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Abstract

Due to nonstandard anti-seepage facilities, aging failure, and other reasons, some tailings ponds have seepage problems. After
analysis of the geological and hydrogeological conditions of a lead—zinc mine tailings pond, an interception, blocking, and
drainage (IBD) system engineering scheme was used to comprehensively control the seepage problems there. In addition,
we assessed the effectiveness of a grout curtain from the four dimensions of the point-line-surface-body (the 4D of PLSB),
including a water pressure test (point), drilling and coring survey (line), geophysical test (surface), and a group-holes pumping
test (body). The proposed method provides a comprehensive and accurate understanding of grouting efficiency assessment

from the perspectives of permeability and tightness.
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Introduction

The mining and beneficiation of non-ferrous metal and non-
metallic deposits generate enormous quantities of solid, lig-
uid, and solid-liquid mixed wastes, including waste rock,
tailings water, floating sludge, and smelter slag (Spitz and
Trudinger 2008; Yuan et al. 2022a, b). In general, these
wastes and tailings are temporarily or permanently stored
in tailings ponds. These tailings ponds pose great challenges
for ecological and environmental protection and potential
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geological disasters, such as dam failure, dam overtopping,
acid mine drainage, contaminant transport by rainstorms or
wind, as well as seepage and runoff of contaminated water
(Kemper and Sommer 2002; Romero et al. 2007; Wills and
Finch 2015; Yuan et al. 2021).

Long-term seepage from the foundation of a tailings pond
dam can seriously pollute rivers, lakes, and groundwater
and can cause dam failures and damage to the local eco-
logical and geological environment (Heikkinen et al. 2009;
Shakhane et al. 2022; Sheoran and Sheoran 2006). Rey et al.
(2021) verified that the combined use of electrical resistivity
tomography (ERT) and induced polarisation (IP) methods
were effective for monitoring the structural characteristics of
tailings dams and assessing the leachate contamination area.
Shakhane et al. (2022) showed that internal erosion within
the embankment was a major reason for many tailings dam
failures and delineated two prominent anomalies within such
an embankment in the LetSeng Diamond Mine’s two tailings
ponds by resistivity survey. Buselli and Lu (2006) inves-
tigated the seepage problems at the Ranger tailings pond
in the Northern Territory, Australia using a combination of
geophysical methods (direct current resistivity, self-poten-
tial, induced polarisation, and transient electromagnetic) and
presented an optimal combination of these methods for long-
term monitoring of potential seepage. Of the geophysical
survey methods used to date, direct current resistivity and
electromagnetic geophysical survey methods are sensitive
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to the resistivity of the subsurface discontinuities, while the
results of induced polarisation and self-potential methods
are affected by the electrochemical properties of the ground
as well as its resistivity. Therefore, the induced polarisation
and electrical resistivity tomography methods are the most
effective for use in the detection of seepage areas with high
chargeability values consistently observed over the known
seepage path and the contaminated area (Buselli and Lu
2006; Rey et al. 2021; Gao et al. 2018).

Curtain grouting is one of the most effective ways to
block underground water seepage pathways and reinforce
soil and rock masses, especially in the field of underground
mining and dam foundation (Bonacci and Roje-Bonacci
2012; Gao and Han 2021; Rombough et al. 2017; Yuan and
Han 2020). The main methods used to assess the effective-
ness of grout curtain include theoretical analysis, numerical
simulation, modeling, and geophysical surveys. In practical
engineering, water pressure test are the most popular and
effective method of determining the permeability of rock
masses in curtain grouting efficiency assessment (Huang
et al. 2016; Sadeghiyeh et al. 2013). Other in situ tests such
as acoustic velocity tests, coring and drilling, borehole tel-
evision imaging, and seismic tests also have been commonly
used to evaluate the improvement of rock masses in grouting
(Chen et al. 2015; Han et al. 2015; Lynch et al. 2012). Zhu
et al. (2019) proposed a cloud-model-based fuzzy compre-
hensive assessment method for grout curtain effectiveness,
which considered the permeability and compactness of the
rock mass and the fuzziness and randomness of the grout-
ing process. Chen et al. (2021) used large-scale pumping
tests on site and groundwater numerical simulation based on
FEFLOW to evaluate the water inflow at an iron mine sur-
rounded by an imperfect grout curtain. Yuan et al. (2022a, b)
used cross-hole resistivity tomography to determine grouting
effectiveness in the Zhongguan iron mine; the results indi-
cated that the grouting had obviously improved the continu-
ity and strength of the surrounding rocks. Zhou et al. (2017)
established a microseismic monitoring system to access the
potential seepage pathways of a grout curtain in the Zhang-
matun iron mine due to the influence of multiple factors
including inadequate grouting area, weak rock, and mining
disturbance. Battaglia et al. (2016) located the seepage zones
in a grout curtain in the Bumbuna dam using fluorescent
tracer tests and achieved great success. The effectiveness
of grout curtain have also been assessed using pump tests,
hydrochemistry, and electrical conductivity (Chegbeleh et al.
2019; Huang et al. 2019; Wieland and Kirchen 2012).

