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This paper presents a comprehensive study on the stability of the deep
underground closed Kolar Gold Fields mine (3.2 km deep) under varying
seismic loading conditions. The study utilized the Finite Element Method
(FEM)-based Midas GTS NX software tool to conduct numerical simulations
of seismic loads of varying intensities under multiple conditions of water level
in the mine voids. The seismic loads applied were equivalent to the intensity
of maximum mining-induced seismicity experienced in the mine. The study
also examined the influence of the Mysore North Fault and its effects on the
surface above the mining area. A seismic hazard vulnerability map of the
mining area was developed based on the results for all simulated numerical
model combinations. The results inferred that for a seismic load of PGA, 0.22
g, for fault and actual water level combination, very strong shaking and
moderate potential surface damage were observed at vulnerable zones with a
maximum PGA of 0.196 g and Peak Ground Velocity (PGV) of 0.49 m/s. The
study highlights the importance of monitoring post-mining induced seismic
activities using a dedicated microseismic monitoring system with sensors
placed at the most vulnerable zone locations assessed from the numerical
modelling studies carried out. Remedial measures suggested include regular
dewatering of mine workings based on water accumulation and backfilling of
mine voids with suitable fill material. The dynamic modelling approach using
Midas GTS NX was found to be a more reliable, feasible, efficient, and simple
method for assessing the stability of closed mines.

1. Introduction

Tectonic plate movements are primarily
responsible for triggering earthquakes, which
result in seismic events that can cause surface
instability, damage to life, and property. While
the concept of seismic events caused by tectonic
plate movements is well-established, it's also
important to note that human activities can
induce seismic events [1]. Examples of human-
induced seismicity include changes in water
storage levels in dams or reservoirs [2, 3],
hydraulic fracturing in the earth's subsurface or
deeper layers [4], waste fluid disposal, oil and
gas exploration activities [5, 6], construction
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work, blasting [7], and underground mining.
The magnitude and duration of the seismicity
induced in these cases can vary.

Underground mining presents unique
challenges including maintaining excavation
stability during drilling and blasting operations,
managing shear slips, dealing with surface
fracture formations, and preventing slope
failures. Each mining excavation can lead to
instability due to alterations in the stress state of
the surrounding rock mass. This can build up
stress, culminating in rockbursts in hard rock
mines, and bumps in coal mines. These



Das Jennifer,and Porchelvan P.

rockbursts/bumps are the primary causes of
mining-induced seismicity in mines. The
understanding and analysis of mining-induced
seismicity and its potential to cause seismic
hazards within the mine and above the mining
area remain unclear. Various researchers have
proposed  theories or  concepts, and
demonstrated the presence of mining-induced
seismicity in active mines and even in closed or
abandoned mines [8]. The damage to surface
structures and underground mine structures is
largely attributed to mining-induced seismicity.
To evaluate the damaging effects, it’s important
to consider causal factors such as shear failure
of rock mass, rockburst, pillar failures, and slip
along fault lines, along with the magnitude of
induced seismicity.

1.1. Mining-induced seismicity-worldwide

Seismicity induced by mining activities has
been documented in various types of mines
around the world including metalliferous mines,
coal, gold, and potash mines. Specifically, this
phenomenon has been observed in deep hard
rock mines in several countries:

South Africa: Witwatersrand, Carletonville, and
Klerksdorp mines [9, 10]

India: Kolar Gold Field mine [11]
Poland: Myslowic and Rudna mines [12, 13]
Canada: Elliot Lake Sudbury basin mine [14]

Sweden: Kiirunavaara and Kristineberg mines
[15]

China: Metallic mines [16]

Australia: Mount Charlotte mine [17], Ridgeway
mine [18], Beaconsfield mine [19] and
Kalgoorlie district mines in Australia [20]

Sweden: Kiruna mine [21]

1.2. Post
worldwide

mining-induced  seismicity-

According to a survey, around 50,000
abandoned mines were identified in Australia
followed by the United States with around
22,000 mines, and Canada with 10,000 mines
[22]. Even abandoned or closed mines can
exhibit post-mining induced seismicity, posing
potential risks to structures above them and
nearby mined-out areas. These areas are
classified as areas of grave concern. Post-
mining induced seismicity has been reported in
abandoned mines in Europe [22], South Africa

74

Journal of Mining & Environment, Vol. 15, No. 1, 2024

[23], Sweden [24], Italy [25], Spain [26], and
Japan [27].

