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Introduction

Mining

Extraction of valuable minerals or other geological materials from the Earth, usually from an ore body, lode, vein, seam, reef or placer deposit.
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Mining Techniques





Bingham Canyon Mine, Utah



Sindesar Khurd Mine, India

Surface Mining 

Underground Mining







3



Stoping
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Stoping Configuration







Due to very limited sequential options in deep underground mines, optimization of stope dimensions and stoping configuration forms a most crucial part of mine planning.

Primary

Secondary

Tertiary

Stopes are categorized into

		Primary		Secondary		Tertiary



Acting as pillars during 

excavation of primary stopes 

Mined once the backfilling of the adjacent primary stopes is complete

Locks up a substantial quantity of Ore in a lens 

Hosts block access drifts
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FAILURE OF STOPES

Leads to Loss of Life

 & Property









THERE’S NO WAY OUT !

not TRUE for Rock Mass !!!

Failures are the Steppingstone to Success

Right ? 
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How to Prevent

Visual Observations

Periodic Checks

Structural Response or Behavioral Check

Minor Falls

Swelling or Squeezing

Slabbing or Spalling

Mine Plan & Design

Ultimate Solution  ??? 

Are these checks,

Continuous !

Real Time !

Alarm and Alert !

What’s important is . . . 



Mining History

FAILURE OF STOPES
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Case Study







Sindesar Khurd Mine, Hindustan Zinc Limited





India’s largest underground mine with production of 4.5 million MT in FY 2018. With average reserve grade of 7%, the mine differentiates itself with its silver-rich zinc-lead deposit, highly mechanised and low cost of operations.

Source : Google Earth
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Geology at Sindesar Khurd Mine



Sindesar Khurd deposit is located in the central part of the eastern limb of the major Dariba-Bethumni synformal fold. The best exposed rock unit in the area is inter-banded mica - schist / chert / quartzite and forms a prominent NNE-SSW trending ridge. The economic concentrations of lead-zinc-silver mineralisation are hosted by calc-silicate bearing dolomite and graphite mica schist. The prominent rock types found in the area as follows:

•	Quartz Mica Schist with bands of chert/quartzite 

•	Graphite Mica Schist with Fe-Pb-Zn sulphides

•	Calcareous Garnet Biotite Schist with dolomite

•	Calc Silicate Bearing Dolomite with Fe-Pb-Zn sulphides

•	Calcareous Quartz Biotite Schist

•	Basement Rock (Felspathised schist/gneisses)
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Geology at Sindesar Khurd Mine





Typical orebody plan of Sindesar Khurd Mine



Typical transverse section of orebody
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Mining Method



Blast Hole Open Stoping in Upper block and Long Hole Stoping with Backfilling in Lower block with Primary and Secondary stoping sequence 



Longitudinal Vertical Section of Sindesar Khurd Mine
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Geotechnial Setup at Sindesar Khurd Mine



		Feature		Details

		Structure		Eastern limb of regional fold

		Strike and its Length		N15°E – S15°W, Length – 2.3 km

		Dip		Moderate to Steep (55°-75°) Westerly / Easterly

		Host Rock		Calc-Silicate Dolomite & Graphite Mica Schist

		Hangwall Rock		Quartzite / Quartz –Mica Schist

		Footwall Rock		Dolomite / Calc Biotite Schist

		Main Ore Minerals		Sphalerite & Galena

		Width of Lenses		2 to 55m

		Explored Depth		1100 m from surface

		RMR		60-80; very competent HW / FW & totally dry mine

		Challenge		Folding, swelling, pinching & branching nature of ore body



		Sv = 0.0278 z

		SH = (13.94 ± 2.17) + {(0.0294 ± 0.0039) · (z, m - 237.0)}

		Sh = (7.54 ± 0.58) + {(0.0137 ± 0.0010) · (z, m - 237.0)}



Where 

Sv is Vertical Stress (MPa)

SH is Maximum Horizontal Stress (MPa)

Sh is Minimum Horizontal Stress (MPa)

z is the depth from surface (m)

The major principal stress (Maximum Horizontal Stress) acts along N20°E+10° at the mine site. The North direction lies along the Y-axis of the model.
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Stoping Methodology for CS02A 



In this study, behavior of the rock mass is studied for safe extraction of ore from CS02A stope for six alternate methods using 3D numerical model developed in FLAC3D software so as to determine the most suitable stoping method. 

Model is developed by incorporating true ore body extents along with different lithological layers of Graphite-Mica-Schist, Calc-biotite schist, Biotite Schist and Quartz Mica Schist.
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Stoping Methodology for CS02A 



Six different stoping methodologies were studied using three-dimensional numerical modelling approach. 