However, assessing the effectiveness of a grout curtain
from a single dimension or with a single method cannot fully
reflect the actual situation. Comprehensive assessment of
grout curtains is a great challenge worldwide and is impor-
tant for prevention and remediation of seepage failures in
tailings ponds. This paper presents a case study on assessing
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the effectiveness of a grout curtain in a mine tailings pond
based on the four dimensions of "point-line-surface-body".
The methodology used included a water pressure test (point),
a drilling and coring survey (line), a geophysical test (sur-
face), and a group-holes pumping test (body), to compre-
hensively and systematically evaluate the effectiveness of
grouting, effectively avoiding the shortcomings of a single
evaluation method.

Geological Background and Seepage
Problem

The Study Area

The studied tailings pond is used to store waste lead—zinc
tailings slurry from mineral processing plant no. 3 operated
by Rongda Mining Co., Ltd. in the Xin Barag Right Banner
of northeast Inner Mongolia, China. The detailed location
of the studied tailings pond is shown in Fig. 1, which is a
border region of China, Russia, and Mongolia. The climate
of Xin Barag Right Banner is a mid-temperate continental
arid climate with four distinct seasons. The proven mineral
resources in the Xin Barag Right Banner include metals such
as lead, zinc, gold, silver, copper, and non-metallic minerals
such as petroleum, coal, mirabilite, agate, silica, and fluo-
rite. The average annual rainfall is about 243.9 mm with an
average annual evaporation of 1572.2 mm. As the Xin Barag
Right Banner is controlled by the Mongolian high pressure
in winter, the winds are dominantly from the northwest, and
the ecological environment is extremely fragile.

Engineering and Hydrogeological Conditions

The auxiliary dam of the tailings pond is a rockfill dam with
a maximum dam crest elevation of 8§13.5 m and a maxi-
mum dam height of 21.5 m. The primary dam was built at
one time, and the auxiliary dam of each stage was built by
heightening in stages. The current dam body is the Phase I
dam body with a dam crest elevation of 806.5 m. The Phase
IT dam is built on the outer slope of the Phase I dam and
has a final crest elevation of 813.5 m. An engineering and
hydrogeological survey were carried out along the auxil-
iary dam to provide a targeted, detailed seepage remedia-
tion plan. According to the geological survey data, plain fill,
humus, brecciated clay, volcanic breccia, and andesite strata
are mainly distributed in the study area, in that order, from
top to bottom. The physical mechanics and permeability
properties of each strata (dam foundation) in the study area
are listed in supplemental Table S-1. The quality grade of
the rock mass in supplemental Table S-1 is classified accord-
ing to the “Standard for Engineering Classification of Rock
Mass” (GB/T50218-2014; Ministry of Water Resources
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Fig. 1 Location of the study area

of the People’s Republic of China 2014). The permeabil-
ity grade in supplemental Table S-1 is classified accord-
ing to the “Code for Engineering Geological Investigation
of Water Resources and Hydropower” (GB 50487-2008;
Ministry of Water Resources of the People’s Republic of
China 2022). The groundwater of the study area is mainly
recharged by vertical infiltration of atmospheric precipita-
tion and upstream lateral infiltration. The runoff of ground-
water is mainly controlled by the topographic conditions
and rock mass joints and fractures. The buried depth of the
stable groundwater level is 0.2—-13.5 m, which is equiva-
lent to the elevation of 792.7-808.3 m. The groundwater is
mainly stored in Quaternary and broken strongly weathered
bedrock.