1.3. Mining-induced
assessment

seismicity hazard

Numerous methods are used worldwide to
assess the seismic risk associated with deep-
level hard rock mining. These techniques, used
in the evaluation of seismicity in deep mines,
are based on parameters such as Excess Shear
Stress (ESS) [28], Volume Excess Shear Stress
(VESS) [29], Energy Release Rate (ERR) [30,
31], departure indexing (DI) [32], Local Energy
Release Density (LERD) [33], Modeled
Groundwork (MGW) - cell evaluation method
[34], modified Mercalli intensity scale [35],
Seismic Hazard Scale (SHS) [36], Coulomb
stress change (ACFF) [37], Moment magnitude,
seismic moment, and seismic energy - Modified
Mercalli Intensity Scale (MMIS) [38], apparent
stress [39].

Indirect waveform methods such as
frequency content analysis and frequency-
magnitude relations are also used in terms of the
highest magnitude, Xmax, that has occurred
during the monitoring time (T), the maximum
seismic activity rate, A, and the b value from
Gutenberg-Richter [40]. Strong ground motion
parameters — Peak Ground Acceleration (PGA)
and Peak Ground Velocity (PGV) are also
considered [41]. Seismic hazards can be
examined either probabilistically or
deterministically. The choice of assessment
technique depends on the duration of the
monitoring period (short, intermediate, or long-
term), and each site will have specific
requirements to achieve the objective.

All the methods mentioned above rely on
data recorded by a dedicated network of seismic
sensors. The analysis of this data yields source
parameters such as event magnitude, time,
depth, distance, frequency spectrum analysis, p-
wave, s-wave, energy ratio, and stress drop.
These parameters can assist in the seismic
hazard analysis of the studied area. However,
these methods are only applicable when the site
is accessible, less prone to seismicity, has stable
mining conditions, and is not flooded.

It's important to note the risks associated
with inactive and closed mined-out sites. One of
the main challenges with abandoned mines is
the difficulty in conducting direct analyses to
compute the geo-risks correlated with mined-
out voids upon complete closure due to stability
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issues and water ingress. There appear to be no
specific guidelines or procedures for assessing
the seismicity of an abandoned mine and its
long-term risks. Post mining-induced seismic
hazard and rock burst proneness could be
evaluated by
traditional fractal [42] and statistical analysis [

43] of seismic data. Interpretation software and
algorithms can be generated to understand the
vibrations produced Dby seismic sources.
Predicting mining seismic events using acoustic
emission [44] methods.

The use of advanced techniques for data
mining becomes essential when considering the
inherent limits in conventional analytical
approaches to solve problems related to rock
mechanics and prediction utilizing numerical
methods [45]. The organization and analysis of
raw data in civil engineering have yielded
valuable knowledge using numerous data
mining  techniques including statistical
methods, regression tree (CART), case-
based learning, symbolic learning, and artificial
intelligence (Al) [46, 47, 48]. Artificial
intelligence is the most widely utilized data
mining technique in geotechnical and rock
engineering. The short-term rockburst risk has
recently been predicted
using extreme gradient boosting (XGBoost),
K-means clustering, and Catboost-based t-
distributed stochastic neighbor embedding (t-
SNE) techniques [49, 50, 51]. The limitation of
the Al technique is the sample size and dataset
distribution. The larger the dataset, the better
and more reliable the output.

Ground motion parameters play a crucial
role in studying the damaging effects, and can
help quantify the intensity of damage and
duration of the event. Using these parameters,
areas can be classified as seismic
vulnerable/non-vulnerable zones. The ground
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motion parameters used in this study for
vulnerability assessment are Peak Ground
Acceleration (PGA) and Peak Ground Velocity
(PGV). Displacement (d) is another parameter
that has been studied in the analysis.

PGA is the maximum ground acceleration
recorded during a seismic event, and PGV is the
maximum velocity recorded during a seismic
event. These vibrations are detected by both
vertical and horizontal sensors. PGA and PGV
values are good indicators of damage caused,
and for stronger events, PGA needs to be
correlated with PGV. These parameters can
vary greatly depending on factors like fault
presence, depth and magnitude of the seismic
event, duration of the event, and geology of the
studied area. PGA and PGV are two major
influencing parameters used to assess damage
within a mine and on the surface above the
mining area. Although displacement (d) is less
commonly used as a ground motion measuring
parameter, it's very useful for analysing surface
structure instabilities when the studied area is
subjected to seismic conditions.

1.4. Numerical modelling approach for
seismic hazard assessment

There are numerous numerical modelling
approaches available for seismic hazard
assessment. These approaches are primarily
categorized into continuous and discontinuous
methods. The choice of one or more modelling
approaches depends on the objective of the
modelling. The decision to use a specific
methodology is entirely dependent on the type
of numerical model and the properties of the
rock mass under investigation. Figure 1 presents
the various numerical modelling approaches
and their constitutive models.

