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Abstract: Tailings ponds serve as high-potential energy structures designed to store waste tailings
and other industrial materials. However, they can give rise to significant environmental pollution and
pose a substantial threat to social and economic development, as well as the safety of people’s lives
and property. Seismic disasters can cause liquefaction of tailings, leading to destabilization and dam
failure of tailings ponds, and the evolution of dynamic pore pressure of tailings can indirectly reflect
the destabilization process of tailings ponds. Fine grain content is one of the main factors affecting
the dynamic strength and pore pressure development of tailings. This article studies the microscopic
characteristics of tailings material through microscopic observation, triaxial testing, discrete element
simulation, and grain contact state theory, aiming to analyze the influence mechanism of fine grain
content on the micromechanics of tailings. Based on the grain contact state theory, the tailings with
different fine grain contents are classified into three types: coarse grain tailings, intermediate-size
grain tailings, and fine grain tailings, and the grain contact is classified into four different states. In
contact state 1, the vibration pore pressure exhibits a “fast-stable” development mode with increasing
vibrations. In contact state 2 or 3, the vibration pore pressure develops linearly with vibrations. For
contact state 4, the development of vibration pore pressure presents a “fast-stable-sharp” development
mode. The effect of fine grain content (FC) on the liquefication of the tailings studied in the present
work is as follows. When the fine grain content is FC < 30%, the liquefaction resistance of the tailings
decreases with the increase of FC. When FC > 30%, the liquefaction resistance increases with the
increase of FC. When FC = 30%, the liquefaction resistance is the lowest, indicating that the critical
threshold of the fine grain content of the tailings studied in the present work is FCy;, = 30%.

Keywords: grain contact state; fine grain content; tailings material; microscopic observation; discrete
element simulation (PFC3D)

1. Introduction

In China, tailings ponds are mostly constructed using upstream dams. In such tailings
ponds, the grains of the tailings are relatively fine, leading to noticeable variations in the
spatial distribution of grain composition. Consequently, there are significant disparities in
the mechanical properties and permeability coefficient of the tailings material [1]. Therefore,
applying prior knowledge derived from conventional sand and soil research to tailings
engineering can inadvertently result in issues such as overly risky or excessively conser-
vative designs. Hence, it holds paramount theoretical significance and practical value to
investigate the impact of fine grain content on the mechanical properties of tailings.