Seepage Problem of Mine Tailings Pond

At present, for tailings pond with seepage, the conventional
remediation method is to cut off the groundwater flow path
by installing an underground vertical impervious body
downgradient of the tailings pond (Fu et al. 2021; Yang
et al. 2020; Yuan et al. 2022a, b). During the Phase II dam
foundation clearing, contaminated water seepage from the
mine tailings pond was found to be emerging at the foot of

the auxiliary dam (Fig. 2). Because the shallow Quaternary
and strongly weathered strata have medium and strong per-
meability, the seepage water did not appear on the surface,
but flowed downgradient through the underground aquifer
(Fig. 3a). If effective engineering remediation measures are
not taken in time, the metal pollutants contained in the seep-
age water will have an adverse impact on the fragile ground-
water ecological environment downstream of the study area.

Methodology
Controlling the Seepage Water

Based on a comprehensive analysis of the geological condi-
tions and remediation requirements, we determined that the
seepage problem could not be solved simply by blocking.
Because the water head of the tailings pond was higher than
the surface elevation of the area, water blocked by an imper-
vious body in the flow path was bound to overflow the sur-
face or overflow the top of the impervious body to the down-
stream area. To solve this problem, the system engineering
scheme of interception, blocking and drainage (IBD) was
designed to control the tailings pond seepage water (Fig. 3b
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Fig.2 Contaminated water
seepage at the foot of the tail-
ings dam

and c). Interception refers to the excavation of an intercept-
ing ditch along the dam toe, which was filled with gravel to
intercept the shallow seepage water. Blocking refers to the
construction of an underground impervious body downgra-
dient of the intercepting ditch at the dam toe. The bottom
boundary and two shoulders of the impervious body must
prevent the seepage from migrating to the downgradient
area. Drainage refers to an array of liquid collection wells
constructed in the low-lying and highly permeable areas to
collect the seepage water along the intercepting ditch; this
water can be pumped back to the tailings pond for benefi-
ciation and utilization, to avoid the surface overflow of the
seepage water.

According to the characteristics of the rock and soil layer
in the study area, the shallow loose layer and completely
weathered bedrock could not be effectively grouted, but it
proved suitable for incorporation into a poured concrete wall.
Additionally, curtain grouting was used for the fissured bed-
rock to block the deep seepage pathways; the detailed design
scheme is shown in Fig. 3b and c. The impervious concrete
wall is 0.6 m thick, has an average depth of about 7 m, and
a strength grade of C20. The curtain grouting drilling holes
were arranged in two rows, distributed along both sides of the
concrete wall, with a row spacing of 0.6 m and a drilling hole
spacing of 1.5 m. The two rows of drilling holes are staggered
(Fig. 3c). The depth of the curtain grouting bottom boundary
entering the relative water-resisting layer was at least 5.0 m.
The average depth of the grout curtain drilling hole was about
50 m. The designed intercepting ditch was 1.0 m wide and
2.0 m deep and was filled with pea gravel as a filter layer. A
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total of eight liquid collecting wells were constructed, and the
diameter of the liquid collecting well was required to be at
least 0.8 m. A 426 mm diameter filter tube was placed inside,
and the annular gap between the filter tube and the hole wall
was filled with pea gravel as the filter layer. Photographs of the
on-site construction are shown in Fig. 3d and e.

Assessing the Effectiveness of a Grout Curtain

Assessing the effectiveness of a grout curtain is an important
step in verifying its long-term water blocking effect (Daniels
et al. 2000; Fan et al. 2016; Yuan and Han 2020). However,
it can be very difficult to comprehensively assess the effec-
tiveness of a grout curtain. Currently, the assessment methods
are mostly based on single-dimensional analysis, for exam-
ple water level or water quality change, drilling and coring
surveys, geophysical surveys, in-situ water pressure tests,
numerical simulation, and so on, which cannot accurately and
comprehensively estimate the implementation. This paper will
assess the effectiveness of a grout curtain from the point, line,
surface and body dimensions (4D of PLSB), including a water
pressure test (point), a drilling and coring survey (line), a geo-
physical test (surface), and a group holes pumping test (body).
Among these, the water pressure and group holes pumping
tests can be used to estimate the grouting efficiency from the
perspectives of permeability, while drilling and coring sur-
veys and geophysical tests can estimate the grouting efficiency
from the perspective of tightness. The proposed method pro-
vides a comprehensive and accurate understanding of grouting
efficiency.
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Results and Discussion
Water Pressure Tests—Point Dimension