Numerical modelling
approaches

Numerical modelling methods

Constitutive models

Continuous

Finite Difference Method (FDM) e Elastic (Hooke’s law)
Finite Element Method (FEM) e Plastic and elasto-plastic (e.g.
Boundary Element method (BEM)

Mohr-Coulomb, Hoek-Brown

Discontinuous

Discrete Element Method (DEM) criteria)
Discrete Fracture Network (DFN) e Rock fractures models

e Rheology effects (e.g. creep)

Hybrid
continuous/discontinuous

Hybrid FEM/BEM
Hybrid FEM/DEM
Hybrid FDM/DEM

e Dynamic loading (e.g.

earthquakes)
Coupled thermo-hydro-
mechanical models

Figure 1. Various modelling approaches and their constitutive models [52].
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The numerical modelling technique chosen
here is primarily to comprehend the response of
the rock mass due to post-mining induced
activity. The numerical modelling tool should
be capable of handling both complex 3D
geometry and  larger scale  models.
Discontinuous models, which rely heavily on
computation, are less suitable for large-scale
models with fractured rock mass. For deep
underground mines, the continuous modelling
method will be implemented, focusing mainly
on mining-induced stress and strain parameters.
The continuous numerical modelling approach
was chosen here due to the absence of precise
information on the size, spatial distribution of
voids, and orientation of geological features.

The Finite Element Method (FEM)-based
numerical modelling software, Midas GTS NX,
was chosen for several reasons. Firstly, FEM is
a well-established and widely accepted method
for solving complex structural and mechanical
problems, including those encountered in
mining engineering. It provides a robust and
reliable approach to modelling the stress-strain
behavior of geological materials under different
loading conditions. Secondly, Midas GTS NX
offers advanced capabilities for modelling
complex geometries and boundary conditions,
which are often encountered in mining
applications. It also provides comprehensive
analysis options for static, dynamic, and seismic
loading conditions. This versatility makes it
particularly suitable for the study conducted.

While other methods such as Finite
Difference Method (FDM) or hybrid methods
may also be suitable for certain applications,
they may not offer the same level of flexibility
and comprehensiveness as FEM-based
software. For instance, FDM is typically more
suited to regular geometries, and may not
handle complex boundary conditions as
effectively as FEM [53]. The Midas GTS NX
software tool employs the FEM of partial
differential equations to solve rock mechanics
problems.

The numerical modelling studies shall be
conducted step-by-step as follows:

o Collecting past-recorded seismic data (active
mining and post-mining) of Kolar Gold fields
mine

e Preparation of an
geomechanical model

integrated  hydro-

76

Journal of Mining & Environment, Vol. 15, No. 1, 2024

e Dynamic analysis with site-specific ground
motion parameters using FEM-based Midas
GTS NX

e Identification of seismic vulnerable zones
e Estimation of seismic hazard

The conceptual framework for the numerical
study is depicted in Figure 2.

Conceptual
Framework

Numerical Modelling Studies

Past recorded Seismic data

Integrated Geomechanical Model
(Geology, Hydrology, Geotectonic)

Dynamic Analysis
with Site-specific
Ground Motion
Parameters
(FEM — GTS-NX)

Identification of Seismic vulnerable
zones

Figure 2. Conceptual framework for the
numerical modelling studies.

2. Location

The studied area selected is the Kolar Gold
fields mine in Karnataka, India. Once the
second deepest mine in the world, the Kolar
Gold field mine reached a mining depth of up to
3.2 km, and has a rich history of over 130 years
of gold mining in India. Seismic activity
induced by mining was reported both during
active mining and after the mines were fully
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closed in 2001 [54, 55]. As the mining area has
been abandoned for more than two decades,
there are significant risks associated with the
mine including rock mass failure, support
system failure, and water flooding into the mine
voids. This study will focus on the seismic
activity induced by mining that occurs in the
closed mines of Kolar Gold fields. The
approach involves using the FEM tool (Midas
GTS NX) to assess the geotechnical seismic
hazard associated with post-mine closure.

2.1. Geography

The abandoned underground Kolar Gold
fields mine, a deep hard rock mine, is situated
between latitudes 12.92° N to 12.98° N and
longitudes 78.24° E to 78.27° E, at an altitude of
900 m above mean sea level. The mining area
consists of three main mines: the Nundydroog
Mine in the northern area, the Champion Reef
mine in the central area, and the Mysore mine in
the southern area. The Mysore North Fault is a
significant fault that runs across the central
mining area in a NW-SE direction. The Tennant
Fault and Gifford Fault are two minor faults that
run parallel to the main Mysore North Fault [54,

NUNDYD!

3500 @

12.98° N

CHAMPION REEF MINE
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55]. A 3D representation of the entire mining
area is depicted in Figure 3.