Generally, the content of fine grains significantly impacts the dynamic strength and
pore pressure development of soil and sand [2]. At present, the influence of fine grain
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content on the strength characteristics of sand has attracted global attention from both
academic and engineering communities. Many researchers have studied the matter at
various depths, recognizing its significance and relevance in their studies. Seed et al. [3]
discovered that the soil liquefaction resistance strength demonstrated an increase in correla-
tion with the rise in fine grain content, while utilizing identical normalized SPT (Standard
Penetration Test) strokes. Vaid et al. [4] found that the increase in fine grain content reduced
the anti-liquefaction ability of saturated sandy soil, which was completely contrary to
the findings of Amini et al. [5] and Monkul et al. [6]. According to Polito et al. [7], for a
given void ratio, the anti-liquefaction capacity of fine-grained sand decreased first and
then increased with the increase of fine grain content, with the lowest anti-liquefaction
strength appearing when the fine grain content was in the range 37~50%. Xenaki et al. [8]
pointed out that for a given void ratio, the fine grain content that led to the lowest saturated
soil anti-liquefaction strength was 44%. Wand et al. [9] conducted tests on sand with a
fine grain content of 0 to 40%, and the results showed that the liquefaction resistance of
the sand was the lowest when the fine grain content was 33%. Phan et al. [10] conducted
a consolidated undrained triaxial test on sand-silt mixed soil with a fine grain content
ranging from 0% to 60% and found that the soil strength first decreased and then increased,
with the lowest soil strength appearing when the content was 50%. Lv [11] found that the
critical point of dynamic characteristics change of silt was when the fine grain content was
in the range of 40~70%, accompanied by a clay content of 12%. Cao et al. [12] found through
vibrating triaxial tests that the effect of clay content on the dynamic strength of silt was not
monotonous, and the soil sample was most likely to be damaged when the clay content
was 9%. Similar findings have been reported by Liu et al. [13], who conducted liquefaction
tests on Nanjing silty fine sand with three clay contents and found that the liquefaction
resistance did not change monotonically with the increase of clay content, with the lique-
faction resistance being the lowest when the clay content was about 10%. Zhou et al. [14],
Liu et al. [15], Ruan et al. [16] and others conducted cyclic loading tests on saturated
sand with different fine grain contents and achieved many research results [17-23], which
further proved the existence of the critical content. Besides the dynamic strength change
of sand/soil due to grain content variation, scholars have also focused on studies of the
effect of fine grain content on the dynamic pore pressure of saturated silt [24-26]. For
instance, Zhao et al. [27] analyzed the influence of clay and silt content on pore pressure
development mode based on traditional methods and energy analysis methods. Zeng and
Liu [28-31] and Wang et al. [32] conducted many cyclic loading tests on saturated silt with
different silt contents to study the impact of silt content on the development of saturated
silt vibration pore pressure. Hasan Eker et al. [33] reached the conclusion that substituting
volcanic ash material for silicate cement enhanced the strength of paste backfill mixtures at
specific cement ratios. Furthermore, it was determined that incorporating volcanic ash in
the cemented paste backfill (CPB) improved the mixture’s durability against sulfate attack.
Deniz Adiguzel et al. [34] conducted a thorough examination of the influence of grain size
distribution on the rheological behavior of tailings. Additionally, they proposed a method
to effectively manage the impact of variations in grain size distribution on the pumpability
of the slurry. Qian Bi et al. [35] concluded that the effect of fine grain content on the stability
of tailings dams could not be described by a simplistic function. Cui Minjuan et al. [36]
concluded that, in microbially cured sandy soils, calcium carbonate crystals accumulated
as grain clusters on the surface of sandy soil grains and at interparticle contacts. The size of
these clusters increased with the degree of stacking of calcium carbonate crystals. In sandy
soils with smaller grain sizes, the interparticle pores are more readily filled and compacted
by calcium carbonate crystals. Consequently, the cured specimens exhibited a larger pro-
portion of effective calcium carbonate crystals, resulting in a stronger structure and higher
lateral compressive strength. Wang Y et al. [37] reached the conclusion that the dynamic
modulus of elasticity of sandy soil exhibited a decrease as the fine grain content increased.
However, this trend reversed when the fine grain content surpassed 30%. Similarly, the
damping ratio demonstrated an increasing trend followed by a subsequent decrease with
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an increase in fine grain content, with the critical content also being 30%. Notably, these
research results were attained mainly through fittings of pore pressure test results.

In general, both domestic and foreign experiments predominantly employ fine sand
with specific grain sizes to investigate the impact of fine grain content on the mechanical
properties of soil. Moreover, they primarily focus on the dynamic strength characteristics
of soil, resulting in limited reporting on the effects of fine grain content on the mechanical
properties of tailings material. This study, however, adopts the grain contact state theory as
a foundation. It integrates microscopic observation experiments, cyclic dynamic triaxial
tests, and discrete element simulations to examine the dynamic pore pressure and dynamic
strength characteristics of on-site tailings material with varying fine grain contents. The
objective is to obtain a comprehensive understanding of how fine grain content influences
the engineering properties of tailings.

2. Theory of Grain Contact State of Mixed-Size (Coarse and Fine) Tailings

In order to describe the influence of fine grain content on the mechanical properties
and mechanical response of sand with mixed-size grains, Thevanayagam [38] introduced a
classification by dividing the sand grains into two groups: coarse grains and fine grains.
This division was based on a grain size threshold of 74 um. The author introduced the
concept of grain contact state, where the mechanical properties of the mixed-size sand are
determined by the contact state between the coarse and fine grains.

The change in grain contact state affects the microstructure of tailings composed of
coarse and fine grains, which can lead to changes in the basic physical properties, shear
characteristics and circulation characteristics of the tailings. For mixed-size tailings, there
exists a critical threshold of fine grain content, denoted as FCy,. If FC < FCy,; the structure
of the tailings is mainly constructed by coarse grains, otherwise, the structure is mainly
built on fine grains. With the increase of FC, the grain contact state of the mixed-size
tailings varies across four types, as shown in Figure 1:

(1) Contact state 1: Coarse grains are in direct contact, fine grains completely fill the
pores between coarse grains, the structure of the tailings is completely composed of
coarse grains, and the mechanical properties of mixed-size tailings are completely
determined by the coarse grain fabric, as shown in Figure 1a;

