while the upper part of the ring knife was
covered with filter paper and plastic wrap to prevent water
loss. First, spread a layer of prepared tailing sands on the
bottom of the iron box with a size of 188 mm × 138 mm × 38
mm and compact it. Then, put the ring knife sample on the
second layer and fill the gap with tailing sands at the same
time. Finally, fill the tailing sands above the ring knife sample
and compact it again. Seal the iron box and let it stand for

Figure 5: The process of drying and wetting cycles.

Figure 6: The direct shear experiment of tailing sands sample.

Table 1: Basic physical parameters of tailing sands.

Natural dry density, ρd (g cm−3) Natural water content, ωop (%) Optimal water content, ω (%) Proportion, Gs Porosity

1.734 10% 16% 2.66 0.517
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72 hours. This method can not only effectively avoid the
disturbance of adding water on the surface of the sample in

Table 2: Grading parameters of tailing sands.

Effective
particle
size d10
(mm)

Median
particle
size d30
(mm)

Restricted
particle size
d60 (mm)

Inhomogeneity
coefficient (Cu)

Curvature
coefficient

(Cc)

0.152 0.181 0.208 1.37 1.04

the process of DWCs but also eliminate the interference of
human factors in the sampling process. Figure 4 shows the
cyclic drying and wetting device.

In the pre-experiment, it was found that after 5 DWCs,
the mechanical properties of tailing sands tended to be
stable and showed a certain regularity. In this study,
the samples with different water content were set up to
experience 1, 2, 3, 4, and 5 times of DWCs. A group of
control tests that did not experience the DWCs was set up
at the same time. There are 3 parallel tests in each group,
and the result is the average value of the three tests. The

Figure 7: The shear stress and displacement curves of tailing sands samples that experienced 0 drying and wetting cycle and 5 drying and
wetting cycles. (a) 10% water content; (b) 12% water content; (c) 14% water content; (d) 16% water content; and (e) 18% water content.
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process of DWC in natural environment was simulated by
low-temperature drying and artificial watering. According
to the natural environment of the site, it is determined that
the variation range of the water content during the DWCs
is controlled between 3% and 23%. The DWCs process is
shown in Figure 5 (take the water content of 16% as an
example).

After each DWC, the prepared sample was installed on
the test apparatus according to the shear test procedure.
Note that after the sample installation, a wet cotton with
same water content was used to surround the container. The
load sequence was set to 50, 100, and 200 kPa. To avoid the
change in water content during the test, the shear rate was
selected as 0.8 mm/min, and the method of consolidation
fast shear was used. The direct shear test process is shown in
Figure 6.

3. Results and Analysis
3.1. Relationship between Shear Stress and Displace‐
ment. With vertical loads of 50, 100, and 200 kPa, the

shear stress and displacement relationship curves of tailing
sands with different water contents under DWCs were
obtained. Due to space limitations, only the shear stress
and displacement relationship curves of tailing sands that
experienced 0 DWCs and 5 DWCs (Figure 7) are listed. It is
observed that the shear stress and displacement relationship
curve of tailing sands can be divided into 3 stages: elastic
stage, peak stage, and stable stage. In the elastic stage, as the
vertical load increases, the relationship curve between shear
stress and displacement becomes steeper, indicating that
the initial shear modulus of the tailing sands is positively
correlated with the applied vertical load. At the peak stage,
the maximum value of the shear stress occurs, and the
bonding between the particles reaches the maximum at
this time. In the stable stage, as the displacement increases,
the shear stress no longer changes greatly or even shows a
downward trend, indicating that the sample has reached the
shear strength. At this time, the sample has been destroyed,
which can also be called the failure stage.

Under the condition of the same water content and the
same vertical load, the shear strength of the tailing sands
decreased and the shear displacement corresponding to the
shear strength became smaller after 5 cyclic drying and
wetting. It indicated that cyclic drying and wetting changes
the mechanical properties of the tailing sands and shortens
the elastic deformation stage. It makes the sample reach the
shear strength faster and then enter the stable stage.