2.2. Geology of area

The Kolar Gold fields are located at the
southernmost end of the Kolar schist belt, which
is part of the greenstone Archean belt in
Karnataka, southern India. The schist belt
consists of two types of rock formations: the
Dharwar schist, a metamorphosed basic igneous
rock, and the peninsular gneiss, formed by
granite intrusions from below. The schist belt
extends approximately 80 km in a north-south
direction, and spans a width of 3-4 km in an
east-west direction'>. The Kolar Gold fields
mine contains seven gold-bearing lodes. The
host rock for these gold-bearing lodes is the
hornblende schist of Dharwar age, with
pegmatites and gneisses. Auriferous quartz
veins run in a north-south direction, almost
parallel to the schist belt. The schist belt is
faulted and folded with intrusions of pegmatite
and dolerite porphyry dykes. At the surface, the
fold dips at an angle of 30 degrees and follows
a westerly dip at deeper levels within the mine
[54, 55, 56].

MYSORE MINE

Figure 3. Kolar Gold fields mining area-3D view.
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2.3. Mining method

The primary method of gold mining in the
Kolar Gold fields mining area was the long hole
open stoping method. Mining was conducted up
to deeper levels with a vertical interval of 30 m
between each level. As production reached
deeper levels, the mining method was switched
to a mechanized cut and fill method until the
mines were completely closed. The mine voids
are quite large and make up a significant portion
of the ore body. After the ore body was
excavated, the stopes were filled with
cement/sand fill. In the final stages of mining,
even the low-grade ore pillars were mined and
rock waste was used as backfill material. Rock
bolts were regularly used as a support system to
stabilize the mining excavations, and grouted
anchors were used in critical conditions and
junctions. Cable bolting was also implemented
for long-term stability of the underground mine,
allowing for maximum production even at
deeper levels [57].

3330 m
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3. Methodology

The entire mining area of 6.66 km (N-S) X
3.33 km (E-W) X 3.50 km (depth) is taken for
this study (Figure 4). The area covers all the
shafts of all three major mines of the mining
region namely: Nundydroog mine (north),
Champion Reef mine (central), and Mysore
mine (south), stoped out areas constituting to
about 70 percent of the mining area cover about
1400 km of tunnel work. The model is
considered the deepest champion reef mine,
which has reached a mining depth of 113 level
(3.2 km deep) [57, 58]. The 3D model was
developed taking the major Mysore North Fault
traversing across the mining area with the
dumps and mine voids (Figure 3). The
lithological details were taken from the

geological plan-Kolar Gold Fields (survey
department 1956). The 3D geological model is
shown in Figure 5.

“78.27°F

w
o

<
N
-]
~

12.920

Figure 4. Kolar Gold fields entire mining area considered for analysis [57].

3.1. Numerical model

The stability analysis of the entire mining
area was conducted using a model based on the
Generalized Hoek-Brown constitutive
continuum behavior, subjecting the model to
various seismic loads. The non-linear
Generalized Hoek-Brown criterion [59] was
employed to derive the rock mass input data
necessary for analyses involving excavations in
underground hard rock. The physico-
mechanical properties of the material, shown in
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Table 1, were used as inputs in the model. These
include uniaxial compressive strength, elastic
modulus, unit weight, and triaxial properties
such as cohesion and friction angle. The
property values of the geological materials at
the Kolar Gold fields mine location, tested in
the laboratory, were obtained from the
Geological Survey of India (GSI) report [58].
Based on these laboratory test results, Hoek and
Brown intact rock parameters and GSI
parameters were used. The criterion was applied



Das Jennifer,and Porchelvan P.

to define the Hoek-Brown material constant
(mi), unconfined compressive strength (UCS),
and Geological Strength Index (GSI) for each
geology based on rock mass structure, type, and
discontinuity. The geomechanical properties of
intact rock, namely mi, UCS, and GSI were
used to calculate m and s (Hoek-Brown
constants) using the empirical relations [59]
below:

<(GSI — 100))
s = exp — 5

Journal of Mining & Environment, Vol. 15, No. 1, 2024

(GSI — 100)
28 )

m =miexp<

Table 1 presents the elastic non-linear
properties that were used as inputs in the model.
Water is modelled as a linear continuum
material with a Poisson's ratio of 0.49. The
model employs Rayleigh's damping approach.
Prior to executing the non-linear time history
analysis, an eigenvalue analysis was conducted
to identify the percentage of mass participation
and to obtain both fl and f2 frequencies
required for running the model.

Figure 5. 3D Geological model of the entire mining area (studied area) [57].

Table 1. Physico-mechanical properties of the lithological units taken as inputs in model [57].

