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Abstract: Significant interest has been focused on recovery rates, recovery options, and recovery
utilization when tailings impoundments are re-mined. However, the stability of the tailings dams
during the recovery process is also a severe issue. Based on engineering geological surveys and
laboratory tests, the evolution of the Tongling tailings impoundment’s instability characteristics under
different recovery heights and diverse working conditions was analyzed by numerical simulation.
Firstly, with the help of 2D software, the position of the tailings dam infiltration line and the alteration
of the dam safety factor during the stoping process were calculated. Secondly, 3Dmine (2017) software
was used to create the 3D surface structure of the tailings impoundment, and then a 3D numerical
analysis model was established by means of Midas GTS NX software. The numerical simulation
of seepage and stress analyses were conducted based on the model. Consequently, the evolution
of the stability characteristics of tailings dam under different operating conditions was calculated.
The research demonstrates that the dry beach length of the tailings pond gradually reduces with a
decrease in the extraction height, resulting in a lower infiltration line. Under flood conditions, the
saturation line has partial overflow due to the poor seepage discharge capacity of the dam. The total
displacement of the dam body is inversely proportional to the retrieval height. The more extreme
the analyzed working conditions, the more the safety factor will be reduced. Additionally, the
plastic variation area of the dam body will be more comprehensive, which will increase the risk of
a dam collapse.

Keywords: tailings impoundment stoping; dam stability; displacement field; stress fields; different
working conditions; numerical simulation

1. Introduction

Tailings impoundments are usually used to accumulate various types of mineral
wastes generated in the process of mining and beneficiation, and are essential facilities for
mine safety production [1-4]. The treatment and management of tailings present signifi-
cant global environmental and economic challenges. Inadequate management of tailings

impoundments can result in severe environmental pollution and disasters [5]. In Europe,
research primarily focuses on tailings impoundment management and pollution control [6].
Researchers are actively working on innovative techniques, including mechanochemical
activation methods, to enhance resource recovery rates and reduce waste production [7].
Additionally, various safety monitoring measures have been implemented to prevent pol-
lution from tailings impoundments, particularly heavy metal contamination [8]. In the
Americas, research is centered on assessing the environmental impacts of tailings impound-
ments. For instance, studies have revealed that tailings impoundment leakage can have
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profound effects on downstream lake systems [9,10]. The research direction in Africa is
significantly different from that in Europe and the United States. Africa is rich in diamond,
platinum group, and other metal resources, which produce a large amount of such metals
every year, providing opportunities for carbon remediation methods such as alkalinity pro-
duction and mineral carbonation. How to reduce the impact of tailings on the environment
and human beings is an important research topic in Africa [11,12].

Tailings impoundments pose potential hazards. Yin et al. summarized the characteris-
tics of tailings ponds in China, which are numerous in number, multifarious in types, and
occupy an extensive land area [5]. Edraki et al. reported that numerous tailings dams have
collapsed over the years, bringing catastrophic damage to the economy, residents’ lives,
and ecosystems downstream of the tailings impoundments [6]. A tailings impoundment
failure would not only destroy mine infrastructure, but the spilled tailings would also lead
to serious damage to the surrounding ecological environment [7-10]. Secondary disasters
such as landslides, floods, and debris flows will occur if a tailings dam fails [11-13]. Luino
et al. presented that in 1985, a tailings pond collapsed near Stava in northern Italy, killing
286 people [14]. On 8 September 2008, a particularly serious tailings dam burst occurred in
Shanxi, China, resulting in 281 deaths and significant economic losses to the residents of
the mine and downstream [15], which was reported by Gomes et al. In November 2015, the
Fundao tailings pond in Brazil collapsed, releasing over 50 million cubic meters of tailings.
Villages downstream were washed away, and the surrounding ecosystem was destroyed.
Agurto Detzel et al. informed that in November of the same year, the Samarco tailings
pond in Brazil was destabilized, leaking over 30 million cubic meters of tailings [16]. On
25 January 2019, the tailings pond failed catastrophically in Brumadinho, Brazil, killing
363 people and causing serious environmental pollution [17], which was reported by Silva
Rotta et al.