The above phenomenon is attributed to the fact that the
evaporation and accumulation of water change the original
pore structure of the sample during the DWC process. A
slight expansion of the sample volume after cyclic drying
and wetting was also found in the experiment. Under the
action of DWCs, the pores within the sample increase, and
the original particle cements are separated into dispersed
particles. The strength of the sample is maintained by the
bound water and particles between pores. In the direct
shear test, the strength of the brittle particles is low, so that
the sample becomes more easily to be destroyed under the
same vertical load.

Under the condition of the same number of cycles,
the effect of water content on the shear strength is not
obvious, especially when the vertical load is 50 kPa. In
most cases, the shear strength of sample with 16% water
content is higher than that with other water content. The
shear strength does not increase by the same multiple as the
vertical load increase.

3.2. Cohesion Force and Internal Friction Angle. It can be
seen from the shear stress and displacement relationship
curves that both cyclic drying and wetting and water
content have an effect on the shear strength of tailing
sands. To further analyze the effects of the DWCs and water
content on the shear characteristics of tailing sands, it is
necessary to investigate the variation laws of the cohesion
force and internal friction angle of tailing sands. Taking the
normal stress δ as the horizontal axis and the shear stress τ
as the vertical axis, the cohesion force and internal friction
angle were obtained by fitting the data of the shear strength
curve through Coulomb’s law.

Figure 8: The cohesion force of tailing sands samples with
different water content subjected to drying and wetting cycles.

Figure 9: The internal friction angle of tailing sands samples with
different water content subjected to drying and wetting cycles.

6 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2024/lithosphere_2023_320/6295440/lithosphere_2023_320.pdf
by guest
on 09 July 2024



(1)τf = c + δ tanφ
where τf is the shear strength, φ is the internal friction

angle, c is the cohesion force, and δ is normal stress acting
on the shear plane.

In addition to the Coulomb force, Van der Waals force,
cementation force, and matrix suction, the cohesion force is
also affected by the bonding force of water film. The change
characteristics of cohesion force of tailing sands under the
effect of water contents and DWCs are shown in Figure 8.
It can be observed that in the natural water content, the
cohesion force of the tailing sands is not at the maximum
value. It increases first and then decreases with the increase
in water content. This is consistent with the conclusions of
many scholars [34–36]. The main reason for this phenom‐
enon is that the tailing sands sample with natural water
content is relatively dry, and the number of water molecules
between the particles is small. The weak traction between
particles does not allow the tailings particles to be firmly
bonded together. With the increase in water content, the
number of water molecules increases and the liquid bridge
force is formed between the particles, which results in

greater cohesion force. Previous studies [35] have shown
that the matric suction decreases with the increase in water
content. After the water content reaches 12%, the degree
of cementation weakening due to the decrease of matric
suction is greater than the degree of cementation strength‐
ening due to liquid bridge force. When the water content
exceeds 12%, the cohesion force of the tailing sands shows
decreasing trends.

Under the condition of the same water content, the
cohesion force of the tailing sands all decreased to varying
degrees after the DWCs. The cohesion force decreased
greatly after 1 cyclic drying and wetting and the decline
trend of cohesion force became more and more gentle with
the increasing number of DWCs. During the DWCs, the
internal pore structure of the tailing sands became loose
and the thickness of the bond water film decreased, which
resulted in a decrease in cohesion force. After multiple
DWCs, the internal structure and the thickness of the bond
water film tend to be stable, which resulted in the cohesion
force changing slowly with the increasing number of DWCs.