Material properties gﬂ;‘;{; Amphibolite Granite 11;: :;‘t H:g';‘;lzz?d
Elastic Modulus x 107 (kN/m?) 8.54 8.40 6.82 9.36 8.26
Unit Weight (kN/m?) 28.63 29.40 26.68 29.61 29.62
GSI 40 40 45 40 30
Intact Rock Parameter 7 25 30 17 4
Disturbance Factor 0.8 0.8 0.8 0.8 0.8
mb 0.196810 0.702891 1.135860  0.477966 0.062015
s 0.000113 0.000113 0.000240  0.000113 0.0000248
a 0.511368 0.511368 0.508086  0.511368 0.522344
Uniaxial Compressive Strength (kN/m?) 87377 196133 166713 294200 152199
Damping Ratio 0.05 0.05 0.05 0.05 0.05
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3.2. Dynamic Seismic load

The artificial earthquake  generator
technique [60] was utilized to simulate the
seismic load, with the maximum expected
response derived from the design power spectral
density of the area. An eigenvalue analysis was
conducted to achieve a similar target spectrum.
The design spectrum of the studied area was
taken in accordance with IS 1893 (2002). The
artificial earthquake was simulated using the
Peak Ground Acceleration (PGA) of the seismic

Journal of Mining & Environment, Vol. 15, No. 1, 2024

event with the highest magnitude recorded in
the mining area to date [61]. The acceleration
time histories were plotted according to the
response spectrum of Kolar Gold fields [57]
(Figure 6). The PGAs chosen for the study were
based on the least magnitude event value (Case
A = 0.06 g), an intermediate value (Case B =
0.10 g), and the highest magnitude event value
(Case C = 0.22 g). These values were derived
from data reported in previous seismic studies
conducted in the Kolar Gold fields area.

0.30

0.20 Case-30.22g PGA Case-20.1gPGA Case-10.06g PGA
chl lL B l ﬂﬂ M
= 0.10 4 h
=}
£ 0.00 T N*. h fu '“
g v w V'\.Ntv
< -0.10 1
Lo

-0.20 4

-0.30

0 2 4 6 8 10 12
Time (Sec)

Figure 6. Acceleration time history plot for PGA - 0.06 g, 0.10 g, and 0.22 g [57].

4. Analysis and Results

A parametric seismic-nonlinear time history
analysis was conducted for six combination
case conditions, based on the presence or
absence of a fault and the presence or absence
of water in the mine voids. These six case
conditions were further analyzed for all three
cases of varying Peak Ground Accelerations
(PGA): Case A (0.06 g), Case B (0.10 g), and

Case C (0.22 g). The different PGAs of 0.06 g
(Case A), 0.10 g (Case B), and 0.22 g (Case C)
were applied as ground acceleration at the
bottom of the model along the x-direction. The
parameters varied in the analysis include Peak
Ground Acceleration (PGA) - seismic load
applied in the x-direction, water level, and
presence of a fault. The case conditions with the
various combinations analyzed are presented in

Table 2.
Table 2. The six case conditions with various combinations used for the model studies.
Case No. Condition Fault Water level (m) (PGA)-seismic load applied
0.06 g
Case 1 No fault and no water Absent No water 0.10 g
022 ¢g
0.06 g
Case 2 No fault and water Absent Up to 500 m from surface 0.10g
022 g
0.06 g
Case 3 No fault and full water Absent Up to ground level 0.10 g
022 g
0.06 g
Case 4 Fault and no water Present No water 0.10 g
022¢g
0.06 g
Case 5 Fault and water Present Up to 500 m from surface 0.10 g
022¢g
0.06 g
Case 6 Fault and full water Present Up to ground level 0.10 g
022 g
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A total of 18 models were run for the six case
conditions under three peak ground
accelerations (PGA) of 0.06 g (Case A), 0.10 g
(Case B), and 0.22 g (Case C) for all the above
case combinations. The results obtained for
these combinations are presented with the
presence of a fault as a primary parameter for
comparison. The model results for the different
conditions will be presented together to
facilitate a more comprehensive analysis.

SCCEERATION
X, sz

e
4 sere00r
72001

LI
u« 740760002
S, s
" eesereon
e wiecar

%, et
llvA 1595104000

Case A- PGA=10.06¢

accagranon
™, sz

1 oimeron
1SS

(e.) No fault & no water
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Condition 1: Absence of water (Case 1 and
Case 4)

This condition examines the impact of the
presence or absence of the major Mysore North
Fault (MNF). The results for Peak Ground
Accelerations (PGA) and displacements (d)
observed at the surface for 0.06 g (Case A), 0.10
g (Case B), and 0.22 g (Case C) applied as
ground acceleration equivalent to that of a
seismic load of an earthquake of the same
magnitude at the bottom of the model along the
x-direction are presented in Figure 7.

(b.) Fault & no water

(f.) Fault & no water

CaseC-PGA=0.22¢g
Figure 7. Peak Ground Accelerations observed at the surface for Condition 1 (a.) to (f.).
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Acc v/s Time - NF&NW-0.10G

Acc v/s Time - NF&NW-0.22G
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Figure 8. Acceleration time history plot - at the ground surface for all three cases (NF & NW).
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(a.) Case A-PGA=0.06¢ (b.) Case B-PGA=0.10¢g (c.) Case C-PGA=0.22¢g
Figure 9. Acceleration time history plot - at the ground surface for all three cases (F & NW).