A large quantity of existing tailings impoundments is out of use in China, which
have outstanding potential problems. The basic flood discharge facilities of the abandoned
tailings impoundments cannot be checked and maintained in time, which will lead to
the tailings impoundments becoming dangerous reservoirs and increasing the risk of a
tailings dam breach. Meanwhile, the tailings contain a variety of complex heavy metal
ions, and the heavy metal pollution of tailings is a severe environmental problem [18-20].
Tailings contain a variety of helpful components that can be recycled [21-23]. If tailings
impoundments can be reasonably remined, it not only enables the rational recycling of
resources but also dramatically reduces or even eliminates the risk of tailings pond collapse
and reduces the tailings pond failure rate [24-27]. Furthermore, reclaiming abandoned tail-
ings impoundments brings certain economic benefits to mines and protects the ecological
environment [28-30]. Tailings generally have high water content and high compressibil-
ity [31,32]. It is a significant potential threat to mine safety and production [33], which was
proposed by Wei et al. Unlike ordinary reservoirs, tailings impoundments contain various
chemical substances produced in the mineral processing process [34,35]. Moreover, the
diameter of the tailings is small, the mechanical properties are poor, and the shear strength
is low [36-38]. In the process of the continuous accumulation of tailings, tailing materials
will produce chemical siltation, biological siltation, and physical siltation, resulting in a
reduction in the consolidation and drainage capacity of tailings ponds, which will make
them more susceptible to dam failure [39-41]. Additionally, Zhang et al. summarized that
as the tailings dam body is raised, the risk of dam failure increases [42]. External factors
such as heavy rainfall, flooding, and earthquakes can also exacerbate tailings impoundment
accidents during the operation of tailings impoundments. Previous studies have found
that tailings dam reservoir levels, tailings reservoir drainage systems, foundation stability,
seepage effects, seismic liquefaction, the depth of the infiltration line, the flooding of the
dam, and the length of the dam’s dry bank are the most critical factors directly affecting the
safe operation of tailings ponds [43—45]. Therefore, based on the above research results, it is
of great theoretical significance and practical value to carry out seepage analyses, flooding
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analyses, and seismic analyses for the safe operation of tailings dams. Designing reasonable
mining plans for the tailings ponds is also necessary.

There are few studies on the stability analysis of the dam body during tailing reservoir
mining. However, tailing pond mining is a dynamic process. In the process of mining, the
dam will reduce the load slowly, and the height of the dam body will decrease gradually.
The combined effect of these can cause changes in the dry beach length and the buried depth
of the infiltration line, which will affect the stability of the dam. Since the Tongling tailings
impoundment is adjacent to an open-pit stope, the dam’s stability is directly related to the
safety production of the whole mine. The Tongling tailings impoundment is a valley-type
tailings impoundment. In a valley-type tailings impoundment, two-dimensional analysis
cannot fully evaluate the displacement field and stress field variation characteristics in the
three directions of the tailings dam. The main purpose of this research is to analyze the
stability characteristics of the Tongling tailings impoundment under different recovery
heights and diverse working conditions. The instability characteristics of the dam body
are calculated under different working conditions (such as strong rainfall, floods, and
earthquakes) by a combination of 2D and 3D numerical simulation analysis. As a result,
the Tongling tailings impoundment retreatment plan has not yet been implemented in the
actual engineering. It is essential to design a reasonable mining plan for the tailing pond.
This analysis makes it possible to identify the main factors affecting the stability of the
dam in advance, and it is helpful in taking the appropriate protective measures in later
engineering practice. The stoping of the tailings impoundment is of great significance to
the ecological environment and the safe production of mines. Moreover, the research can
provide a corresponding reference for later engineering practice.

2. Materials and Methods
2.1. Study Area

This research paper focuses on valley-type tailings impoundments. Valley-type tail-
ings impoundments are a preferred safe storage method for tailings, mainly established in
regions with rugged natural landscapes or numerous mountains, such as South America,
North America, Asia, and some areas of Africa. Based on a comprehensive analysis of simi-
lar tailings impoundments around the world, we found that most of the disasters caused by
this type of tailings dam are due to intense precipitation and earthquake events. Typically,
valley-type tailings impoundments are located in low-lying areas at the mouth of a valley,
resulting in a relatively large catchment area but with limited flood regulation capacity.
Therefore, in the regions we have studied, the primary considerations for the stability
of tailings impoundments are various extreme conditions, such as intense precipitation,
floods, and earthquakes.

The Tongling tailings impoundment has been out of service for many years (Figure 1).
An open-pit mine has been opened near the tailings pond, which is located within the open
pit boundary (Figure 2). In order to ensure the safety of the open pit, the Tongling tailings
pond now needs to be written off and progressively re-mined. After recovery, the tailings
will be transferred to another tailings pond in the mine. After the mining is completed, all
tailings facilities will be dismantled, eventually restoring the original gully landform.

® Study area
1:32,000,000

Figure 1. Overview of the study area.
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Figure 2. Engineering geological map of the tailings dam (14 are section lines).

The initial dam is stacked from an elevation of 1220.0 m. The current tailings elevation
is 1255 m, and the stacking dam height is 35 m. Approximately 486,500 m® of tailings
have been stockpiled in the impoundment. There are 27 sub-dams in total. The average
slope ratio of the dam is 1:3.0. Moreover, the total storage capacity of impoundment is
540,000 m>. By reviewing China’s tailings pond design code, the design grade of the tailings
impoundment is fourth class. The tailings impoundment has been used to 1255 m, with
2 m remaining to the design final accumulation elevation of 1257 m. The Tongling tailings
impoundment covers an area of approximately 0.038 km?, with a dry beach length of
approximately 170 m and a water area length of about 120 m.

2.2. Re-Mining Process of the Tnilings Dam

Before analyzing and calculating the tailings pond, a detailed survey was launched
on site, and samples were brought back for relevant physical and mechanical property
analysis. The main components of the tailings are silty clay, silt, and silt sand.

The analysis shows that the materials in the tailings impoundment have a high water
content, low strength, and slow percolation under natural conditions.