Case 1 – Stoping sub level wise

Case 2 – Stoping sub-level wise leaving ore skin

Case 3 –Split stoping method (north south)

Case 4 – Split stoping method (east – west)

Case 5 – Stoping sub-level wise with temporary crown unmined

Case 6 – Stoping sub-level wise (part a – part b – temporary crown)
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Results - Displacements















Case - I

Case - II

Case - III

Case - IV

Case - V

Case - VI
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Results – Factor of Safety















Case - I

Case - II

Case - III

Case - IV

Case - V

Case - VI
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Results – Maximum Principal Stress









Case - I

Case - II

Case - III

Case - IV

Case - V

Case - VI
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Results – Minimum Principal Stress













Case - I

Case - II

Case - III

Case - IV

Case - V

Case - VI
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Results – Model State













Case - I

Case - II

Case - III

Case - IV

Case - V

Case - VI
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Conclusions

Displacement magnitudes are relatively higher in Case 1 than that of Case 2. The magnitude of maximum principal stress is at par in both the cases. The destressed zone is larger in case 1, as indicated in minimum principal stress contours. 

Displacement magnitudes are at par in Case 3 and Case 4. In Case 4, the fill material in the eastern half is observed to be displaced slightly more. Maximum and minimum principal stress distributions patterns and their magnitudes are almost similar. While the influence of intermediate principal stresses marks the development of tensile zone in stope back in case 4. 

From Case 5, it is observed that during extraction of ore from lower part of secondary stope between -55 mRL and 30 mRL, followed by extraction of ore in the upper part, i.e. 65 mRL and 130 mRL, the temporary crown between 30 mRL and 65 mRL is stable. However, from case 6, it is observed that when the temporary crown is mined out at the end, there is a likelihood of failure of fill from the upper part as well as geological hangwall. This could result in posing instability issues while stoping of temporary crown in the secondary stopes. Post excavation of the temporary crown, stresses are getting concentrated in the abutment temporary crowns in the adjacent primary stopes. 
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Recommendations

Based on the results and conclusions, the following recommendations are being made:

For safe extraction of CS02A stope, stoping methodology as mentioned in Case 2 or Case 3 is recommended. 

Stoping sequence in all cases must be bottom up since there is a likelihood of failure in the temporary crown and hangwall, if the temporary crown is mined out at the end. 

The haulage drive must be developed in western side or geological footwall for safe mining of secondary stopes in C Block since the eastern haulage drives are observed to be unstable.

Cable bolts shall be installed at stope back up to a depth of 10 m and up to 6 m depth at brow in a grid pattern of 2 m x 2 m.

Installation of geotechnical instruments like MPBX and Stress Meters prior to start of stoping activity is prime most requirement in both crown and hangwall of every stope, to assess the stability during and post stoping.

Ground vibrations shall be maintained below the permissible limits in all cases. 
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|.INTRODUCTION

“The guidelines for pillar and roof span design are empirically based; their validity, therefore, is restricted to rock conditions,
mining dimensions, and pillar stresses that are similar to those included in this study. These guidelines should be applicable to
the majority of stone mines in the Eastern and Midwestern United States. If pillars need to be designed that are outside the

validity of these design guidelines, the advice of rock engineering specialists should be sought.” osu, 2011

Partially benched pillar that failed along two angular Pillar that has an original width-to-height ratio of 1.7

discontinuities. Width-to-height ratio is 0.58 based on failed by progressive spalling. Thin weak beds are

full benching height and average pillar stress is about 4 thought to have contributed to the failure. The average
pillar stress was about 11 percent of the UCS prior to

B S Pillar and Roof Span
Design Guidelines =

for Underground Stone Mines

failure.

-(E"sterhuizen, Dolinar, &.Ellenberger, 2008)




2. OBJECTIVE

To develop and implement a methodology that integrates laser scanning technology
along with Discrete Element Modeling as tools for characterizing, preventing, and

managing structurally controlled instability that may affect large-opening underground

mines from a risk perspective.
3DEC DP 5.20

©2018 Itasca Consulll oup, Inc. - /
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3. CASE STUDY MINE




3. CASE STUDY MINE
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3. GEOTECHNICAL CONDITIONS

Description  jsinting pattern where at least four joint sets were well
defined

observed wide-joint spacing, generally ranging from 0.6
m to 2 m,

amount of fallen blocks observed on the floor with
cubical and tabular shapes,

joint surfaces defined as mostly closed, flat and smooth,

with a JRC ranging from 2 to 4, completely dry and Rock Mass Classification
fresh,

70 - 75 Good
other geological structures, such as faults and contacts, .
that could generate a rock fall in the absence of the 8-20 Fair
required support = 75




Depth of mining [m]

