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Numerical simulation of three-
dimensional seepage field in

a tailing pond under multiple
operating conditions

Botao Fu'?, JingJing Pei'™ & Huaijun Ji*

Establishing strong seepage stability for tailings dams is crucial for ensuring their safety and mitigating
the risk of failure. This study developed a three-dimensional seepage numerical model using finite
element numerical computation for four different elevation conditions (5070 m, 5081 m, 5159 m, and
5213 m) encompassing the pond area and dam body. Seepage calculations were conducted under
normal and flooding conditions, and the tailings pond’s seepage stability was assessed for various
stacking scenarios. The spatial distribution pattern of the infiltration surface and the hydraulic stability
of the tailings pond were evaluated, which provides insights into the three-dimensional infiltration
stability. Examining the seepage stability under different accumulation conditions revealed distinct
spatial distribution patterns of the infiltration surface and hydraulic ratio drop values. The findings
indicated that the maximum permeability slope at 5070 m elevation ranged from 0.66 to 0.75 at
normal operation water level and maximum flood level. Most hydraulic ratio drop values at 5081 m
were below 0.2, while the anti-seepage lining sections at 5159 m and 5213 m showed larger values,
and maintained the overall hydraulic ratio drop within safe limits. Consequently, the dam body’s
permeability was deemed secure, and no infiltration damage was anticipated with the proposed
design of seepage control and drainage facilities. Moreover, sensitivity analysis of the tailing sand’s
permeability coefficient demonstrated that variations between 0.2 and 5 times the given parameter
align with the seepage control requirements for the tailings dam. Additionally, local geomembrane
breakage was found to have minimal impact on the tailing pond’s seepage field and the dam body’s
permeability stability, which provides a scientific foundation for analyzing and designing the seismic
static-dynamic stability of the tailings pond.
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As mines continue to be mined, safety issues arise, and in addition to quarry slopes, the safety of tailings
impoundment dams is of concern. Meanwhile, tailing pond is a man-made mudflow hazard source with high
potential energy and the risk of dam failure. Lyu et al.! classified the causes of accidents into five categories:
infiltration damage, foundation instability, flood overtopping, earthquakes and other causes through the statistics
of tailing pond accidents during 1910-2018 globally, of which infiltration damage accounted for about 21.6%.
Understanding seepage within tailings dams is essential for monitoring the stability and safety of the dams.

In recent years, most scholars have been studying more and more about tailing pond dams, including
theoretical studies>* experimental studies and numerical simulations®~’. Numerical simulation plays an
indispensable role in various fields, providing an efficient and accurate method for solving complex problems
and challenges. With the continuous progress of technology, the application of numerical simulation will be more
promising, bringing more innovations and breakthroughs to academic research and engineering practice®!°. To
analyze seepage transients in tailings dams under the condition of extremely rapid water level decline, Ozer
and Bromwell used limit equilibrium and finite element methods'!. As noted by and Zhang et al.'?, the two-
dimensional model is not able to fully represent the complex and dynamic factors of a seepage field. Thus, their
studies have suggested a new method of numerical modeling of the three-dimensional seepage field in tailings
dams, so that its numerical simulation results are more in line with the actual situation.
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In this paper, a tailing pond is taken as the research object, and the finite element numerical analysis software
is used to carry out three-dimensional seepage numerical simulation of the tailing pond, based on the following
assumptions: the flow of infiltration water in the tailing pond is considered as a laminar flow motion with low
Reynolds number and conforms to Darcy’s law of infiltration, which is calculated according to the stable seepage
flow!3; the horizontal and vertical permeability coefficients of the materials of each partition are assumed to
be equal, and the orthogonal anisotropy is not taken into account. Thus, it better and more accurately reflects
the real state of the tailing pond and further studies the stability of the tailing dam, which is of far-reaching
significance to guarantee the safety and stability of the tailing dam body.

Project overview

A tailing pond adopts the waste rock centerline damming method, which belongs to the first-class bank, with
the main structure level 1, the secondary structure level 3, and the temporary structure level 4. The initial dam
of the tailing pond adopts the crushed waste rock dam type, with a crest elevation of 5070 m, the lowest ground
elevation of the dam axis of 5018 m, the initial dam height of 52 m, the length of the dam crest axis of about
1050 m, the total capacity of the dam of 6970 X 10* m?, and the effective capacity of the dam of 3834 x 10* m?. The
later dam adopts the waste rock damming method, with the design of the final dam crest elevation of 5213 m,
the total height of the dam of 195 m, the length of the final dam crest axis of about 1515 m, and the design of
the final dam crest of 5213 m, and the length of the dam crest axis of about 1515 m. The axis length of about
1515 m, the total capacity of 100,238 X 10* m?3, taking the capacity utilization factor of 0.85, the effective capacity
of the tailings pond is estimated to be 85, 203 x 10 m3, the axis of the dam in the valley of the main ditch to
make a turn, the turn is arranged into a curved section; the sub-dam is proposed to be a crushed waste rock
dam type, a sub-dam top elevation of 5213 m, the height of the dam is 60 m, the top width of the dam is 4 m,
and the length of the axis of the dam is about 534 m. The beach surface of the tailings deposition beach in the
reservoir area, the outer slope of the later waste rock dam, and the outer slope of the sub-dam are identified as
permeable boundaries; the bottom of the whole reservoir adopts the anti-seepage liner for horizontal seepage
control, which is identified as impermeable boundaries; and the surface of the surrounding mountains in the
reservoir area is identified as impermeable boundaries.