Combined with the buried depth of the infiltration obtained from the engineering
surveys, the tailings impoundment materials are divided into two parts by the infiltration
line. These are the unsaturated tailings above the infiltration line and saturated tailings
below the infiltration line. In accordance with the current status of the mine and the physical
and mechanical properties of the tailings, the unsaturated tailings above the infiltration
line in the dry beach area will be recovered by a combination of water gun flushing and a
floating sand pumping vessel. In contrast, the saturated tailings below the infiltration line
will be recovered by a floating sand pumping vessel.

There are four main stages of the tailings dam recovery process, namely, the current
tailings accumulation elevation (1255 m), recovery to half of the dam (1238 m), recovery to
the top of the initial dam (1220 m), and recovery to half of the initial dam (1210 m). The
subsequent analysis is based on these four stages.

2.3. Stability Analysis Model and Material Parameters
(1) Analysis model

In order to make the results of the subsequent numerical simulation analysis more
representative of the overall stability of the tailings pond, the most unfavorable profile
for the subsequent analysis was selected, that is, the maximum longitudinal section along
the tailings pond trench (as shown in Figure 3). The profile model has a height of 70 m
and a length of 360 m. The tailings deposition pattern is coarse at the top and fine at the
bottom, and the tailings particle size is coarse before the dam and fine at the end of the
dam. The structure of the tailings is heterogeneous and anisotropic. According to the
geotechnical engineering investigation report of the tailings pond (Project No.: 15ZG389-
PMN-51-0007) and the drilling lithological data, the analysis section was divided into
six material zones: silty sand tailing, silty soil tailing, tail silty clay, initial dam, filter dam,
and dam foundation (Figure 3).
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Figure 3. 2-2' Section material division diagram and rock core photograph.

(2) Calculation parameters

In order to ensure that the simulation calculation results are consistent with the actual
situation of the mine and to ensure calculation accuracy, it is necessary to select the calcula-
tion parameters accurately. A detailed survey of the tailings impoundment was conducted,
and multiple representative sampling points were set in the tailings impoundment. A
large number of samples (approximately 130 kg) were retrieved. The samples were then
processed in strict accordance with the relevant geotechnical test protocols (Figure 4). Soil
mechanical tests were launched, such as density tests, tailings consolidation tests, perme-
ability tests, direct shear tests, etc., as shown in Figure 3. After processing the measured
data, the simulation calculation parameters of the tailings pond were obtained. In order to
ensure the reliability of the data during the tests, multiple parallel tests were carried out for
each test. The results are summarized in Table 1. The values of the material parameters for
the two-dimensional and three-dimensional analyses are taken strictly from Table 1.

Figure 4. The samples and experiments: (a—c) site sampling; (d-g) laboratory test.
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Table 1. Calculation parameter value table.
Wet Modulus of Saturated Unit Internal Cohesive Osmotic
Materials Unit Weight Compressibility Weight Friction Angle Forces Coefficient
v (KN/m?) Es v (KN/m?) ©) C (KPa) (cm/s)

silty sand tailing 21.5 8.41 22.1 28.9 8.1 415 x 1074
silty soil tailing 18.8 4.04 18.4 18.5 10.0 41x10°°
tail silty clay 18.7 3.76 19.0 135 12.6 45 %1072
initial dam 23.0 3.73 23.0 32.0 120.0 1.0 x 10~°
filter dam 20.5 - 21.0 30.0 10.0 1.0 x 1073
dam foundation 25.6 - 26.0 60.0 100.0 52 x 107>

2.4. The Basic Principles of Seepage Calculation
2.4.1. Darcy’s Law

In 1856, Darcy determined the relationship between seepage velocity (V) and hydraulic
slope (AH/L) by launching a large number of penetration experiments. Afterwards, the
famous Darcy’s law was proposed. This law shows that the velocity of water is not only
related to the hydraulic gradient but also to the permeability of the soil [46]. Darcy’s law is
given by Equation (1)

Q

AH

where V is the flow rate, Q is the flow rate, and A is the section area, which corresponds
to the cross-sectional area of the sand column in the experiment. k is the permeability
coefficient. AH is the head loss, i.e., the difference in head between the upstream and
downstream overflow sections. L is the length of the percolation path, and | is the hydraulic
gradient. The formula is only proposed for the case of laminar flow. In the operation of the
tail mine, the vast majority of seepage is a part of the laminar flow, to which the formula
can be applied.

Under rainfall and flood conditions, the shear strength of the tailings will gradually
decrease and seepage will gradually cause slip damage to the dam [47]. The initial shear
stress of the tailings can be obtained by Equation (2)

0323
7. = 0.00821yRS* (T) @)

where p; is the dry density of the tailings, S is the percentage of clay content, p is the density
of clear water, and R is the hydraulic radius.

2.4.2. 3D Seepage Field and Stress Field Coupling Principle

(1) The fundamental differential equation for the calculation of 3D steady seepage.
The fundamental differential equation for calculating three-dimensional steady seep-
age is expressed as Equation (3) [48]

d( on\ o[ oh\ o[, ok
ax(k"ax> + ay(kyay> + az<kzaz> =0 3)

where } is the head function, and ky, ky, k; are the permeability coefficients in the x, y,
z directions, respectively. The following two types of boundary conditions need to be
satisfied for a steady seepage field.