It can be observed from Figure 9 that the internal
friction angle of the tailing sands increases first and
then decreases with the increasing water content. It has
a maximum value at the optimum water content (16%).
Before the water content reaches 16%, the friction strength
is enhanced due to the existence of liquid bridge force,
which increases the traction between the particles. When
the water content increases to a certain level, the water
film becomes thicker and weakens the contact between
the particles of the tailing sands. The lubricating effect of
water on the surface of the particles makes the connection
between the particles easy to break, leading to a reduction
in the friction strength between the particles. The inter‐
nal friction angle gradually decreases with the increasing
number of DWCs. It is attributed to the change in the pore
structure of the tailing sands samples after cyclic drying and
wetting. The DWCs make the distance between particles
larger, which leads to a decrease in friction strength.
Moreover, the water inside the sample is always changing,
and the water as a lubricant also has an impact on the
mutual friction between the particles.

4. Numerical Analysis and Discussion of PFC
In the PFC theory, soil or rock materials are simulated as a
collection of round or spherical particles that have normal
and tangential stiffness. Each particle is in contact with its
neighbors through a bond. There are 2 different types of
contact models in PFC, namely the contact bond model
and the parallel bond model [37–39]. In the contact bond
model, the contact between particles can be imagined as a
pair of springs with normal and tangential stiffness, which
can transmit elastic interaction force at the contact point,
but cannot resist the rotation and tension of the particles. In
the parallel bond model, the contact between particles can
be imagined as a group of springs evenly distributed on a
rectangular cross-section, which is centered at the contact
point on the contact surface. It can not only transmit the

Figure 10: Constitutive behavior for parallel bonded particle
model in PFC2D. (a) Normal component of contact force and (b)
shear component of contact force.
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elastic interaction force between particles but also resist
moment caused by rotation. In the contact bond model,
the bond is broken and the contact stiffness remains valid
as long as the particles remain in contact. However, in the
parallel bond model, the bond broken will lead to a decrease
in stiffness. The parallel bond model can better reflect the
properties of soil or rock materials in reality. Therefore, the
PB model was applied in our study. Figure 10 shows the
constitutive behavior of the parallel bond model in PFC2D.

4.1. The Particle and Model Size. The particle radius of
the tailing sands is concentrated in the range of 0.125–

0.15 mm, and the particle size is relatively fine. The size
of the direct shear sample is Φ61.8 × 20 mm. In the
process of establishing the PFC model, the using of real
particle size and gradation will lead to a large number
of particles, which requires high computer configuration.
To facilitate modeling and improve calculation efficiency,
the particle radius in the model only needs to satisfy the
macroscopic mechanical properties. Many scholars have
studied the influence of size effect on numerical simulation.
Liu and Chen [40] found that when the ratio of the model
size (L) to the average particle radius (R) is greater than
30, the size effect has the least influence on the shear

Figure 11: Comparison of experimental and numerical results of macroscopic mechanical parameters of tailing sands samples without
experiencing drying and wetting cycle. (a) Shear strength; (b) peak shear displacement; and (c) shear modulus.

Table 3: Mesoscopic parameters of the numerical model.

Mesoscopic parameters

Values

Samples without experiencing DWC Samples experiencing 5 times DWC

10% 12% 14% 16% 18% 10% 12% 14% 16% 18%

Minimum radius, Rmin/mm 0.3
Maximum radius, Rmax/mm 0.45
Density of particle, ρ/kg·m−3 2000
Effective modulus of the particle, Ec/MPa 3.5 4.5 7.8 5.8 8.8 3.5 4.8 5.05 4.76 8.8
Normal to shear stiffness ratio of particle, kn/ks 1.5
Effective modulus of the parallel bond, Ec'/MPa 3.5 4.5 7.8 5.8 8.8 3.5 4.8 5.05 4.76 8.8
Normal to shear stiffness ratio of parallel bond, (kn/ks)' 1.5
Cohesion of parallel bond, Pb_coh/105 Pa 1 1.1 1.03 1.02 1.2 0.77 0.77 0.80 0.98 1.2
Tensile strength parallel bond, Pb_ten/105 Pa 2 2.2 2.06 2.04 2.4 1.54 1.54 1.60 1.96 2.4
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strength. At the same time, the experiment data shows
that the porosity of the prepared tailing sands sample is
0.336, which can be directly substituted into the calculation
when using PFC3D for simulation. But, for two-dimensional
(2D) model, the data obtained in the laboratory should
be converted. According to the conclusion of Zhou et al.
[41], the transformation of three-dimensional (3D) to 2D
equations is obtained as follows:

(2)n2d = 0.42 × n2 + 0.25 × n
where n2d is the porosity for 2D model and n is the

porosity measured in laboratory.
Based on the above conclusions, the size of the 2D model

is Φ61.8 × 20 mm and the porosity is 0.131.

4.2. Calibrating the Mesoscopic Parameters of the Model. The
particle flow simulation requires mesoscopic physical and
mechanical parameters of the model. Since the transfor‐
mation relationship between the mesoscopic parameters
and the macroscopic parameters is very complicated, it
is difficult to obtain these mesoscopic parameters from
laboratory experiments. Whether the developed numeri‐
cal model matches the test result depends on how the
model mesoscopic parameters are calibrated. At present, the
most commonly used method for calibrating mesoscopic
parameters is the “trial and error method”. A large number

of numerical simulations with conditions similar to the
indoor test were carried out before formal numerical
simulation. When the data obtained from the simula‐
tion is close to the laboratory test data, it is considered
that the mechanical properties of the sample obtained
from the numerical model are similar to that obtained
from the laboratory test. By repeatedly changing the
mesoscopic parameters and verifying the corresponding
macroscopic data, the mesoscopic parameters are finally
obtained as shown in Table 3. The comparison results of
the shear mechanical parameters obtained by the numerical
simulation test and the laboratory test are shown in Figures
11 and 12. It can be seen that the shear parameters obtained
by the numerical simulation method are similar to the
experimental results. The particle flow numerical model can
well reflect the mesoscopic mechanical behavior of tailing
sands.

4.3. Force Chain Analysis. The mechanical behavior of
tailing sands is mainly determined by the contact force
between particles. Tailing sands are composed of thousands
of particles, and the links between the particles form a
complex force chain network with strength. Under the
action of external force, the contact force between parti‐
cles is transmitted along the force chain network. The
different shapes, uneven sizes, and random distribution of
tailing sands particles result in varying magnitudes of the

Figure 12: Comparison of experimental and numerical results of macroscopic mechanical parameters of tailing sands samples experienc‐
ing 5 times drying and wetting cycles. (a) Shear strength; (b) peak shear displacement; and (c) shear modulus.

Lithosphere 9

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2024/lithosphere_2023_320/6295440/lithosphere_2023_320.pdf
by guest
on 09 July 2024



transmitted contact force. The formed force chain struc‐
ture is staggered and scattered through the tailing sands
particles. It is constantly changing under the action of
external force, thus affecting the macroscopic mechanical
behavior of tailing sands. With a vertical load of 100 kPa,
the contact force chain network in peak shear stress state
(the red is the chain under tension and the black is the
chain under compression) of tailing sands samples that have
experienced 0 and 5 times DWCs are shown in Figures 13
and 14.

At the beginning of shear, a velocity to the right is
provided to the lower part of the direct shear box. The force
chain changes from the lower left part of the shear box,
and the contact force becomes larger. During the shearing
process, the force chain slowly extends from the lower left
corner to the upper right corner. At the peak shear stress,
the force chain at the shear band is thicker and the contact

force is larger. Comparing the force chain of the samples
before and after the DWC, it can be seen that under the
effect of DWCs, the force chain at the shear band presents
an obvious tree-root distribution. The change in force chain
during the shearing process can be defined as the 4 stages
of occurrence, development, failure, and residual (the force
chain of the samples subjected to 0 and 5 times DWCs with
a water content of 18% are shown in Figure 15).