As seen in Figure 7, the presence of the fault
significantly influences the seismic loads,
especially when there is no water within the
mining area. The following observations can be
made for Case A, Case B, and Case C:

For Case A (PGA =0.06 g) - without a fault,
the maximum PGA is 0.321 m/s%. The central
and mostly non-inhabited areas are affected by
this seismic load.

For Case A (PGA =0.06 g) - with a fault, the
maximum PGA is 0.522 m/s>. The northern
central parts and mostly less inhabited areas are
affected by this seismic load. The inhabited area
of Henry’s colony shows a maximum PGA of
0.180 m/s?.

For Case B (PGA =0.10 g) - without a fault,
the maximum PGA is 2.129 m/s®.. The areas
affected by this seismic load are the central part
and mostly the Band line colony and Oorgaum
station surrounding areas. The inhabited area of
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the Band line colony shows a maximum PGA of
0.630 m/s>.

For Case B (PGA =0.10 g) - with a fault, the
maximum PGA is 1.89 m/s%. The central parts
of Oorgaum, parts of Andersonpet and
surrounding areas are affected by this seismic
load.

For Case C (PGA =0.22 g) - without a fault,
the maximum PGA is 6.65 m/s%. Major parts of
Oorgaum, some parts of Andersonpet and some
parts of Robertsonpet areas are affected by this
seismic load. The less inhabited area of Henry’s
colony shows a maximum PGA of 0.56 m/s%

For Case C (PGA =0.22 g) - with a fault, the
maximum PGA is 0.795 m/s>. The less
inhabited areas of Oorgaum and surrounding
areas are affected by this seismic load.

The Acceleration time history plots at the
ground surface for all three cases for condition
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1 without fault are shown in Figure 8, and with
the presence of the fault in Figure 9.

The spatial distribution of maximum shear
stress for condition 1 for all three cases showing
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the influence of the presence of fault is shown
in Figure 10.
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Figure 10. Spatial distribution of maximum shear stress for condition 1 (a.) to (f.).

Condition 2: Presence of water upto 500 m
from the surface (Case 2 and Case 5)

This condition examines the impact of the
presence or absence of the major Mysore North
Fault (MNF) when water is present up to 500 m
from the surface. The results for Peak Ground
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Accelerations (PGA) and displacements (d)
observed at the surface for 0.06 g (Case A),
0.10g (Case B), and 0.22 g (Case C) applied as
ground acceleration equivalent to that of a
seismic load of an earthquake of the same
magnitude at the bottom of the model along the
x-direction are presented in Figure 11.
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(b.) Fault & water

(d.) Fault & water

(e.) No fault & water

(f.) Fault & water

Case C-PGA=0.22g
Figure 11. Peak ground accelerations observed at the surface for condition 2 (a.) to (f.).

As seen in Figure 11, the presence of the
fault significantly influences the seismic loads,
especially when water is present up to 500 m
from the surface of the mine. The following
observations can be made for Case A, Case B,
and Case C:

For Case A (PGA =0.06 g) - without a fault,
the maximum PGA is 0.393 m/s?. The central
part and mainly band line colony areas are
affected by this seismic load. The less inhabited
area of the band line colony shows a maximum
PGA 0f 0.290 m/s.

For Case A (PGA =0.06 g) - with a fault, the
maximum PGA is 0.184 m/s>. The less
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inhabited areas near the band Line colony are
affected by this seismic load.

For Case B (PGA = 0.10g) - without a fault,
the maximum PGA is 2.298 m/s>. The areas
affected by this seismic load are Champion,
Andersonpet, Marikuppam, parts of Henry’s
colony and surrounding areas.

For Case B (PGA = 0.10g) - with a fault, the
maximum PGA is 1.466 m/s?. The central parts
of Oorgaum, covering the station and
surrounding areas are affected by this seismic
load. The inhabited area of Oorgaum shows a
maximum PGA of 0.0983 m/s>.
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Figure 13. Acceleration time history plot - at the ground surface for all three cases (F & W).

For Case C (PGA =0.22 g) - without a fault,
the maximum PGA is 6.36 m/s%. Major parts of
Oorgaum, some parts of Andersonpet, and some
parts of Robertsonpet areas are affected by this
seismic load. The less inhabited area behind
Henry’s colony shows a maximum PGA of
0.554 m/s>.

For Case C (PGA=0.22 g) - with a fault, the
maximum PGA is 7.63 m/s? The less inhabited
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areas of Oorgaum are affected by this seismic
load.

The Acceleration time history plots at the
ground surface for all three cases for condition
2 without fault are shown in Figure 12, and with
the presence of the fault in Figure 13.