The water head is the first type of boundary condition and is obtained using Equation (4).

h|I'1 = h(x,y,2) (4)
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The flow rate is the second type of boundary condition, is equal to zero, and can be
obtained using Equation (5).

oh oh oh
kxg cos(n, x) + ky@ cos(n,y) + kz& cos(n,z)|T, =0 ®)
Since the free surface of the seepage is the flow surface, there is no inflow or outflow
of flow, so the seepage free surface also needs to satisfy the following conditions, which are
given by Equation (6).
h=z (6)

I'1 and I'; constitute the full boundary conditions in the 3D space, and the seepage
field inside the tailings dam body can be obtained by solving the finite element equations.

(2) Coupling principle of 3D seepage field and stress field.

In MIDAS/GTS, pore water pressure is calculated through seepage analysis to de-
termine fluid permeability. The effect of seepage on stress is mainly realized by applying
osmotic force to the soil in seepage. The total stress is divided into effective stress and pore
water pressure [49,50]. Since water cannot withstand shear stress, the mechanical effect
of effective shear stress is the same as total shear stress, so the total stress expression is
assumed as Equation (7).

Oyx = Oxx’ + Ugp
Oyy = Ty’ + thaw
Oz = 027 + Uy

(7)
Toy = Ty
Tyz - Tyzll
Tzx = Tzx

In the formula, oy, 0yy, 02z, Oxy, 0yz, 02y are the stress components of a certain point in
space, KPa. 0y, 0y, 07, 0y, 0y, 07, are the effective stress components at a point in space,
KPa. uy, is the pore water pressure, KPa.

The pore water pressure can be divided into steady pore water pressure and excess

pore water pressure, which is given by Equation (8)

Uy = Psteady + Pexcess 8)

where Pstmdy is the steady pore water pressure, KPa. Pycess is the excess pore water pressure,
KPa. Equation (9) can be obtained from Hooke’s law.

Uxx/

1 -v —v 0 0 0 *,

: v 1 -v 0 0 0 Tyy

o e o o o o 1l-v —v 1 0 0 0 O

e e e e e e _ - 2z
(SX/syl €2/ ,)/xy/ ,YyZ/r)/Zx) - E 0 0 0 2+2'U 0 0 0_./ (9)

0 0 0 0 2420 0 P

0 0 0 0 0 2420/ | o

Ole

E is Elastic Modulus, MPa. v is the Poisson’s ratio of the material. ey, €y, €z, Yxy, Tyz,
Yzx are the line and tangential strains at any point in space.

In Formula (7), the steady pore water pressure is determined by the height of the
underground water level, and its derivative is zero. Equation (10) can be obtained.

Uy = Pexcess (10)
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According to Formulas (7) and (10), Formula (9) can be solved. The stress and strain
state of any point in the tailings dam can be obtained by solving Formula (11).

Si . hd
ox — P

g.f 1 —v —v 0 0 0 .x | excess

.]/ -0 1 —0 0 0 0 oy — Pexcess

g.ez = l v v 1 0 0 0 0.'2 — Pexcess (]1)
e E|] O 0 0 2+2 0 0 {_

1 0 0 0 0 2420 0 o
Vyz 0 0 0 0 0 2+20 Tyz
,Y.e Txz

zX

2.5. Two-Dimensional Seepage Analysis of the Tailings Dam
2.5.1. Analysis of Dam Infiltration Lines at Different Elevations

The height of the tailings dam and the length of the dry beach in tailings impoundment
design are related to the infiltration line, which is the lifeline directly related to the safety
of the tailings dam. In the process of mining tailings, with the change of the dam height,
the dry beach length is also changed, thus affecting the position of the infiltration line. The
variation of the infiltration line under different stoping elevations was analyzed, and the
seepage characteristics of the tailings pond under various working conditions, which can
provide a reference for subsequent stability calculations, was also determined.

The infiltration line is generally obtained by field measurements, and the defective part
of the field measurement is acquired by seepage calculations. The numerical simulation is
performed using two-dimensional software based on the infiltration lines actually measured
in the field. During the calculations, it was assumed that the upstream water level of
the tailings pond and the downstream water level remained constant for a short period,
therefore, the seepage analysis was performed as a steady flow. In order to make the
calculation results closer to reality, the calculation result is modified according to the survey
data of the field infiltration line.

2.5.2. Two-Dimensional Stability Analysis of Dams

Based on the above infiltration line analysis results, the limit equilibrium method
was used [51,52] to analyze the effects of different elevations and working conditions on
the stability of the dam body during the stoping process of the tailings impoundment.
The different recovery heights are equivalent to the four different recovery heights in
the infiltration line analysis. Southwest China is an earthquake-prone region, therefore,
earthquake influence should be considered in dam stability analyses. (According to the
engineering survey data, the earthquake fortification intensity of the area is 6 degrees, and
the design basic acceleration of ground motion value of the site is 0.05 g.)