(2) Contact state 2: A small number of fine grains participate in the contact between
coarse grains, and most of the fine grains fill the coarse grain pores. The structure
of the tailings is composed of coarse grains and a small number of fine grains. The
mechanical properties of the tailings are mainly determined by the coarse grain
fabric, which has an impact on the mechanical properties of the tailings, as shown in
Figure 1b;

(3) Contact state 3: Most of the fine grains participate in the contact between coarse
grains, and a small number of fine grains fill the pores between coarse grains. The
structure of the tailings consists of fine grains and a small number of coarse grains.
The mechanical properties of the tailings are mainly determined by the fine grains,
but the coarse grains still have an impact on the mechanical properties, as shown in
Figure 1c;

(4) Contact state 4: The coarse grains have no direct contact, and the contact between fine
grains is independent of the coarse grains. The structure of the tailings is completely
composed of fine grains, and the mechanical properties of the mixed-size tailings are
completely determined by the fine grain fabric, as shown in Figure 1d.
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Figure 1. Schematic diagrams that demonstrate the four contact states of mixed-size tailings (a—d).

3. Undrained Cyclic Dynamic Triaxial Test
3.1. Experimental Instruments and Material

In this experiment, KTL-DYN10 dynamic triaxial equipment, as shown in Figure 2,
was selected. The hardware system included an axial loading device, a dynamic confining
pressure control room, a back pressure controller, and an 8-channel high-speed control and
acquisition device. The software system was a DSP high-speed digital control system with
a maximum operating frequency of 10 Hz and a maximum dynamic stress amplitude of
+10 kN.

Figure 2. KTL-DYN10 dynamic triaxial equipment.

The test samples used in this work were taken from an iron tailings dam in Sichuan,
and the raw material was the main construction material for the dam. According to the
“Geotechnical Test Code: GBT 50123-2019” [39], it is necessary to presort the coarse and
fine grains before preparing the samples. The specific screening method was to use 1 mm
and 0.074 mm sieves to screen the soil samples, which had been dried at 110 °C. After
the screening, grains whose sizes were in the range of 0.074 mm to 1 mm were defined
as coarse grains, and those smaller than 0.074 mm were defined as fine grains. This test
used cylindrical samples with a diameter of 50 mm and a height of 105 mm, which were
compacted in four layers. After consolidation, the dry density p; of the samples was
controlled at around 1.68 g/cm?. Figure 3 shows the grading results of coarse and fine
sand grains.
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Figure 3. Coarse and fine grain size distribution curves.

3.2. Experiment Procedure and Scheme

After the samples were prepared, a back-pressure controller was first used to detect
their air tightness, and then CO; saturation, water head saturation, and back-pressure
saturation methods were adopted to increase their saturation to 98% (B > 0.98). These
tests were conducted under undrained conditions using a stress amplitude cyclic loading
method with a test frequency of 1 Hz. Three dynamic stresses () were tested, which were
56, 60, and 64 kPa, and the confining consolidation pressure was fixed at 100 kPa. In the
present work, the liquefaction point (1 = 03) was adopted as a criterion for terminating the
test. More details of the experimental scheme are provided in Table 1.

Table 1. Experimental scheme.

Sample No. Coarse Grain Content Fine Grain Content CSR

1# 100 0

2# 90 10

3# 80 20

4# 70 30

5# 60 40

6" 50 50 0.28,0.30, 0.32
7# 40 60

g# 30 70

9# 20 80

10%* 10 90

1n# 0 100

Note: CSR = 24

203"

4. Experimental Results and Discussion

Section 4.1 introduces microscopic observations of the grains by the XRD and SEM
tests. XRD tests were used to observe the tailings grain composition, and SEM tests were
used to observe the morphology of tailings grains. The pore pressure development pattern
of the tailings material with different fine grain contents was investigated. Section 4.2
presents a numerical investigation of the dynamic strength variation of the tailings material
due to the change in fine grain content, where force chain and inter-grain contact force
played important roles.