Water pressure tests are extensively used to determine rock
mass permeability in curtain grouting assessments (Zad-
hesh et al. 2014; Magoto 2014; Roman et al. 2013). In situ
water pressure testing over discrete zones in drilled holes
provides a method to verify the effectiveness of grouting.
Each grouting borehole is divided into several 5-10 m long
sections for grouting. A water pressure test is required
after completely grouting each section at a water pres-
sure of about 80% of the grouting pressure. The injection
flow rate is measured every 3—5 min. When the difference
between the maximum and minimum values in five con-
secutive flows is less than 10% of the final value or when
the difference between the maximum and minimum values
is less than 1.0 L/min, the test can be ended, and the final
value used as the calculated value (The Industry Standard
Editorial Committee of the People’s Republic of China
2015). Supplemental Fig. S-1 shows the device used to
conduct a water pressure test in a borehole. The perme-
ability rate can be calculated by Formula (1).

0
== 1
9= o ey
where ¢ is the permeability rate, in Lu; Q is the water rein-
jection flow, in L/min; P is the water pressure, in MPa; and

L is the length of the test section, in m.
Table 1 shows the water pressure test results for inspec-

tion drilling holes 1J1-30J1. The maximum permeability

rate for these drilling holes was less than 2.0 Lu, indicat-
ing that the grouting effectiveness of the test section was
good (The Industry Standard Editorial Committee of the
People’s Republic of China 2015). The location of inspec-
tion drilling holes 1J1-30J1 is shown in Fig. 4a, and two
representative borehole histograms (5J1 and 28J1), with
the lithology and permeability rate shown in Fig. 4b and c,
respectively. However, the water pressure test results only
reflect the permeability of a certain section of the drilling
hole, and so have certain limitations.

Drilling and Coring Survey—Line Dimension

Drilling and coring surveys are an effective way to observe
the development of bedrock fractures and the effect of
slurry diffusion (Dou et al. 2020; Fan et al. 2016). Due to
the heterogeneous diffusion of slurry in the bedrock fractures
under grouting pressure, some wide and large fractures can
be effectively filled by slurry, while some thin and small
fractures cannot (Zhang 2022). Figure 5 shows the core
specimen images of selected typical drilling holes. It can
be seen from Fig. 5 that the grout slurry fully filled the bed-
rock joints and fissures, solidified fully, and the setting rate
was high. The broken zone is fully cemented by the grout
slurry, which indicates that the grout curtain is continuous
and complete, and the waterproof effect is good. However,
drilling and coring survey only provide a one-hole view and
cannot comprehensively reflect the overall water blocking
effect of grout curtain.

Table 1 Test results of water

i . Test holes Depth (m) Maximum perme- Test holes Depth (m) Maximum
gr§s§ure test ‘Of inspection ability rate (Lu) permeability rate
rilling holes (Lu)
11 46.68 1.21 16]1 61.8 1.34
2]1 46.91 1.47 1711 68.22 1.24
3J1 54.57 1.19 181 51.15 1.23
41 49.71 1.08 19J1 46.43 1.32
511 43.30 1.23 20J1 47.06 1.48
6J1 49.06 1.29 21J1 56.29 1.32
71 55.54 1.28 22]1 54.57 1.54
8J1 55.67 1.24 23]1 49.59 1.39
9J1 59.43 1.09 24]1 64.48 1.19
10J1 61.93 1.47 2511 60.84 1.14
111 56.7 1.32 26J1 54.49 1.12
12J1 54.28 1.57 2711 59.29 1.23
131 54.53 1.34 28J1 57.44 1.22
1411 51.9 1.50 29]1 58.94 1.32
15J1 51.73 1.19 301 52.35 1.73