Principle of three-dimensional seepage calculation and related parameters

Basic principles of seepage calculations

Tailings dam seepage in actual engineering belongs to three-dimensional spatial seepage, for three-dimensional
stable seepage, the basic equation is:

0 oh 0 oh 0 oh
o (k%) oy <k%) "o (k@) -0 M

where h is the head function; k , k - k,, are the permeability coefficients in the direction of the x, y, and z axes,
respectively.
The above equation is the Laplace equation for a homogeneous isotropic seepage field.

9’h 8°h 9%

szt 5 + 55 = 0 (2)
Its boundary conditions are:
The head on the first type of boundary is known, i.e.
hip, =h(x,y,2) (3)
The flow is zero on the second type of boundary; i.e.
kX% cos (n,x) + ky% cos (n,y) + kz% cos (n,2z) |p, =0 (4)

Since the free surface of the seepage is a flow surface, there is no flow inflow or outflow from the surface, so in
addition to satisfying the above equation on the free surface of the seepage, Eq. (5) also needs to be satisfied.

h=z (5)

I, and T, form the entire boundary of the seepage field in three dimensions.
According to the variational principle, the above-fixed solution problem is equivalent to the following
generalized function taking minimal values.

I(h) = jﬂ { [;k (%) ’ +ky (%) 2 +k, (%) T } dxdydz (6)

When the finite element mesh of the tailings dam is tetrahedral, the four vertices of the tetrahedral cell (Fig. 1)
are numbered i, j, k, and m according to the right-handed spiral law.
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Fig. 1. Tetrahedron element.

Let the values of the head function at the four vertices of the tetrahedral element be h;, h, h, and h_, and
the head is approximately assumed to be distributed as a linear function within the tetrahedral element, and the
permeability coefficient within the tetrahedral element is constant. Thus, Eq. (7) is an interpolating function for
tetrahedral cells with i, j, k, and m as fixed points.

h = oq + oox + a3y + x4z (7)

where a, a

P oy &

5 03, @, are the coefficients. Since h passes through points i, j, k, and m, the expression is Eq. (8).

h = o + oxi + agy; + x4z

h = o + ooXj + agy; + 0z ®)
h = 0 + ooxi + oy + oz

h = o + ooxy + X3y, + X4z

Where (xi,yi,zi), (xj,yj,zj), (Xk,yk,zk), (xm,ym,zm), are the coordinates of vertices i, j, k, and m, respectively. From the
above system of equations, solve for the values of a,, a,, a,, a,, and substitute into Eq. (7) to get the expression
for head H.

1 (‘rLi + biX + Gy + diZ) Hi + (‘dj + ij + Gy + de) Hj

g L 9)
6V (ak + ka + Cky + de)Hk + (a‘m + me + CmY + dmZ)Hm
where v is the volume of a tetrahedral element, i.e.
Ix v %
v :1 1 x Vi %
6|1 xx yr 2k
1 Xm Ym “Zm
Xj Y % Ly (10)
=Xk Vi % | bi=—|1 v %
Xm ylu Zm 1 yln Zm
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c=—|1 xc z | dii=—|1 xk vy
1 X!ll ZIIl 1 X!Il }fln

The expressions for the other coefficients may be determined by the following methods. For example, a. should

be determined as one of (j, k, i, m) or (j, m, k, i) or (j, i, m, k) by the right-handed helix rule with the row labels
k, i, and m of the determinant.

Scientific Reports |

(2024) 14:28027 | https://doi.org/10.1038/s41598-024-75988-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

X Yi %k Xm Ym Zm Xi Vi %
Q=1 Xi Vi Zi |=|Xk Yk Zk | = | Xm Ym Zm (11)
Xm Ym Zm Xi Vi %4 Xk Yk %k

The generalized function of the tetrahedral element e is:

~ 1, (on\’ o\’ o\’
I°(h) = ij { [Qk" (67;) +ky <87\]7> +k, (a—:) :| } dxdydz (12)

The element penetration matrix is:

o1°(H)
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Aij = ﬁ(kxbibj + kycic + k,didy) (1,j =1,j,k, m) (14)

Equation (14) is abbreviated as Eq. (15).

{Gi} =Koy 1)

The seepage field is superimposed by differentiating the generalized function of all cells. To satisfy the condition
that the entire seepage field is extremely small, Eq. (16) is used.