The stability analysis takes into account three main operating conditions: (0 The
steady infiltration pressure at the normal reservoir level, the self-weight of the dam, and
the pore water pressure in the foundation of the dam (normal working conditions); @ The
self-weight, the pore water pressure in the dam foundation, and the potential for stable
infiltration pressure at the design flood level (flood working conditions); @) The infiltration
pressure at the normal reservoir level, the self-weight of the dam, the pore water pressure
in the dam and foundation, and seismic loading (special working conditions).

2.6. 3D Stability Analysis of the Tailings Dam under Different Working Conditions

The stability analysis was conducted at different elevations by means of a two-
dimensional analysis. However, the stress and displacement changes within the tailings
impoundment during the operation cannot be derived from the two-dimensional analysis.
Therefore, in order to further determine the variation of the stress and displacement fields in
the tailings pond, a three-dimensional analysis of the tailings pond was launched. 3Dmine
software was used to create the 3D surface structure of the tailings impoundment, and then
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a 3D numerical analysis model was established by means of Midas GTS NX software 2023
v1.1. There are two main approaches: (D If the object of the analysis object is regular, the
terrain conditions are relatively simple, and the terrain fluctuation is not large, the object
profile can be analyzed directly for lateral stretching to generate 3D entities; 2) When the
object of the analysis is located in complex terrain, the terrain is significantly undulating,
and the object of the analysis is irregular. Firstly, it is necessary to generate a realistic
ground surface with 3Dmine software and then couple it with Midas GTS NX numerical
simulation software to generate a more realistic 3D entity for analysis. A combination of
two three-dimensional analyses was used to make the analysis more comprehensive. The
Midas GTS NX numerical simulation software was selected to carry out the analysis.

2.6.1. Three-Dimensional Static Analysis of the Tailings Impoundment

Four different stoping heights were selected to conduct a three-dimensional static
analysis of the tailings impoundment. The overall displacement variation of the tailings
impoundment in the process of mining was analyzed. The tailings dam model has a length
of 690 m, a width of 370 m, and a height of 90 m. The grid cell size is 5 m, and the model
has 97,328 cells and 54,654 nodes. Figure 5 presents the calculation model.

Final tailings
impoundment

Initial dam

Dam foundation

Filter damNo.2 Filter damNo.1

Figure 5. Calculation model diagram.

2.6.2. Three-Dimensional Stability Analysis of the Tailings Impoundment under Different
Working Conditions

(1) Establishment of the 3D model

Due to the low depression in the middle of the tailings impoundment, the surrounding
terrain fluctuates wildly. In the three-dimensional analysis, due to avoiding software focus
on the surrounding high and steep mountains, the accuracy of the tailings pond area
cannot be guaranteed. The dam body at the highest elevation of the tailings impoundment
(1255.0 m) was selected as the analysis model, and a 3D solid was generated from the
calculated profile. The model has a length of 360 m, a width of 80 m, and a height of 80 m.
The grid cell size is 5 m, and the model has 13,472 cells and 15,283 nodes (Figure 6).
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Figure 6. Three-dimensional stability calculation model of the dam.

The MIDAS GTS NX software has a variety of constitutive models, and the Mohr—
Coulomb constitutive model was chosen. Choosing an appropriate constitutive model for
numerical simulation analysis of tailings impoundment is crucial. This is because, under
normal conditions, the stress and strain interactions among tailings are complex, with
nonlinear, elasto-plastic, dilatant, and anisotropic physical properties being common. The
rationality of the selection of the constitutive model is directly related to the accuracy of the
numerical simulation calculations. However, current research does not yet provide a con-
stitutive model for tailings soil that accurately reflects all conditions; most existing models
apply only to tailings soil under certain specific conditions. With the deepening of research
on finite element technology, research on the constitutive models of geotechnical bodies
has greatly improved, and the accuracy of analysis and calculation has also become higher.

This study chose the Mohr-Coulomb model for numerical analysis. The main advan-
tages and disadvantages of this model can be summarized as follows:

(1) The main advantages of the Mohr—Coulomb model are:

(a) Accuracy: the Mohr—Coulomb constitutive model is an empirical clay behavior
model, which can be understood as a mixture of perfectly plastic behavior and linear
elasto-plasticity. Hence, it is more accurate than linear elastic models in describing the
nonlinear behavior of soil;

(b) Applicability: the Mohr-Coulomb model applies to various soil conditions (dry,
wet, saturated, etc.) and soil types (sand, clay, etc.), making it broadly applicable in practical
engineering. In this study, the tailings consist primarily of clay tailings and sand tailings.
Hence, the Mohr-Coulomb model can effectively reflect the dam’s stability under intense
rainfall and flooding;

(c) Completeness: the Mohr-Coulomb theory considers both normal stress and shear
stress, thus evaluating material resistance to damage more comprehensively;

(2) The main disadvantages of the Mohr—Coulomb model are:

(a) Parameter selection: choosing the Mohr-Coulomb parameters is essential but can
sometimes pose difficulties. The accuracy of the parameter selection directly influences the
analysis results” accuracy;

(b) Practical problems: the Mohr-Coulomb model might not suit all types of soil. For
instance, the Mohr—Coulomb model may not accurately predict the behavior of highly
plastic clay or very soft soils.