@ Springer



Mine Water and the Environment (2023) 42:687-696 693
Fig.4 a Location of the inspec- (a) Collecting wells Fine tainlings and water Collecting wells

tion drilling holes 1J1-30J1. \l

b Two representative borehole l . T

histograms (5J1 and 28J1) with Pumping water back

lithology and permeability rate

Intercepting ditch

.l" ~

© ST 0 Ll O Pl o
1

RTEl

20J1 ... 23]1

e 13J1 17J>1 ........ E RTdetectlon
Concrete impervious wall (upper) and section
grout curtain (lower) L TTTTT
(b) 5)1 () 28J1
7.82m 9.31m
130 Quatern 130
nm  Permeability | aryloose MM permeability | Quaternary
rate layer (Q) rate loose layer (Q)
0.6 Lu 0.64 Lu
75 1.23 Lu 75 1.02 Lu
mm mm
1.09 Lu 1.10 Lu
35.48 m 45.46 m
1.22lu | Andesite 1.22 Lu Andesite
J3) Js)
0.6 Lu 0.61 Lu
0.61 Lu 0.73 Lu
0.38 Lu 0.60 Lu

Electrical Resistivity Tomography—Surface
Dimension

Electrical resistivity tomography (ERT) can describe geo-
logic bodies by varying electrode spacing in detail over
different scales and is widely applied in engineering geol-
ogy projects (Gao et al. 2018). Figure 6a and b shows the
ERT detection results before and after curtain grouting. The
metal pollution halo clearly moves deeper along one pollu-
tion channel, while the shallow pollution halo is decreasing.
The concrete wall (the upper part) and grout curtain (the
lower part) successfully blocks the auxiliary dam seepage
water, and the grouting effectiveness is relatively obvious.

Group Holes Pumping Test—Body Dimension

To verify the influence scope of the pumping test, a large-
diameter pumping hole, S2, was drilled in the key impervi-
ous section, and three observation holes (G4, G5, and G6)
were drilled at an equal distance around S2 to analyse the
influence of the pumping test in each direction and evalu-
ate the effectiveness of the concrete wall (upper part) and
grout curtain (lower part). GC-3 is an observation hole
located inside the grout curtain. Supplemental Fig. S-2
shows the distribution of the pumping hole and observa-
tion holes. The water level response of each observation
hole is shown in Table 2; when the flow of the pumping
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Fig.5 Core specimen images of the selected typical drilling holes

hole S2 was 5.67 m3/h, the water level drop is 10.63 m. It
can be seen from Table 2 that the water level in the obser-
vation holes located inside the grout curtain changed very
little despite obvious water level changes in the observa-
tion holes outside of the grout curtain. This shows that the
grout curtain forms a relatively impermeable boundary in
the tailings pond leakage area.

Limitations and Further Study

The focus of this study was to demonstrate successful
remediation of a seepage tailings pond in an area of fragile
groundwater ecosystems. The seepage water remediation
method and the way in which the effectiveness of the grout
curtain was assessed can be useful tailings pond with simi-
lar geologic and hydrogeological conditions, though it is
necessary to adjust the drilling layout, grouting materials,
and pressure based on actual site requirements.

@ Springer
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Conclusion

This paper presents a typical case of tailings pond seepage
remediation and a way to assess its effectiveness. By sys-
tematically analyzing the engineering and hydrogeological
conditions of the study area, the IBD system engineering
scheme was used to comprehensively control the seep-
age problem. In addition, we assessed the effectiveness
of the grout curtain from the four dimensions of PLSB.
The water pressure test results show that the maximum
permeability rate of inspection drilling holes was less than
2.0 Lu. The grout slurry fully filled the bedrock joints and
fissures, solidified fully, and set well. The ERT detection
results show that the metal pollution halo moved deeper
along one pollution channel, while the shallow pollution
halo decreased. The water level response inside and out-
side the grout curtain fully proves that the grout curtain
forms a relatively impermeable boundary in the tailings
pond leakage area. The assessment results show that the
IBD approach is a very effective way to remediate tailings
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Fig.6 ERT detection results before and after curtain grouting. a Before curtain grouting. b After curtain grouting

Table 2 Water level response of

. Observation holes
each observation hole

Distance with

Initial water level Stable water level Water level

S2 (m) buried depth (m) buried depth (m) change (m)
GCO03 15 1.52 1.55 0.03
GCl11 3 3.82 6.06 2.24
G4 15 4.10 4.52 0.42
G5 15 4.23 5.04 0.81
G6 15 3.62 4.38 0.76

pond seepage and could likely be useful at other tailings
ponds.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10230-023-00955-1.
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