Al(h) _ i 9I°(h) =0 (i=1,2,..n) (16

where m’ is the number of cells with i as the common nodes.
The set of linear algebraic equations for n unknown head nodes, in matrix form, can be written as Eq. (17).

[K[{h} = {F} (17)

where [K] is the total infiltration matrix; {h} is the column vector of heads at the unknown head nodes; and {F}
is the vector of constant columns formed by the heads at the known head nodes.

Modeling of three-dimensional seepage calculations

According to the tailing pond engineering design program and survey basic data, combined with the
topography and geomorphology of the reservoir area and its surroundings and the permeability characteristics
of geotechnical materiall4-16, Taking the bedrock of the reservoir area, the initial dam, the later waste rock dam,
the stockpiled tailings, the seepage control liner, and the sub-dam as the outer boundary of the geometric model,
the three-dimensional numerical model is established according to the surface morphology of the tailing storage
area. According to the topographic characteristics of the reservoir area and the determined geometric model
boundary, the topography of the area where the tailing pond is located is taken as shown in Fig. 2.

Figure 3 shows the three-dimensional seepage numerical analysis model of a tailing pond at 5070 m, 5081 m,
5159 m, and 5213 m elevations. The partitions included in each computational model are listed in Table 1.

In the later stage of operation, additional discharge modes for tailings are employed above the top elevation
of the waste rock dam at 5150 m. These modes include the addition of other branch ditch reservoir tail and
reservoir weekly ore release methods. The locations for these modes are specified to be the middle main ditch, in
front of the sub-dam, and at the foot of the downstream slope of the branch ditch where the branch discharging
field is situated. Consequently, the tailing sand in front of the dam mustn’t be segregated into tailing pulverized
clay at the sub-dam in front of the mine. In the final 5213 m three-dimensional model of the sub-dam, the
partitioning of the tailing sand to the reservoir tailing sand by the main dam tailing sand deposition law aligns
more closely with the engineering realities.

The upper part of the waste rock dam was initially raised in stages using the centerline method. Simultaneously,
the tailing sand partition line in the reservoir was aligned parallel to the inner slope direction of the waste rock
dam. Based on the test results of tailing sand particle size distribution, it was determined that approximately
35-40% of the particles consist of tailing fine sand, while tailing chalk, tailing chalky soil, and tailing chalky clay
account for 20-22%. This classification guided the partitioning process for tailing sand accordingly.

Modeled seepage calculation parameters
Determining the infiltration line of the dam body, the seepage volume of the dam body and dam base, and the
hydraulic slope drop of the dam body out of the escape section are the key objectives of seepage calculation!®18.
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Fig. 2. Topographic map of a tailing pond and the area where it is located.

This analysis plays a crucial role in the stability calculation of the dam body and the design of seepage discharge
facilities. The permeability coefficients of the soil layer in the tailing pond dam body and dam base are presented
in Table 2.

Initial water level conditions

Under different operating conditions, the stacking elevations were 5070 m, 5081 m, 5159 m, and 5213 m. The
head boundaries of the reservoir area are shown in Table 3. The slope of the tailings deposition beach is set at
0.5%. Seepage calculations for the head boundary account for the impact of ore release and rainwater on the
infiltration line. According to the formula, ore-release water covers a significant portion of the beach surface.
Table 3 presents the length of the beach and the water level after chemical diversion.

Seepage calculation results and analysis

A three-dimensional finite element model was established to analytically study seepage in tailings ponds with
stacking conditions at elevations of 5070 m, 5081 m, 5159 m, and 5213 m. The model aims to simulate the spatial
distribution patterns of waste rock dams, infiltration surfaces of tailings and tailing sands within the ponds, and
the characteristics of the spatial distribution of the hydraulic ratio drop in the tailings ponds. This analysis is
conducted across the various stacking elevations and under different operational conditions.

Results of seepage calculations
1) Total head results

Table 4 displays the maximum and minimum total head values of the tailing dam at various elevations and
operational scenarios. Figures 4 and 5 present the outcomes of three-dimensional head computations for normal
and flooding conditions in both top view and cross-section perspectives.

2) Oirifice pressure results
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Fig. 3. Calculation model diagram for different elevations of tailing ponds.
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Table 1. Table of material parameters for tailing pond seepage calculations.
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Permeability coefficient k (cm/s)
Layer of rock and soil Vertical direction Kx | Horizontal direction Ky
Initial dam 50%1072 5.0%1072
Late-stage waste rock dam | 5.0x 1072 5.0x1072
Impermeable lining layer | 1.3%x1073 1.3%x1073
Tailed fine sand 3.75%1074 3.75%1074
Tail silty sand 1.25x 107 1.25x107
Tail loam 3.0%x10°° 3.0x107°°
Tail silty clay 1.0x1077 1.0x1077
Auxiliary dam 5.0x1072 5.0x107

Table 2. Material parameters for tailings pond seepage calculations.