4.1. Influence of Fine Grain Content on Pore Pressure Development of Tailings Material

Figure 4 shows the dynamic pore pressure development processes of tailings material
with different fine grain contents. It can be found that when the fine grain content is
10%, the sample vibration pore pressure development consists of two stages, presenting a
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‘fast-stable’” development mode. The first stage is a fast-growth stage, in which the pore
pressure rapidly increases within a few vibration cycles. In the second stage, the pore
pressure increment gradually slows down and tends to stabilize. When the content of
fine grains is 30%, the vibration pore pressure of the sample develops linearly. For the
sample with a fine grain content of 100%, the development of pore pressure can be divided
into three stages, presenting a ‘fast-stable-sharp’ development mode. The growth of pore
pressure is fast in the initial stage, stable in the mid stage and becomes very sharp in the
late stage.
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Figure 4. Dynamic pore pressure development curves of tailings material with different fine grain
contents (a—c).
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To explore the microscopic properties of coarse and fine grains, the samples were
analyzed using XRD (X-ray Diffraction) testing and SEM testing [40]. The results from
various tests can complement and verify each other.

Figures 5 and 6 show the XRD test results and suggest that the tailings material is
mainly composed of quartz, illite, chlorite, and dolomite (as well as trace amounts of
feldspar, calcite, and metal minerals). As can be seen from the figures, both coarse and fine
grains are mainly composed of quartz (non-viscous mineral) and illite (viscous mineral)
but with very different component ratios. The content of quartz in the coarse grains is
much higher than that of illite, providing the coarse grains with higher hardness and
lower viscosity. In the fine grains, the content of quartz decreases, and the content of illite
increases, resulting in lower hardness and higher viscosity.

15Si0,
2 KAL(Si,Al)O,,(OH),
1 3 (Ma.Fe. AD.(Si.AD,O,-(OH)
\ ke~ . LY L A ST /S (11N /8

4 .CaMg(CO,),
5Fe,0,

H T I s I
W ' A S Tl O VT O

L7 coarse grains’

~ fine grains
10 20 30 40 50 60 70 80 90
20 (°)

Figure 5. XRD diffraction pattern.

Quartz content (%)

Dolomite content (%)

Other mineral content (%) Chlorite content (%)

Figure 6. Comparison of compositions of coarse and fine grains.

Figures 7 and 8 present SEM pictures of some coarse and fine grains, respectively.
From the analysis results, the coarse grains are all in granular form (Figure 7c), while the
fine grains are mainly flakes mixed with little granular grains (Figure 8c,f). In addition, the
figures suggest coarse and fine grains are also different in surface morphology and contact
form. Coarse grains primarily exhibit edge-to-edge and edge-to-surface contacts (Figure 7b),
whereas fine grains predominantly display edge-to-surface and surface-to-surface contacts
(Figure 8b,e).
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Figure 8. Fine grain shape and surface topography (a—f).

The aforementioned phenomena are elaborated as follows. When FC = 10%, the grain
contact is in state 1, and the tailings are mainly composed of coarse grains, suggesting that
the mechanical properties are completely determined by the coarse-grain fabric. Consid-
ering that the coarse-grain tailings are mostly granular grains with great hardness and
the grains are mostly in edge-to-edge and edge-to-surface contacts, the adhesion between
grains is expected to be low. In the initial stage of cyclic loading, the poor structure and
low adhesion make the pore water pressure increase rapidly. As the loading progresses,
the recombination of grains slows down the growth rate of the pore water pressure.

When FC = 30%, the grain contact is in state 2 or 3, and the tailings consist of both
coarse and fine grains, which determine the mechanical properties of the sample together.
Under the action of cyclic load, some fine grains play a lubricating effect in the pores
between coarse grains, weakening the friction force between coarse grains and accelerating
the growth rate of pore pressure. At the same time, the other fine grains wrap coarse
grains and reduce the growth rate of pore pressure. The combination of the above two
mechanisms makes the pore water pressure increase stably throughout the test.

When FC = 100%, the grain contact is in state 4, and the tailings are similar to fine-
grain sand. The mechanical properties of the sample are completely determined by the
fine-grain structure. Since the fine grains are mostly flaky grains with low hardness and
exhibit side-to-surface and surface-to-surface contacts, the tailings structure is expected to
be weak but with high adhesion. At the beginning of the cyclic loading, the fine grains with
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low hardness enable the pore water pressure to increase rapidly. As the loading progresses,
the coarse grains are embedded in the viscous fine grains, which slows down the growth
rate of the pore water pressure. At the late stage, the recombination of grains speeds up the
pore water pressure growth rate again.