(a) At the stage of occurrence (OA section), the force
chain is evenly distributed inside the sample in the shape
of a fishnet, with no obvious direction. (b) The sample is
subjected to continuous shear force, and the force chain
enters the development stage (AB) stage from the occur‐
rence stage (OA stage), in which the force chain presents
a certain direction. It begins to show the characteristics of
tree root distribution. (c) At the peak shear stress condition,
it enters the failure stage (BC section). At this stage, the

Figure 13: Distribution of force chains (tailing sands samples experiencing 0 drying and wetting cycle). (a) 10% water content; (b) 12%
water content; (c) 14% water content; (d) 16% water content; and (e) 18% water content.
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force chain shows obvious thickness characteristics at the
crack area. At the edge of the crack area, the force chain
is thicker. Due to the destruction of the bond between
particles in the crack area, the force chain in this gradually
becomes thinner, and the number gradually decreases. (d)
At the residual stage (CD segment), due to the reduced
bonding between particles in the fracture zone, the force
chain is refined and the number is reduced, resulting in
an obviously thicker force chain network at the boundary
of the fracture zone. Especially in the failure and residual
stages, the force chains near the cracks of the samples
subjected to DWCs show significant differences. The force
chain number and thickness of the samples subjected to
the DWCs are larger than those without DWCs. In the
sample, particles in a region with dense force chains bear
and transmit the largest force, resulting in the formation of
damage in this area.

4.4. Mesoscopic Crack Evolution Characteristics. When local
stresses (i.e., moments of tension, shear, or particle rotation)
applied within the sample are greater than the strength of
the bonds between the particles, these bonds break and
form a fracture surface. During the loading process, the
relationship between the loading time step and the number
of cracks inside the tailing sands sample is shown in Figure
16.

During the shearing process, the crack evolution can be
divided into 3 stages, first is the stage of no cracks, the
second is the stage of slow crack development, and the
third is the stage of rapid crack development. In the first
stage of crack development, there was no bond breakdown
inside the tailing sands sample, and therefore no cracks
were generated. Cracks continued to generate within the
second stage, but the number of cracks was very small. In

Figure 14: Distribution of force chains (tailing sands samples experiencing 5 drying and wetting cycles). (a) 10% water content; (b) 12%
water content; (c) 14% water content; (d) 16% water content; and (e) 18% water content.
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the third stage, the crack continued to develop, and the
speed of crack propagation increased rapidly.

Under the action of DWCs, the cracks of tailing sands
samples with different water content showed different
evolution characteristics during the shear process (as shown
in Figure 17). With the same water content, the number of
cracks inside the tailing sands samples under the action
of DWCs is larger than that without the DWC. In the
shearing process, there are shear cracks caused by friction
slip or rotation, and tension cracks caused by tension or
compression. It can be seen from Figure 17 that the cyclic
drying and wetting makes the samples more susceptible
to shear cracking and tensile cracking during the shearing
process. Except for the 14% water content condition, the
number of shear and tension cracks was greater than that
of the samples without experiencing wetting and drying
cycles. The number of cracks in samples with different water
content is different, and the influence of water content on
crack evolution does not show a uniform law. Under the
condition of shear failure, the number of cracks in tailing
sands samples without cyclic drying and wetting are 1203

(10% water content), 1284 (12% water content), 1515 (14%
water content), 1002 (16% water content), 1247 (18% water
content), and the number of cracks is the largest when the
water content is 14%. The number of cracks in the tailing
sands samples after 5 DWCs are 1271 (10% water content),
1593 (12% water content), 1246 (14% water content), 1355
(16% water content), 1338 (18% water content), and the
number of cracks is the largest when the water content is
12%

4.5. Failure Mode. After reaching the peak shear stress,
the distribution of internal cracks (among which green is
shear cracks caused by compression, blue is the shear cracks
caused by tensile, and red is tension cracks) of tailing sands
samples with different water contents under the action of
cyclic drying and wetting is shown in Figures 18 and 19 .