Normal water level Design flood level
Calculation Calculation Elevation of Calculation Elevation
conditions Calculation of of water level | Chemtrail water level Calculation of of water level | Chemtrail of water
(m) beach length (m) | (m) beachcomber (m) | (m) beach length (m) | (m) beachcomber (m) | level (m)
5070 500 5067.5 65.2 5069.67 396 5068.02 8.3 5069.71
5081 500 5078.5 65.2 5080.67 406 5078.97 59.0 5080.71
5159 800 5155.0 81.7 5158.59 748 5155.26 79.1 5158.6
5213 1000 5208.0 90.9 5212.55 950 5208.25 88.7 5212.56

Table 3. Initial water level conditions for seepage calculations.

Normal condition Flood conditions
Calculation conditions (m) | Total head maximum (m) | Total head minimum (m) | Total head maximum (m) | Total head minimum (m)
5070 5069.67 5020.0 5069.71 5020.0
5081 5080.67 5020.0 5080.71 5020.0
5159 5158.59 4990.0 5158.6 4990.0
5213 5212.55 4960.0 5212.56 4960.0

Table 4. Maximum and minimum values of the total head of tailings dam at different elevations and operating
conditions.

Figures 6 and 7 present the maximum sections at various elevations and working conditions in three dimensions,
showcasing the results of pore pressure from both top view and section angles. The analysis reveals that the highest
pore pressure values are concentrated within the lower tailing sand layer, as specified in Table 5 elucidating the
distribution of these pressures.

3) Location of infiltration surface

The calculation results presented in Fig. 8 illustrate the positioning of the infiltration surface at varying
elevations and operating scenarios. The spatial arrangement of the infiltration surface within the tailings storage
dam structure does not exhibit a pronounced three-dimensional impact. Specifically, during flood events, the
infiltration surface in the vicinity of the tailing sand near the inner slope of the original dam is elevated relative
to standard operating conditions. This elevation can be attributed to the increased water levels resulting from the
flood. Notably, the depth of the infiltration surface within the initial dam downstream of the impermeable liner
closely approaches the ground surface in both normal and flood conditions, primarily due to the impermeability
of the geomembrane. Interestingly, the depth of the infiltration surface appears to remain relatively consistent
between flood and normal conditions, indicating minimal variations in this parameter across different scenarios.

4) Flow rate results

The calculation results of flow velocity at various elevations and under different working conditions are depicted
in Figs. 9 and 10 from top view and profile angles, respectively. The results reveal that the highest flow velocity
occurs at elevations 5070 m and 5081 m at the base of the slope beyond the original dam. Similarly, the maximum
flow velocity at elevations 5159 m and 52 m is observed at the base of the slope outside the subsequent waste rock
dam. Detailed numerical values are outlined in Table 6.

5) Hydraulic-specific drop results
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Fig. 4. Top-view total head cloud for different working conditions at each elevation of the tailings

impoundment
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Fig. 5. Total head cloud of different working condition profiles at each elevation of the tailings impoundment

Figures 11 and 12 present the results of the maximum cross-section hydraulic ratio drop for various elevations
and working conditions, depicted from the top view and cross-section perspectives, respectively. Hydraulic ratio
drop denotes the head loss per unit seepage length injury, and it holds significant importance in the study
of seepage deformation and damage, serving as a crucial metric in tailing pond design. Analyzing the figures
reveals that, except the impermeable liner, both the initial dam body and the vast majority of the accumulated
tailings exhibit hydraulic ratio drops below 0.2. The maximum value of the ratio drop within the tailings region is
detailed in Table 7 These findings suggest that the dam body’s permeability is within safe limits, thus minimizing
the risk of seepage damage occurrence.

Analysis of seepage results

The finite element model of the tailing pond was established at elevations of 5070 m, 5081 m, 5159 m, and
5213 m using the three-dimensional finite element method. Subsequently, the seepage field of the tailing dam
at each elevation was calculated, and an analysis of the depth of infiltration surface and infiltration gradient
was conducted under normal operation and flood operation conditions. The calculations revealed that the
seepage field and spatial distribution of the infiltration surface at each elevation did not exhibit significant three-
dimensional effects. Moreover, the permeability of the dam body was deemed safe, with no infiltration damage
observed, owing to the adoption of the proposed seepage control and drainage facilities design. At 5070 m
elevation, downstream of the impermeable liner at the beginning of the dam body, the internal infiltration
surface depth closely approximated the ground surface. The minor difference in depth indicated a maximum
infiltration slope drop of 0.66 and 0.75 under normal and flood operation conditions. The utilization of the
proposed seepage control facilities demonstrated compliance with seepage safety and specification requirements.
Similarly, at 5081 m elevation, effective seepage control measures, including the use of gecomembranes, ensured
that the infiltration surface of the dam body downstream of the liner remained near the ground surface. The
seepage control facilities were found to meet the safety and specification requirements, with the largest hydraulic
ratio drop area observed in the geomembrane position. Furthermore, at 5159 m elevation, the seepage lining
exhibited a higher value, while the hydraulic ratio drop value of the dam body remained within a safe range,
thereby guaranteeing overall seepage safety. Similarly, at 5213 m elevation, the anti-seepage membrane played
a crucial role, leading to the downstream distribution of the internal infiltration surface in the lower part of the
dam. The specific drop values at this elevation indicated a safe hydraulic specific drop value for the dam body
and most of the tailing sand within the reservoir, preventing infiltration damage under both normal and flood
operation conditions. In summary, the comprehensive analysis conducted through the finite element method
highlighted the effectiveness of the seepage control measures implemented in ensuring the safety and stability of
the tailing dam across various elevation levels.