4.2. Influence of Fine Grain Content on Dynamic Strength of Tailings Material

The critical threshold of fine grain content, denoted as FCy,, is an important parameter
to distinguish the main structure composition of mixed-size tailings. When FC < FCy,
the grain contact of mixed-size tailings is in state 1 or 2. Since fine grains have no or little
effect on the mechanical properties of the tailings, coarse grains construct the main tailings
structure. The void ratio of the structure is called the intergranular void ratio, denoted
using es, and can be obtained by the following formula,

e _€+fc
s*l_fc

where ¢ is the total pore volume of the soil, f. is the fine grain content (mass percent-
age number).

When FC > FCy,, the grains of the mixed-size tailings are in contact state 3 or 4. Most
or all the coarse grains are surrounded by fine grains and become isolated, resulting in
little or no direct contact between coarse grains. Thus, coarse grains have little effect on
the mechanical properties of the tailings. In such a case, the fine grains construct the main
structure of the tailings, and the inter-fine grain void ratio ey is defined as:

)

or = &

F= 7

As shown in Figure 9a, when FC < 30%, the grain contact is in state 1 or 2, and the
tailings are dominated by coarse grains, which thereby form the main structure of the
tailings. The fine grains are unable to fill up all the pores between coarse grains. Therefore,
the dynamic characteristics, in this case, are mainly determined by coarse grains. As the
content of fine grains increases, the void ratio formed between the coarse grains increases

as well, which reduces the direct contact between coarse grains and subsequently weakens
the interaction force inside the tailings and the dynamic strength of the tailings.

@

@ Fc=0%

@ Fc=10%
Fc=20%

@ Fc=30%

0.34 |-

0.32 |

o
) 0.30 [
(®)

|
|
0.26 |- |
]

10 100

(a)

Figure 9. Cont.
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Figure 9. CSR-N[, curves under different fine grain contents (a,b).

In Figure 9b, FC > 30%, the grain contact is in state 3 or 4, and the fine grain content
further increases. In such a case, the fine grains not only fill the pores between the coarse
grains but also wrap the coarse grains, so the coarse grains are no longer involved in
constructing the main structure of the tailings. Thus, the dynamic characteristics of the
tailings, in this case, are mainly determined by the fine grains. Since the void ratio between
fine grains decreases with the increase of fine grain content, the dynamic strength of the
tailings shows an opposite changing trend to that of the case where FC is less than 30%.

4.3. Micro-Mechanism Analysis

The section studies the micro-mechanism of mixed-size tailings using the discrete
element method [41,42]. To verify the rationality of the model parameter selection, Figure 10
compares the stress—strain relationship curve simulated by the PFC static triaxial shear test
on a sample with a fine grain content of 30% with that from an indoor triaxial shear test
under a confining pressure of 100 kPa [43,44]. Although there is a tiny gap between these
two curves, their development patterns are generally consistent, proving the effectiveness
of the discrete element model and indicating that the determined contact model parameters
in the discrete model are reasonable.

500

400 1282

v

9— experiment
simulatio

N
=1
=]
T
O

Deviator stress (%)
8
]

=
o
o

2 4 6 8 10 12 14 16 18
Axial strain (%)

Figure 10. Stress—strain curve comparison between simulation and experiment results.
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After the model validation, discrete element models with different fine grain contents
were established to reproduce the cyclic triaxial loading process of the mixed-sized tailings.
The determined coarse and fine grain microscopic parameters and content ratios are listed
in Tables 2 and 3.

Table 2. Grain parameters in the discrete element model.

Grain Size

Grain Type Contact Mode k,; (N/m) ks (N/m) n_bond (N) s_bond (N) Fric
Range (mm)

Coarse 1~0.075 Linear contact 1 x 108 1 x 108 — — 0.5

Fine 0.075~0.001 Adhesive contact 1 x 10° 5 x 106 4 x 103 4 % 103 0.5

Table 3. Grain content ratios in the discrete element model.

Sample No. Coarse Grain Content/% Fine Grain Content/%
1 90 10
2 80 20
3 70 30
4 50 50
5 30 70

4.3.1. Force Chain Analysis

The influence of fine grain content on the dynamic strength of tailings material can be
explained by the microstructure characteristics [45]. The microstructure of tailings is highly
intricate, as it encompasses a collection of grains or grain clusters of varying sizes that form
through one or more connectivity methods. The different combinations or contact modes
between grains are called “force chains” [46,47], which directly affect the macroscopic
mechanical state of the tailings.