The spatial distribution of maximum shear
stress for condition 2 for all three cases
showing the influence of the presence of fault
is shown in Figure 14.
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Figure 14. Spatial distribution of maximum shear stress for condition 2 (a.) to (f.).

Condition 3: Presence of water upto surface
(Case 3 and Case 6)

This scenario is examined to understand the
impact of the presence or absence of the
significant Mysore North Fault (MNF). The
outcomes of the Peak Ground Accelerations
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(PGA) and displacements (d) recorded at the
surface for 0.06 g (Case A), 0.10 g (Case B), and
0.22 g (Case C) are presented in Figure 15.
These values are applied as ground acceleration,
equivalent to a seismic load of an earthquake of
the same magnitude at the base of the model in
the x-direction.
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Figure 15. Peak ground accelerations observed at the surface for condition 3 (a.) to (f.).

From Figure 15, it's evident that the fault has
a significant impact when subjected to varying
seismic loads and considering a condition where
water fills the mining area. Observations for
Case A, Case B, and Case C are as follows:

For Case A (PGA = 0.06 g) - in the absence
of a fault, the highest PGA 1is 0.321 m/s®. The
seismic load affects areas such as Henry’s
colony, parts of Champion, and nearby regions.
The populated area of Henry’s colony exhibits
a maximum PGA of 0.250 m/s?.

For Case A (PGA =0.06 g) - in the presence
of a fault, the highest PGA 1is 0.748 m/s®. The
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seismic load affects areas such as Henry’s
colony, parts of Oorgaum, and nearby regions.

For Case B (PGA = 0.10 g) - without a fault,
the highest PGA is 3.482 m/s?. The seismic load
affects areas such as Robertsonpet, some parts
of Andersonpet, and Marikuppam regions. The
less populated area exhibits a maximum PGA of
0.079 m/s.

For Case B (PGA =0.10 g) - with a fault, the
highest PGA is 2.077 m/s* The seismic load
affects central parts of Champion and
Andersonpet, and some parts of Oorgaum. The
less populated area exhibits a maximum PGA of
0.360 m/s>.
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Figure 17. Acceleration time history plot - at the ground surface for all three cases (F & FW).

For Case C (PGA =0.22 g) - without a fault,
the highest PGA is 5.676 m/s% The seismic load
affects areas such as Henry’s colony, band line
colony, and some parts of Champion. The less
populated area exhibits a maximum PGA of
1.144 m/s%.

For Case C (PGA =0.22 g) - with a fault, the
highest PGA is 5.00 m/s% The seismic load
affects  inhabited areas of Oorgaum,
Marikuppam, and surrounding regions. The less
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populated areas exhibit a maximum PGA of
0.800 m/s?.

The Acceleration time history plots for all
three cases for condition 3 without fault are
depicted in Figure 16, and with the presence of
the fault in Figure 17.

Figure 18 shows the spatial distribution of
maximum shear stress for condition 3 for all
three cases, highlighting the influence of the
presence of fault.
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Figure 18. Spatial distribution of maximum shear stress for condition 3 (a.) to (f.).

5. Discussion

As per the seismic zoning map of India,
Kolar Gold fields is situated in Zone II, which
is identified as the least seismically active zone.
The classification of the zone clearly indicates
that the mining region is not susceptible to
significant earthquakes. The mining area is
largely unaffected by tectonic stresses, and the
alteration in stress state within and around the
rock mass, leading to instability within the
mine, is primarily due to post-mining induced
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seismicity. Given that a major fault line runs
directly through the mining area, it’s crucial to
factor in the presence of this fault in all
analyses. Only considering cases with the
presence of a fault, the acceleration, velocity,
and displacement time plots at the ground
surface for all three cases are analyzed and
depicted in Figures 19, 20, and 21. The
maximum PGA, PGV, and displacements for
Cases 4 to 6 (cases with a fault) are presented in
Table 3.
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Figure 21. Displacement time plot - at the ground surface for all three cases.
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Table 3. Maximum PGA, PGV & displacement values for Case 4 to Case 6 (cases with fault).

SL.

Seismic load applied

No Parameter PGA=0.06 g PGA =0.10g PGA=022g
) Horizontal  Vertical Horizontal Vertical Horizontal Vertical

Case 4: Fault & no water

1 Peak Ground Acceleration (PGA), m/s? 0.42 0.43 0.43 0.70 1.51 1.64

2 Peak Ground Velocity (PGV), m/s 0.08 0.09 0.21 0.07 0.34 0.38

3 Displacement (d), m 0.042 0.033 0.077 0.044 0.186 0.065

Case S: Fault & water

1 Peak Ground Acceleration (PGA), m/s? 0.52 0.50 0.33 0.43 1.90 1.96

2 Peak Ground Velocity (PGV), m/s 0.08 0.09 0.22 0.17 0.49 0.25

3 Displacement (d), m 0.022 0.026 0.051 0.032 0.083 0.116
Case 6: Fault & full water

1 Peak Ground Acceleration (PGA), m/s? 0.29 0.30 0.27 1.23 1.48 1.06

2 Peak Ground Velocity (PGV), m/s 0.08 0.04 0.21 0.07 0.35 0.39

3 Displacement (d), m 0.036 0.015 0.062 0.018 0.085 0.150

Parametric numerical model studies were
conducted for various scenarios, and the key
observations are as follows:

1. The highest ground motions are observed in
areas directly above the deepest excavated
area (around Champion mine) in the central
part of the mining region.