Seepage sensitivity analysis

The effects of permeability change of tailings storage pile construction materials and local breakage of
geomembrane impermeable liner of the main dam and sub-dam on the seepage flow field of tailings storage,
respectively’®2!. Through the sensitivity analysis, further calculation and analysis to demonstrate the
effectiveness and rationality of the design scheme. In the stable seepage period, the boundary types of seepage
analysis are mainly known as head boundary, seepage boundary, and impermeable boundary.

Sensitivity analysis of permeability coefficient

The infiltration line analysis of a tailings dam can be performed by seepage calculations. Based on the results of
seepage calculations in the previous section, the seepage calculations can be simplified by converting the beach
lengths of the calculated conditions to the diverted beach lengths to obtain a diverted reservoir level above the
calculated reservoir level. The head boundary of the flow calculation takes into account the influence of factors
such as ore release and rainfall on the leach line, and is calculated in accordance with the formula that the ore
release water covers most of the beach surface, i.e.

Scientific Reports |

(2024) 14:28027 | https://doi.org/10.1038/s41598-024-75988-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

NODAL SEEPAGE
PORE PRES , kN/m"2

. 96699e+002
. 62137e*002
. 27574e+002
. 93011e+002
. 58448e+002

+2. 238860002

. 89323e+002
. 54760e+002
. 20198e+002
. 56350e+001

+5.10722e+001
+1.65096e+001

. 80531e+001
. 26158e+001
. T1785e+001
. 21741e+002
. 56304e+002

1. 90867et002
2. 25429e+002

. 59992e+002
. 94555e+002
. 29117e+002
. 63680e+002
. 98243e+002
. 32805e+002

NODAL SEEPAGE
PORE PRES , kN/m"2
+1.26483e+003

. 16404e+003
. 06326e+003
. 6246864002
. 61682e+002
.60895e+002
. 60109e+002

. 5TT49e+002
. 56962e+002
. 56175e+002
. 53887e+001
. 53979e+001
. 46185e+002
. 4697164002
. 47758e+002

~4.43544e+002
5. 49331e+002

. 50118e+002
. 50904e+002

8. 51631e+002

. 52478e+002
. 05326e+003
. 15405e+003

NODAL SEEPAGE

NODAL SEEPAGE
PORE PRES , kN/m"2

. 06121e+002

105 saagseronz

2.62861e+002
3. 05496e+002
3.48131e+002
3. 30766e+002

4. T6035e+002
0-B% 5 s610e+002
NODAL SEEPAGE
PORE PRES , kN/m'2
+1. 779244003
6392464003
4392464003
. 35923e+003
. 2192364003
L 0792264003
. 3922164002
. 9921764002
. 5921364002
- 1921064002
. 1920664002
. 3920264002
. 91979e+001
. 08059e+001
- 80810e+002

. 60817e+002
. 00821e+002
. 40825e+002
. 808294002
. 020832+003
. 16084e+003
. 3008de+003
. 44084e+003
~1.58085e+003

(a) Normal condition

HODAL SEEPAGE

PORE PRES , kN/m'2 .

Gt 3709164002 5070m ** mixss 0'4:5};,': :

. 0495764002

e 6296884002 -4 6350064002
T3, 28845e+002 -4 22043e4002
”*2. 9472264002 - “+3. 80586e+002
Ty, 2 50533e4002 %15, 3912904002
2. 4T6er002 - 4y) 97672¢4002
- 92358002 T4 Se216et002
oL 5823064002 5 141596+002
S 24107e002 '72‘?13302«002
Sys. 9384264001 =41 318456+002
TS SEB1 264001 (LA
S g 1Ta82ev001 -y 39312e+001
il 2sdser00t 08,7 47435e+000
54 65079e+001 25 332564001
e 16303er001 N 4394001
3l 1475dev002 L 168964002
Sl dseTTer0n2 Ly 5835304002
S L 33000e+002 1 99810e+002
21y & LTi2ser002 o d1287er002
1.y & Sh2deer0n2 % sor24er0n

2. 85369e+002
3. 1949204002
oy 3. 53615e+002
o3, 8TT38e+002
4. 21861e+002

NODAL SEEPAGE .
PORE PRES , kN/m"2

=
o e
0.4% "