The density and thickness of the force chains represent the contact status and contact
strength between grains and can thereby reflect the main structure of the tailings. The
force chain distributions of the DEM samples with different fine grain contents after the
consolidation is shown in Figure 11.

Figure 11. Cont.
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(d)

Figure 11. Distribution of force chains with different fine grain contents. (a) FC = 10% (b) FC = 20%
(c) FC = 30% (d) FC = 50% (e) FC = 70%.

Vertical force transmission and lateral force transmission are the most common force
transmission methods in granular systems. Generally, strong chains mainly transmit force
vertically, as shown in Figure 12a. The tree-like structure presented by complex force
chain networks is formed due to the transmission path of this force. The force shown in
Figure 12b is mainly transmitted horizontally. During horizontal force transmission, the
force needs to overcome resistance, such as friction and rotation, causing the force chain in
this direction to be generally weak.

Particle2 Particle3

(b)

Figure 12. Force transmission between grains. (a) Vertical force transmission (b) Horizontal

force transmission.

It can be seen from Figure 10 that with the increase of the fine grain content, the fine
grain bears more and more force, resulting in a reduction of strong force chains and an
increase of weak force chains. The distribution characteristics of the force chain are mainly
determined by the stiffness and number of grains. In the consolidation stage, the greater
the stiffness and the fewer grains, the higher the strength of the force chain formed, and
vice versa. Therefore, in the binary grain structure, coarse grains with higher stiffness
tend to form strong chains, and fine grains with lower stiffness tend to form weak chains.
With the increase of fine grain content, strong chains are gradually replaced by many weak
chains, leading to a change in the structure of force chains. As the weak force chains further
grow, the contact between coarse grains no longer exists, and the structure of the strong
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force chain is destroyed. In such a case, the force chain distribution is dominated by the
weaker ones.

4.3.2. Grain Contact Force Analysis

The micro fabric has an essential influence on the macro mechanical properties of
tailings. Rothenburg and Bathurst [48,49] proposed an equation to describe the relationship
between the two, which uses the Fourier series to express the distribution functions of the
normal contact force and tangential contact force between grains.

f(n)(e) = fo {1 — a,c082 (9 — Gf)] (3)

f(1)(6) = —foarsin2(0 — ;) )

where f,,)(0) and f(;)(0) are the distribution functions of the normal force and tangential
force of indirect contact of grains, respectively, 8 is the angle of contact direction, fj is the
average normal contact force relative to all contacts, 0 ¢ and 6; represent the main directions
of normal contact force anisotropy and tangential contact force anisotropy, respectively,
a, and a; are Fourier series coefficients, and their values reflect the degree of anisotropy
development of the tailings.

The influence of fine grain content on the structure of tailings can also be quantitatively
described through the indirect contact force of grains [50]. Figures 13 and 14 reveal the
pattern variation of the initial indirect contact forces of mixed-size grains caused by the
change in fine grain content. In Figure 13, the range of 0° to 330° represents the distribution
of contact force directions between the tailings grains. Typically, the range of 90° to 270°
is defined as the normal direction of grain contact force, while the range of 0° to 180° is
considered the tangential direction of grain contact force.

Figure 13. Normal contact force between grains with different fine grain contents. (a) FC = 10%
(b) FC =20% (c) FC = 30% (d) FC = 50% (e) FC = 70%.
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Figure 14. Tangential contact force between grains with different fine contents. (a) FC = 10%
(b) FC = 20% (c) FC = 30% (d) FC = 50% (e) FC = 70%.

As depicted in the figures, with an increase in the content of fine grains, both the
initial normal contact force and the initial tangential contact force decrease. When FC < 30%
(FC = 0%, 10%, 20%), the normal contact force between grains is greater than the tangential
contact force, and the mechanical properties of the tailings are mainly determined by the
strong chains constructed by coarse grains. When FC = 30%, the normal and tangential
contact forces are both relatively small and evenly distributed, resulting in the lowest
li-quefaction resistance of the tailings. When FC > 30% (FC = 40%, 50%, 60%, 70%, 80%,
90%, 100%), the normal contact force is weaker than the tangential contact force, and the
mechanical properties of the tailings are mainly determined by the weak force chains
constructed by fine grains. Moreover, the normal contact force is mainly distributed in
the vertical direction, whereas the tangential contact force is mainly distributed in the
horizontal direction, indicating that both of them have undergone a deflection as the
content of fine grains increases.