2. In most cases, the histories of vertical
velocity surpass those of horizontal velocity.

3. The inundation of the mine significantly
affects the intensity of the ground motions.
As the water level transitions from a dry to a
fully water-filled condition in the mine voids,

there is a corresponding decrease in the
intensity of ground motions.

4. The presence or absence of a fault plays a
crucial role as it resembles a weak joint in a
rock mass, greatly influencing ground motion
parameters. The existence of a fault creates a
vulnerable zone where the intensity of ground
motions is higher compared to other areas.

5. Considering different scenarios with the
presence of a fault and using the Mercalli
Scale (USGS Instrumental Intensity Scale)
for Peak Ground Acceleration and Velocity,
the severity of seismicity (based on
maximum values observed) can be
categorized as shown in Table 4.

Table 4. The severity of the induced seismicity experienced on the surface.

Case condition Instrumental intensity

Perceived shaking Potential damage

Case: PGA=0.06 g

Fault & no water \Y Moderate Very light
Fault & water \Y Moderate Very light
Fault & full water v Light None
Case: PGA =0.10g

Fault & no water \Y Moderate Very light
Fault & water \Y Moderate Very light
Fault & full water VI Strong Light
Case: PGA=0.22g¢g

Fault & no water VI Strong Light
Fault & water VII Very Strong Moderate
Fault & full water VI Strong Light

6. Conclusions

The Midas GTS NX software tool, based on
the Finite Element Method (FEM), was utilized
to perform numerical simulations of seismic
loads of different magnitudes. These
simulations were executed under various
scenarios, specifically: (i) dry conditions (ii)
conditions with the actual water level (iii)
conditions with water reaching the surface in
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the mine voids. Evaluating ground motions in
the form of time histories offered a more
accurate estimation of the potential seismic
hazard that the mine could face under different
seismic loads. The seismic loads applied were
equivalent to the intensity of the maximum
mining-induced seismicity experienced in the
mine. This research work introduces a
numerical modelling methodology for assessing
the stability of a deep underground Kolar Gold
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fields mine, which has a depth of 3.2 km under
various seismic loading conditions.

The primary objective of this study was to
examine the impact of the Mysore North fault
that runs across the entire mining area under
different loading conditions and to evaluate the
post-mining induced seismicity and its effects
on the surface above the mining area. Based on
the results, a seismic hazard vulnerability map
of the mining area was created for all simulated
numerical model combinations. The results
suggest that for a seismic load of PGA 0.22 g,
for fault and actual water level combination,
very strong shaking, and moderate potential
surface damage were observed at vulnerable
zones with a maximum PGA of 0.196 g and
Peak Ground Velocity (PGV) of 0.49 m/s.

The closure of a mine and land reclamation
is the final stage of a mining life cycle. If
appropriate closure measures and reclamation
policies are not implemented, the mine can
become unsafe and unstable, leading to risks
such as surface subsidence and sinkhole
formations. Even after the complete closure of
the Kolar Gold fields mine, post-mining
induced seismic activities are still observed and
recorded throughout the year. The ongoing
presence of these post-mining induced seismic
activities emphasizes the need to monitor these
activities using a dedicated microseismic
monitoring system with sensors placed at the
most vulnerable zone locations assessed from
the numerical modelling studies conducted. The
suggested remedial measures for this
underground mine include regular dewatering
of mine workings based on water accumulation
and backfilling of mine voids with suitable fill
material. The excavated mine material could be
recycled as fill material [62, 63]. The safety of
structures and residences above the mining area
should be prioritized. Once the mine stabilizes,
land reclamation studies and rehabilitation
studies can be initiated.

The use of finite element method software,
specifically Midas GTS NX, in dynamic
modelling methodology, has been recognized as
a more reliable, feasible, efficient, and simple
method for assessing the stability of closed
mines. Minor instability within the mining area
can cause hard and brittle rock mass to fail
abruptly and transition from elastic to plastic
zones. However, this transition from continuum
to discontinuum after rock mass failure upon
seismic load application could not be explored
due to limitations in FEM software. Detailed
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post-failure studies on rock mass could be
conducted using discrete element method
software.
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