BODAL SEEPAGE
PORE PRES , kN/m"2
+1. 265296003

L 0“‘1. 16532e+003

0ot tessser0ns (2.0, Seorarany
T 653856002 [T P
s 654156002 (W 385, " sorrevans
a1 65445002 4.1% 'smzemz
& 6541564002 5 adsserans
S a5 65504er002 155 rarreeraos

< gy 655352002 9.5 gsug:mz
X 751 srasoeron
52 6353 er002 92 sarataronz

+1.65624e+002

8. 0% . 2012464002

. 56543001
[ Prptton 85383e+001
3. 8% 572026002

34286e+002
34256e+002

- +
2 3. 3422664002

95865e+002
34528e+002
731914002
. 11854e+002
50517e+002
89180e+002
12784e+003
26651e+003
40517e+003
. 543834003

(b) Flood condition

34046e+002
. 034024003
o 5“‘1. 13399e+003

Fig. 6. Pore pressure maps of different working condition profiles at various elevations of the tailing ponds.
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(a) Normal condition

5070m 5081m
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(c) Flood condition

Fig. 7. Pore pressure maps of different working condition profiles at various elevations of the tailing ponds.

5070 396.7 397.1

5081 504.6 504.96
5159 1264.8 1265.3
5213 1779.2 1784.1

Table 5. Maximum values of pore pressure at different elevations and working conditions.

5070m 5081m
5159m 5213m

(a) Normal condition

5070m 5081m
5159m 5213m

(b) Flood condition

Fig. 8. Location of the leaching surface for different working conditions at each elevation of the tailings
impoundment.

L, = 3.31.048 (18)

where L, is the chemically induced beach length, m; L is the calculated beach length, m.

Determine the infiltration line using two-way homogeneous seepage calculations based on the level of
the chemically induced reservoir and the length of the chemically induced beach. The difference between the
normal and flood condition dip line burial depths is small, and the flood condition dip line burial depths for the
maximum profile for each elevation condition are plotted as shown in Fig. 13.

To investigate the impact of altering the permeability coeflicient of tailing fine sand on the seepage field
within the dam body, the permeability coeflicient of the tailing fine sand was manipulated by both enlarging
and reducing it by a factor of five. Meanwhile, the permeability coefficients of the other tailing sand partitions
remained constant throughout the experiment. When the permeability coeflicient of the tailing sand was
increased by five times, the infiltration surface of the dam body exhibited a slight elevation. However, the degree
of elevation was relatively limited, with the maximum elevation reaching approximately 0.5 m. Despite this
increase, the depth of the infiltration surface along the dam slope remained within the specified limits. Notably,
the maximum infiltration gradient remained largely unchanged, highlighting the minimal impact on the overall
stability of the dam body. Conversely, when the permeability coefficient of the tailing sand was reduced by a
factor of five, the infiltration surface of the dam body experienced a slight reduction. The maximum reduction
observed was also around 0.5 m, but the depth of the infiltration surface across various positions on the dam
slope continued to comply with the prescribed specifications. Similarly, the maximum infiltration slope drop

Scientific Reports |

(2024) 14:28027 | https://doi.org/10.1038/s41598-024-75988-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SEEPAGE FLOW

SEEPAGE FLOW
FI FLOR VEL-RSLT , mfsec

LOR VEL-RSLT , m/sec

o) So1zeond S070m gt et

0 . < 0,.0% .

- . 636322005 o oyl 26430e-004

0 . 1‘33202:005 ) D'i::' fgzgée:gg:
o 333232-333 004 1" gor gae-004

0. 0%,

1 88426e-005 ) mﬂ 03443e-004
1 44624e-005 0 \'\\*9' 76958e-005
1 . 00823e-005 o ‘%,‘*"3 19490e-005
— . 57022e-005 ﬂ 1',‘*8.62021e-005
H . 13220e-005 ) D“‘8 04553e=005
H . 69419e-005 ) D(?.41085e-005
= 25617e-005 +6. 89617005

32149e-005
. 74681e-005
. 17213e-005
. 59745e-005
02277e-005
. 44809e-005
. 87340e-005
29872e-005
72404e-005
.14936e-005
74681e-006
. 00000e+000
SEEPAGE FLOR
FLOR VEL-RSLT , m/sec

81816e-005
380142-005
= 94213e-005
M. 50412e-005
- 5gt3. 06610e-005
H . 62809e-005
1o eyt 2 19007e-005
ST 75206e-005
31404e-005
> 76029e-006
38014e-006
00000+000
SEEPAGE FLOR
FLOR VEL-RSLT , mfsec

+1.91694e-004 Ou‘z.euzsde—ood
e - . -
s 5159m oot s
.67732¢-004 ez, 111080004
53745e-004 2. 010542004
1. 51757e-004 2 2% sto01e-004
43770e-004 oty -
357630-004 AT
. 27796004 H t:u 60842a-004
- 19309e-004 -5t 50730e-004
. 11821e-004 % 0737004
1. 03834e-004 -0 1% Sossse-o0d
58468e-005 2% 206320004