In this study, the tailings and dam body did not involve highly plastic clay and soft
soil. The tailings soil body was mainly composed of powdery clay tailings and sand tailings.
Therefore, based on the actual situation of the tailings impoundment and considering the
applicability and disadvantages of the Mohr-Coulomb model, this study chooses this
model to more accurately reflect the constitutive behavior of the studied subject.

The strength reduction method (SRM) was selected as the stability analysis method of
the 3D model.

(2) The calculation conditions of the 3D model
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Four analysis conditions were comprehensively considered according to the actual
conditions and the two-dimensional analysis conditions: () Working condition 1 is the
normal water level; @) Working condition 2 is the flood level; (3 Working condition 3 is
a combination of flooding and heavy rainfall (special working condition I); ® Working
condition 4 is a combination of flooding and an earthquake (special working condition II).
The earthquake fortification intensity and the design basic acceleration of ground motion
value are consistent with the two-dimensional analysis.

The values of each material parameter are shown in Table 1. The calculated values of
the safety factors for different operating conditions are summarized in Table 2.

Table 2. Safety factors under different working conditions.

Calculated Minimum Safety Whether Safety
Working Condition Safety Factor Coefficient Allowed Requirements
by Code Are Met
Normal 1.4630 1.45 Yes
Flooding 1.4375 1.1~1.2 Yes
Special I 1.3625 1.05~1.10 Yes
Special II 1.3373 1.05 Yes

In analyzing and comparing the research materials on the stability of valley-type
tailings dams from other regions, it has been found that floods, rainfall, and earthquakes
are the primary factors affecting the stability of such reservoirs. Due to their unique
terrain and geological conditions, as well as hydrological and meteorological conditions
and ecological environment, valley-type tailings dams present a high safety risk. Floods
may lead to scouring and landslides of the dam, and inadequate spillway facilities or
blockages may trigger overtopping due to floods. Rainwater infiltration leads to the rise
of the saturation line, which in turn decreases the stability and strength of the dam and
increases the risk of landslides. Earthquakes can cause geological disasters and landslides
or collapses of the dam, threatening the safety of the tailings dam.

The safety of tailings dams mainly depends on whether the safety factor is reduced,
whether the displacement amount is large, and whether the penetration range of equivalent
plastic area is expanded. By comparing the results of 3D stability and the critical safety
factor, it is clear that the overall dam displacement decreased with the recovery height in
the static analysis. Under the different analysis conditions, the dams are subject to small
displacements, and the strains all occur on the outer slope of the tailings dam. Under flood
and heavy rainfall conditions, the silty sand tailing becomes saturated, increasing the dam’s
self-weight and leading to a lack of slip resistance. A saturated silty sand tailing will have
low strength and poor consolidation and will liquefy during seismic events. Therefore,
there is a certain zone of plastic deformation inside the reservoir under seismic conditions,
which occurs from the top of the initial dam to the middle of the stacked dam.

3. Results
3.1. Variation of the Infiltration Line of the Tailings Dam

By performing seepage calculations on the tailings dam body, the variation law of the
infiltration line of the dam in the process of mining is observed. Figures 7 and 8 show the
results of the infiltration line calculations for tailings dam with different mining heights.

In Figures 7 and 8, a presents the tailings dam elevation, b presents the initial dam,
¢ presents filter dam no. 2, d presents the saturation line, e presents filter dam no. 1, f
presents the tailings dry beach.

From the above calculations, it can be seen that the calculated infiltration line is
substantially similar to the field exploration infiltration line. Since the calculation of the
infiltration line combines different working conditions, it more comprehensively reflects the
stability of the tailings. The dam elevation has a significant influence on the buried depth
of the saturation line. The infiltration line is significantly higher under flood conditions
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indicating that flooding has a more significant impact on the stability of the tailings dam.
Under flood conditions, the tailing sands gradually saturate. Under the action of seepage,
the pore water pressure within the soil decreases, and the shear strength subsequently
decreases, which can cause infiltration damage to the tailing dam body.
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- — 1205.0m

—— ——~Ze~

Figure 7. Seepage calculation (normal working conditions): 1# the dam elevation is 1238 m, 2# the
dam elevation is 1220 m, 3# the dam elevation is 1211 m.
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T m d
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=

Figure 8. Seepage calculation (flooding conditions): 1# the dam elevation is 1255 m, 2# the dam
elevation is 1238 m, 3# the dam elevation is 1220 m, 4# the dam elevation is 1211 m.

With the advancement of the re-mining process, the elevation of the tailings dam
gradually decreases, the infiltration line is reduced, and the length of the dry beach is also
shortened. This is due to the gradual reduction in tailings and industrial waste in the
impoundment during the recovery process, influenced by the deposition pattern of tailing
sand in the reservoir area. The particles of the tailings deposit on the beach successively
change from coarse to fine going from the near to the far end. As a result, the permeability
of the infiltration line from the beginning to the end changes from small to large.
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3.2. Two-Dimensional Stability

Due to the limited space available, the safety factors for the different operating con-
ditions in the recovery process are summarized in Table 3. The calculated values are
compared with the minimum permissible safety factors required by the code.

Table 3. Calculation results of dam stability.