At the beginning of the shearing process, a few cracks
first formed on the central plane along the shearing
direction. With the continuous application of shear stress,
the sample without experiencing DWCs was subjected to
greater stress in the area of the coarse force chain. The bond

Figure 15: The phase change of the force chain. (a) Tailing sands sample experiencing 0 drying and wetting cycle and (b) tailing sands
sample experiencing 5 times drying and wetting cycles.

Figure 16: Relation curves between the numerical step and the crack number of tailing sands with different water content. (a) Tailing
sands sample experiencing 0 drying and wetting cycle and (b) tailing sands sample experiencing 5 times drying and wetting cycles.
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Figure 17: Characteristics of crack evolution of tailing sands under the effect of dry and wet cycling and water content. (a) Shear crack, (b)
Tension crack, and (c) Total crack.

Figure 18: Cracks distribution of tailing sands experiencing 0 drying and wetting cycle. (a) 10% water content; (b) 12% water content; (c)
14% water content; (d) 16% water content; and (e) 18% water content.
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between particles was destroyed and the number of cracks
continuously increased, resulting in the development and
penetration of cracks and eventually formed a large fracture
surface. Under the action of cyclic drying and wetting, the
bond force between particles weakened, and more cracks
were formed at the failure surface (this is also confirmed in
Section 4.4). The development of cracks led to the forma‐
tion of perforated crack surfaces on the central plane of
the sample. The comparison of the shear cracks and tensile
cracks number in the tailing sands samples when shear
failure occurs is shown in Figure 20. It can be found that
the samples that have not experienced DWCs and those that

have experienced 5 DWCs show the same characteristics
that the number of shear cracks is greater than that of
tensile cracks. The tailing sands samples exhibited a shear
failure mode.

5. Conclusions
To explore the effects of water content and DWCs on
the shear mechanical properties of tailing sands, direct
shear tests were carried out. The changing characteristics of
shear mechanical parameters under different water content
and number of DWCs were analyzed. Further analysis of

Figure 19: Cracks distribution of tailing sands experiencing 5 drying and wetting cycles. (a) 10% water content; (b) 12% water content; (c)
14% water content; (d) 16% water content; and (e) 18% water content.

Figure 20: Comparison of the number of shear cracks and the number of tensile cracks. (a) Tailing sands sample experiencing 0 drying
and wetting cycle and (b) tailing sands sample experiencing 5 times drying and wetting cycles.
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the mesoscopic mechanical behavior of tailing sands was
carried out by using a discrete particle flow model. Based on
the above study, the following conclusions can be drawn.

(1) With the increasing number of DWCs, the shear
strength decreases, and the shear displacement
corresponding to the shear strength becomes
smaller. At 16% water content, the shear strength is
higher than other water content conditions.

(2) The cohesive force increases first and then decreases
with the increase in water content. With the
increasing number of DWCs, the cohesive force
decreased to varying degrees. As the number of
DWCs increases, the decline trend of cohesion force
becomes more and more gentle.

(3) The internal friction angle increases first and then
decreases with the increase in water content, and has
a maximum value at optimum water content of 16%.
As the number of DWCs increased, the internal
friction angle gradually decreased, and the reduction
rate became larger and larger.

(4) With the effect of DWCs, the force chain of the
sample gradually thickens and shows obvious tree-
root shape and directional characteristics. In the
shearing process, the force chain of the tailing sands
sample is characterized by 4 stages: occurrence,
development, failure, and residual.

(5) The number of internal cracks of tailing sands
samples that subjected to cyclic drying and wetting
is larger than that without cyclic drying and wetting.
The DWCs break the bond between the particles,
making it more susceptible to internal cracking. The
number of cracks in tailing sands samples with
different water contents is different, but the effect on
the number of cracks does not show a certain
regularity.
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