+8. 78596e-005
+7.98724e-005

+1.10579e-004
+1.00527e-004

18851e-005 M 2:’9. 04741e-005

. 38979e-005 — Sut8. 04214e-005

> . 59107e~005 — f**‘l. 03687e-005
:,“*‘ 79234e-005 — ;:"6. 03161e-005
+3.99362e-005 +5. 026342-005

+3.19430e-005
+2.39617e-005

+4.02107e-005
*+3.01580e-005

2

1. 59745e-005 | 01054¢-005
L2 ssr2se-00s : ifz. 005272005

+1.25220e~011 +0 ANANAe+ANA

(a) Normal condition

SEEPAGE FLOW
FLOR VEL-RSLT , m/sec
1.78073e-004
0 gy 1- T0653e-004
o o'l 63233e-004
o o'l 55814e-004
o gyl 4833de-004
S 40974e-004
0. 0%

1. 335542004

5070m

+
0. 0%,

SEEPAGE FLOR
FLOR VEL-RSLT , mfsec
o 0‘{‘1' 11855e-004
o +1. 016866004
+9.66020e~005

+1. 22024¢-004
0. 0% 16939e-004
1. 06771e-004

] o.1%

3

0. 0%
0. 0%
+9.15177e~005

0. 0% 5 64334e-005 o1 261350-004

H . 13490e-005 0% 1 18715e-004
= .6264Te-005 ‘:J i“"‘L 11295e-004
- . 11804e-005 0 01‘1 03876e-004
H 60961 e-005 0 0%9. E4360e-005
*6.10118e-005 ‘:I m“& 90363005
*5.59275e-005 ‘:J Iil.“‘s 16166e-005

. 08432e-005 0 [\“7 41969e-005

- . 57588e~005 a N‘S.ST”Ze-OOS
H 067456005 o D5, 93575e-005
. 55902e-005 0 u+5 19378005

. 05059e~005 +4.45182e-005

+3. 70985e-005
+2. 96788e-005
> Syt 2. 22591e-005
Tior1. 4833467005
19,58 41969e-006

0. 00000e+000

. 54216e-005
03373e-00S
. 52529e-005

15 4t 01686e-005
5%. 08432e-006
S0, 0000064000

SEEPAGE FLOR
FLOR VEL-RSLT , m/sec

! . 91716e-004

SEEPAGE FLOR
FLOR VEL-RSLT , m/sec

+2.41479e-004
- *2.31417e-004
+2.21356e-004
+2.11294e-004
+2.01232e-004
+1.91171e-004

. 83727e-004
. T573%e-004
.BT751e-004

59763e-004

51775e-004 FRU
m 43787e-004 o 1!6:1' 811n9e:004
H 35799e-004 o 1“+i.;;g:;e gg:
- | 0. 1% -
H S -2- 1% 1 50924e-004
H 19822e-004 0. 1% a
B o-04 1 e ood XDttt
m . 03846e-004 0. mﬂ' 20739¢-004
aneeo0e 0141 o8 78e-004
] . 786962005 018
o o i omiem
H .18933e-005 0., 04”:_005
— . 390526005 0.2 *
= 59170e-005 U gy 1 04313-005
o v
— 99407e-005 0.6
a 19526¢-005 T 024856005
h, -
e
59763e-005 1415 i
988166-006 o o 00B16e-005

+1.97814e-011
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Fig. 9. Top-view flow velocity cloud for different working conditions at each elevation of the tailing pond.
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Fig. 10. Flow velocity clouds of different working condition profiles at each elevation of tailing ponds.

Calculation conditions (m) | Normal condition (m/s) | Flood condition (m/s)
5070 1.05x107* 1.22x107*
5081 1.38x 107 2.14%x107°
5159 1.92x107* 1.92x107*
5213 241x107 2.41%107*

Table 6. Maximum flow velocities at different elevations and working conditions.

remained relatively consistent, indicating no significant influence on the stability of the dam body from this
reduction in permeability coefficient.

Seepage analysis of geomembrane failure
1) Analysis of geomembrane partial failure conditions.

Geomembrane is a key material used for seepage control, which has a very low permeability coefficient. When a
geomembrane undergoes localized breakage, its impermeability performance is affected. To assess the impact of
geomembrane on the permeability of the whole dam body under the broken condition, the method of localized
geomembrane breakage equivalent to the comprehensive permeability coeflicient amplification is used to
carry out the sensitivity analysis of the impact of localized geomembrane breakage?>~2*. That is, by artificially
amplifying the permeability coefficient of the geomembrane to a certain multiple to simulate the impact of
geomembrane breakage on the overall permeability of the dam body. Thus, it ensures that the seepage control
design of the tailing pond can adapt to the possible breakage of the geomembrane to ensure its safety.