Minimum
Tailings Dam Working Calculated Circle Arc Sliding Safety Factor

Elevation (m) Conditions Safety Factor Radius (m) Allowed

by Code
Normal 1.238 134.574 1.15
1255 Flooding 1.195 133.400 1.05
Special 1.174 132.651 1.00
Normal 1.670 140.594 1.15
1238 Flooding 1.621 140.594 1.05
Special 1.596 140.594 1.00
Normal 1.910 60.384 1.15
1220 Flooding 1.864 60.384 1.05
Special 1.835 30.491 1.00
Normal 3.202 28.258 1.15
1210 Flooding 3.131 28.258 1.05
Special 3.020 28.258 1.00

The accumulation elevation of the tailings pond gradually decreases during the recov-
ery process, the accumulation in the dam gradually reduces, and the total self-weight of
the tailings pond decreases. The infiltration line is directly proportional to the recovery
and accumulation elevations in the previous section. Under each working condition, the
safety factor is inversely proportional to the accumulation elevation, and the safety factor
gradually rises with the elevation reduction. The overall relationship between the safety
factor value of the three operating conditions is normal working conditions > flood working
conditions > special (earthquake) working conditions (Figure 9).
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Figure 9. Change of dam safety coefficient.

3.3. Three-Dimensional Stability
3.3.1. Statical Analysis Results

At the elevation stage of 1255 m-1238 m, the minimum principal stress, the maximum
principal stress, and the maximum shear stress are all positive values (Figure 10). There
is both tensile and compressive stress at this stage, which is mainly concentrated in the
tailings reservoir area. The maximum shear stress decreases in a laminar pattern from
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bottom to top in the reservoir area, indicating that the shear stress is mainly influenced by
self-weight.
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Figure 10. The calculation of 1255 m-1238 m: (a) the minimum principal stress cloud atlas, (b) the
maximum principal stress cloud atlas, (c) the maximum shear stress cloud atlas, (d) the excursion
cloud atlas.

When mining to the crest of the initial dam, the minimum principal stress and the
maximum shear stress are positive, and the maximum principal stress is negative, indicating
that there is tensile stress in the reservoir area. The maximum shear stress decreases in a
laminar pattern from bottom to top in the reservoir area, indicating that the shear stress is
mainly influenced by self-weight. After mining, small displacement changes will occur in
the dam, mainly occurring in the position of the tailings impoundment (Figure 11).
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Figure 11. The calculation of 1238 m-1220 m: (a) the minimum principal stress cloud atlas, (b) the
maximum principal stress cloud atlas, (c) the maximum shear stress cloud atlas, (d) the excursion
cloud atlas.
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At the elevation stage of 1220 m-1211 m, the maximum shear stress is in the upper
part of the dam, where the shear stress is minimal and gradually increases in the direction
of the ground in a laminar pattern (Figure 12). The shear stress is mainly influenced by self-
weight. After stoping, the displacement is 0.095 m, which may be caused by the fact that
the actual flushing production cannot be determined by the water gun flushing method.
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Figure 12. The calculation of 1220 m-1211 m: (a) the minimum principal stress cloud atlas, (b) the
maximum principal stress cloud atlas, (c) the maximum shear stress cloud atlas, (d) the excursion
cloud atlas.

During the mining process, the tailings dam gradually decreases from 1255 m to 1211
m, and the displacement mainly occurs in the middle of the tailings dam. The displacement
decreases from 0.126 m to 0.095 m, the total displacement is small, and the tailings dam
foundation can remain stable during the whole mining process. The tailings pond is mainly
affected by compressive stresses generated by self-weight. Although there is a certain
displacement, considering that the actual construction method of the reservoir is hydraulic
mining, the displacement is negligible.

3.3.2. 3D stability Analysis Results under Diverse Analysis Conditions

(1) Normal working conditions

Under normal conditions, the safety factor value of the strength reduction calculation
is 1.4630. The total displacement is mainly at the dam top. The amount is 0.443 m, which
is slightly larger than the static analysis. The maximum shear strain and the equivalent
plastic strain under these conditions are found to be in approximately the same location.
The maximum shear stress and equivalent plastic strain diagrams reveal that the main
strain is at the back end of filter dam no. 2, where the deformation is small (Figure 13).

(2) Flooding conditions

Under flooding conditions, the safety factor value of the strength reduction calculation
is 1.4375. The value of the safety factor is lower than the normal working conditions, and
the total displacement is about 0.305 m. According to the equivalent plastic strain cloud
atlas, it was found that there is a particular plastic deformation zone on the front slope
of the dam, and that the excessive region of the equivalent plastic strain becomes more
prominent, which may lead to slip failure (Figure 14).

(3) Special working conditions I: flood + heavy rainfall

The safety factor value of the strength reduction calculation is 1.3625 under the special
working conditions I. The total displacement mainly occurs at the top of the dam. The
amount of the displacement is 0.268 m. The equivalent plastic strain zone mainly occurs at
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filtration dam no. 2 and in the lower area of the dam crest, where the strain zone is larger,
and the safety factor is reduced (Figure 15).
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Figure 13. (a) The safety factor cloud atlas, (b) the excursion cloud atlas, (c) the maximum shear
stress cloud atlas, (d) the equivalent plastic strain cloud atlas.
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Figure 14. (a) The safety factor cloud atlas, (b) the excursion cloud atlas, (c) the maximum principal
stress cloud atlas, (d) the Equivalent plastic strain cloud atlas.
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Figure 15. (a) The safety factor cloud atlas, (b) the excursion cloud atlas, (c) the maximum shear
stress cloud atlas, (d) the Equivalent plastic strain cloud atlas.