5. Discussion

1.  Inthe present work, we classify the tailings into three types, which are coarse-grain
tailings, intermediate-grain tailings and fine-grain tailings, by introducing the theory
of grain contact states. In total, there are four different grain contact states, which
are defined using the fine grain content as a criterion. In the section that discusses
the pore pressure development pattern of tailings, we provide an interpretation of
the dynamic pore pressure development of tailings from a microscopic perspective.
This interpretation takes into account the particle composition and morphology, and
is achieved by combining XRD (X-Ray Diffraction) tests with SEM (Scanning Electron
Microscope) tests. To analyze the dynamic strength of the tailings, we employed
discrete element simulation. This approach enabled us to create a more realistic
simulation by generating large and small grains of varying sizes within the model
and assigning them different contact types. Subsequently, we analyzed the dynamic
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strength of the tailings material using contact force analysis, force chain analysis, and
intergranular contact force analysis.

In this study, we have examined the fine grain content with a variation of 10%.
However, we acknowledge the potential for a more detailed division of the fine grain
content, such as FC = 28%, FC = 30%, FC = 33%, and so on, which we have not
explored extensively in this work. Indeed, this represents the direction of our future
research endeavours.

The occurrence of earthquakes can induce liquefaction in tailings, potentially result-
ing in the destabilization and failure of tailings ponds. Currently, the criterion for
tailings liquefaction primarily considers a macroscopic perspective. However, it is
important to note that the liquefaction phenomenon itself represents a macroscopic
manifestation of abrupt changes in the structure of tailings. To comprehend this
phenomenon, it is necessary to investigate the dynamic pore pressure and dynamic
strength of tailings materials. Notably, substantial variations exist in the dynamic
pore pressure and dynamic strength of tailings materials with different fine grain
contents. Therefore, studying tailings materials with varying fine grain contents holds
significant importance in enhancing our understanding of the phenomenon.

6. Conclusions

Investigation of the influence of fine grain content on the mechanical properties of

tailings material has significant practical value for tailings engineering. This article studies
the microscopic characteristics of tailings material through macro and micro experiments,
discrete element simulations, and grain contact state theories, aiming to understand the
micromechanical mechanism of tailings with different fine grain contents. The main
conclusions are as follows:

@

@)

®)

@)

As the fine grain content increases, the grain contact state changes. Based on the
theory of grain contact state, tailings with different fine grain contents are divided
into coarse grains, intermediate-size grains, and fine grains. When the grains are
in contact state 1, the vibration pore pressure exhibits a “fast-stable” development
mode with the vibration. When the grains are in contact state 2 or 3, the vibration
pore pressure develops linearly with increasing the vibrations. For grains in contact
state 4, the development of their vibration pore pressure presents a “fast-stable-sharp”
development mode.

There are significant differences in microscopic observation results between coarse
and fine grains. The content of quartz in coarse grains is much higher than that of illite,
while the content of quartz in fine grains decreases and the content of illite increases.
In terms of grain morphology, all coarse grains exist in granular form, with most of
them in edge-to-edge and edge-to-surface contacts. However, the majority of fine
grains are sheet-like grains, mainly in edge-to-surface and surface-to-surface contacts.
The variation in dynamic strength of tailings with different fine grain contents was
comprehensively examined by constructing a discrete element simulation model that
incorporated various fine grain contents. The dynamic strength was analyzed by
investigating the distribution of force chains and inter-grain contact forces. This
approach provided a detailed understanding of how the dynamic strength of tailings
varies with different fine grain contents.

With the increase of FC, the liquefaction resistance of tailings material first decreases
and then increases. For the tailings material studied in the present work, its critical
threshold of fine grain content (FCy,) is 30%. When FC < 30%, the grain contact is in
state 1 or 2, and the liquefaction resistance decreases with the increase of FC. When
FC > 30%, the grain contact is in state 3 or 4, and the liquefaction resistance increases
with the increase of FC. The lowest liquefaction resistance occurs when FC = 30%.
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