The finite element calculation results show that the distribution law of seepage field under each working
condition does not change much when the integrated permeability coefficient of geomembrane is enlarged 10
times, 20 times and 50 times respectively. That is, the geomembrane local damage to the tailings pond seepage
field and dam body permeability stability impact is very small, the permeability is much smaller than the ore
discharge flow.

2) Analysis of complete failure conditions of geomembranes

For the consideration of partial hazard, the geomembrane permeability coefficient is taken to be the same as
that of the waste rock dam (i.e., 5X 107*m/s), and at this time, the infiltration line burial depths under the four
conditions of tailings impoundment elevation of 5070 m, 5081 m, 5159 m, and 5213 m, respectively, are shown
in Fig. 14. After calculation, in a limited range, with the increase of geomembrane breakage rate, the infiltration
flow of the tailings impoundment dam body does not change much. If the infiltration flow field is to reach the
more ideal state of design, the construction quality of the impermeable membrane should be improved and the
breakage rate of the membrane should be reduced.

It should be noted that local damage to the geomembrane will lead to leakage of tailings wastewater into the
groundwater, which will have a certain impact on the groundwater environment, and thus attention should be
paid to the construction of the geomembrane impermeable body as well as the tailings release and operation
process to ensure that the geomembrane impermeable body is as intact as possible.

Conclusions
According to the engineering geological and hydrogeological conditions of the tailing pond, combined with
the characteristics of the project, a three-dimensional finite element model of seepage reflecting the main dam
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(b) Flood condition

Fig. 11. Cloud diagram of top-view hydraulic specific drop for different working conditions at each elevation

of the tailings impoundment.
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5213m

(a) Normal condition

(b) Flood condition

Fig. 12. Cloud map of hydraulic specific drop of different working condition profiles at each elevation of

tailing ponds.
Calculation conditions (m) | Normal condition | Flood condition
5070 0.66 0.75
5081 0.699 0.87
5159 1.16 1.35
5213 1.61 1.64

Table 7. Maximum specific drop values in the tailing sand region at different elevations and working

conditions.

5070. 0n
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5040, s 4,91
16,26

28,33

Fig. 13. Depth of infiltration lines at different locations of the main dam profile at various elevations of the

tailing ponds.

Fig. 14. Geomembrane complete failure conditions at each elevation of the tailing pond infiltration line burial
depth.
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structure and the engineering hydrogeological characteristics of the reservoir area is established, and the seepage
characteristics of the tailing dam under the condition of controlling the water level are calculated and analyzed,
and the seepage characteristics of tailing ponds operated under the normal working conditions and flooding
conditions of four typical elevation calculation models are mainly analyzed. However, since the boundary
conditions for seepage calculation are determined based on certain assumptions and actual measurement data,
and the boundary conditions may be more complicated and variable in actual engineering, this will limit the
applicability of the model.

1) The natural groundwater seepage field is analyzed inversely based on the engineering geological conditions,
investigated groundwater level data, and the results of borehole pressure tests. The analysis results indicate
that the natural groundwater level simulated through the inverse analysis aligns well with the measured
water level data from the survey. Furthermore, it is found that the seepage numerical simulation results are
reliable, affirming the credibility of the finite element model in characterizing the groundwater dynamics in
the area.

2) The seepage field of the tailing dam was calculated and analyzed at four typical operating elevations (5070 m,
5081 m, 5159 m, and 5213 m) for both the normal operating water level and the highest flood level of the
tailing pond. Various analyses were conducted, including drawing the contour map of the groundwater level,
the infiltration line of the typical section, and the distribution map of the isopotential line. Additionally, the
depth of the infiltration surface and the infiltration slope drop of the dam body were assessed. The results
indicate that, with the implementation of the seepage control facilities designed for tailing ponds, the infil-
tration surface burial depth of the dam body complies with specification requirements. Furthermore, the
infiltration stability of each partition was found to meet the necessary standards.

3) The sensitivity analysis was conducted on the impact of varying permeability coefficients in two groups of
tailings pond accumulation bodies at elevations of 5070 m, 5081 m, 5159 m, and 5213 m. Results indicated
that the distribution pattern of the seepage field within the tailings pond dam body remained consistent
across all operational conditions. Furthermore, the designed measures, including the impermeability of the
geomembrane across the entire reservoir area and the blind ditch seepage discharge system, were found to
effectively satisfy the seepage control criteria for the tailings dam.

The tailing pond employs centerline waste rock dam construction, with a focus on maintaining the normal
functioning of flood discharge and seepage control facilities. The construction quality is strictly monitored to
ensure the safety and reliability of the facilities. The buried depth of the infiltration surface, pore water pressure
distribution, and hydraulic ratio drop of the dam body fall within safe operational ranges. Findings from the
three-dimensional seepage analysis confirm that this tailing pond project meets stability requirements.
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