(4) Special working conditions II: flood + earthquake

The safety factor value of the strength reduction calculation is 1.3373 under special
working conditions II. Under earthquake conditions, the shear stress in the dam changes,
and a partial plastic deformation zone is generated inside the dam. The deformation zone
runs from the initial dam position to the tail of the dam body, and the penetration area is
expanded (Figure 16).
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Figure 16. (a) The safety factor cloud atlas, (b) the maximum principal stress cloud atlas, (c) the
maximum shear stress cloud atlas, (d) the Equivalent plastic strain cloud atlas.

4. Discussion

Research on tailings dam re-mining at home and abroad has mainly focused on the
replacement of re-mining methods, re-mining equipment, reclamation technology, and the
use of tailings to fill the void area. A comprehensive analysis of the tailings pond around
the stability evolution characteristics of the tailings dam during the re-mining process
is presented to ensure the stability of the tailings dam and the safety of the staff during
the re-mining process. A seepage analysis model at different elevations was established,
and seepage and infiltration line change patterns from an actual 3D ground surface were
analyzed. Four typical retrieval elevations were selected, and various analytical conditions
were considered by means of 2D and 3D numerical simulations. The research reveals
the pattern of the interaction between the recovery elevation and the analyzed working
conditions. The results provide a deeper insight into the changes in the stress field, seepage
field, and displacement field of the tailings impoundment during the recovery process,
which may help us carry out dam safety monitoring and early warning and forecasting
and provide a theoretical basis for the actual construction of the mine.

In the two-dimensional numerical simulation, the dam body was simplified, and the
physical and mechanical parameters were somewhat modified according to the engineering
survey data. The infiltration line calculated by the two-dimensional software has also
been amended. The surrounding geological environment of the tailings impoundment was
simplified in the 3D morphing, and the boundary conditions were set slightly differently
from the actual situation, which may lead to some specific errors. In future studies, it
should be modified and modeled according to the current situation.

Tailings impoundment retrieval is a dynamic process, and only four typical retrieval
heights were analyzed, failing to take any one height into account to calculate its stability.
Therefore, a dynamic simulation of the whole retrieval process should be achieved in our
subsequent study.

5. Conclusions

A combination of field investigation, laboratory tests, seepage theory analysis, and
numerical simulation was used to study the stability of dams with different stoping eleva-
tions in the Tongling valley-type tailings impoundment. Based on the actual situation of
the mining area and the calculation, the following conclusions can be drawn.

(1) In the stoping process, different elevations significantly influence the burial depth
of the saturation line. The lower the retrieval height, the deeper the infiltration line is
buried, which is beneficial to the dam’s stability. However, at the same elevation, a small
portion of the infiltration line will overflow under flood conditions, mainly because the
tailings pond has been out of service for many years and the relevant drainage facilities
have not been repaired and unclogged for many years, resulting in the poor drainage
capacity of the dam, which leads to an apparent uplift of the infiltration line under flood
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conditions. Therefore, before mining the tailings pond in the current project, the drainage
facilities should undergo maintenance, and the drainage device should be dredged to
ensure the stability of the tailings dam during the mining process.

(2) The recovery of tailings ponds is a slow load-shedding process. In the limit
equilibrium analysis, the safety factor increases with the decrease in mining height. The
coefficient of the safety of the dam under different working conditions is greater than the
minimum value allowed by the code, and the dam is always in a steady condition during
the retrieval process. In the three-dimensional static analysis, the higher the dam elevation,
the greater the overall displacement of the tailings pond and the more detrimental it is to
the stability of the dam.

(3) The more extreme the analysis, the less safe the dam. Under extreme working
conditions, the shear stress inside the dam will switch, the shear strength of the dam will
be reduced, and the safety coefficient will decrease too. The equivalent plastic zone will
also expand through the scope. There is an apparent continuous slip surface within the
tailings dam, particularly under seismic conditions. However, under the various working
conditions, the tailing pond is able to meet the requirements for dam body stability and
fulfill the conditions for safe production.

(4) The method developed in the study centers around numerical simulation, which
allows the researchers to assess the potential risks and outcomes related to the stability of
tailings dams during the recovery process. The use of 2D software assists in determining
the position of the tailings dam infiltration line and the changes in the dam safety factor
during the stoping process. The study also incorporates 3D mapping of the tailings im-
poundment with 3Dmine software, enabling a more comprehensive 3D numerical analysis
model established through Midas GTS NX software. Combining these processes provides
them with a clear visual and numerical representation of the impoundment’s state. This
technology-supported approach has many potential applications around the world, es-
pecially in regions where tailings dam failure could pose significant environmental and
human risks. Therefore, this study presents not only a promising avenue for the man-
agement and recovery of tailings impoundments but also highlights the pressing need to
incorporate technology into our environmental management strategies.
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