3. GEOTECHNICAL CONDITIONS

) Brazilian Tensil Young's
it ensity razilian Tensile
Stress Condition P UCS (MPa) < L (Mp Modulus
.. . t t t
Max. Principal Stress = Horizontal Stress (1.20v) (ton/m3) rength (MPa)
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.000 Mean D Mean D
100 Hanging Wall 2.69 0.0l 163.74 37.84 11.96 3.14 61.02 6.79
2.69 0.0l 159.20 21.25 6.30 1.99 64.11 2.37
200 005 272 0.01 21729 3612 1372 262 6143 3.5
uced structurally
controlled-blo
-500 0.1 .
Risk/Hazard Assessment
. 9 Weak & Soft Rocks| Brittle & Hard Rocks
----------------------------- 015 3 GSI <30 asr>40 EeNEVS
=]
-500
0.2
-1100 Stress-induced o
brittle spalling W
0.25
-1300
-1500 03
Vertical Stress (Max) [MPa]
Horizontal Stress (MAX] [MPa] och/ucs = = :Cutoff
Stress~i$d;l.lced Plastic o G;::V%mdu?eﬁed Stress-induced brittle
ielding ructually contro spalling. Usually found
o, =yh =27 ton/m3 *9.81 m/52 * 700m o, = 18.5 MPa in blocky and massive
rock masses

(Martin, Kaisé ristiansson, 2003)



4. METHODOLOGY

Laser Scanning s |

Fang
—

Virtual Discontinuity Mapping
Dips MAP{EJ:()”I—Site‘

DFN Generation

#}
3DEC™ versioN 5.0
\ Distinct-Element Modeling of

\l Jointed and Blocky Material in 3D

Preliminary 3DEC Models

Stochastic 3DEC Modeling
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5. RESULTS




5.1.LASER SCANNING - EQUIPMENT

Maximum Resolution 710.7 Million of points / scan
Purchased in 201 |
Maximum Measurement Speed 976,000 pts/s

Ranging error £ 2mm @ 10 m
Internal Compass

No integrated GPS

LASER —

MIRROR




5.1.LASER SCANNING — STATIONS LOCATION

LEYEND

P.gﬂ

Laser scanner station location

Reference object location

f:@ﬁ
nB .
XC-17 XCy| 65.@
— % —/uoc-# _
== ——L

1 diameterI

(Fekete, 2010)

| 3 m Between stations

6.5 m Between stations
and reference objects
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5.2.VIRTUAL DISCONTINUITY MAPPING

MAPTEK I-Site’




5.2.VIRTUAL DISCONTINUITY MAPPING - RESULTS

Gm

SET1

Trace Length

SET 2

SET 3

SET 4

Log-normal
p=0.35373
o= 0.65988

SET 1

Log-normal
p=0.31809
o=0.77215

Log-normal
p=0.019
o= 074999

Log-normal
u=0.77886
o=0.93466

Fracture Density P,

SET 2

SET 3

SET 4

[T —

07
I f -
o=£
Normal ?ﬁj;: Normal Normal
u=1.011 I aa 1=0928 §=0.941
o= 0495 Q3=1.577 o= 0492 o= 0.477
Max=1 883







5.3. DISCRETE FRACTURE NETWORK (DFN) GENERATION

A DFN is a three-dimensional geometric representation
of a geological structure based on statistical information
of its characteristics measured on the field (Pierce, 2017).

g - Lo W S
e v " gt
L M L 7

- y
G

e "
-

u‘:‘ ‘i.
i,

= Qrientation

= Fracture Density

" Joint Size

Exposure 4. Coastal cave in a layered rock

mass, UK (Hudson & Xia, 2015)
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5.4. PRELIMINARY NUMERICAL MODEL (3DEC)

18



5.4. PRELIMINARY NUMERICAL MODEL (3DEC)

S Inner section: Fractured rock mass

1 I I 1
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— 0 External section: Massive rock mass — Fixed blocks

Excavation Dimensions

* 20 m length
* 12.8 m width

-10 ____.:"fd’”- ‘-“‘:““‘*:. * 7.6 m height
\ * Stresses @ 700 m deep
W I = . o, =18.54 MPa
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5.4. PRELIMINARY NUMERICAL MODEL (3DEC)
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Rigid block model (Blocks assumed infinitely stiff)

Rock Density = 2.7 ton/m?
Mohr - Coulomb Constitutive Model for Fractures

« =30 & cohesion=0
* Jis =30 MPa/mm

i ]kn = 300MPa/mm (Bandis, Lumsden, & Barton, 1983)

1000 Initial cycles

Progressive excavation (6 stages) — 5 m sections
* 1000 cycles elastic — Damping
* 1000 cycles plastic
* time step of 3.81x10° s
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5.4. PRELIMINARY NUMERICAL MODEL (3DEC)

Cor Itigﬂ

N

o

X

21



5.5.STOCHASTIC DISCRETE ELEMENT MODEL

AN

z
1 - & é 0.20 E
4 0.15 -i'o_
N, , 0.10
/ 22 10 PP - 0.05
10 4 N\ -
l< / ~Z >, 0 =5 o 5 10 15 20 25 30 35 40
! I 5 Total volume of failed blocks [m3]




5.5.STOCHASTIC DISCRETE ELEMENT MODEL - RESULTS

10 035
030
8
2
0.25 =
& §0.!0 zg
4 015 2
0.10
i 2
0.05
-5 0 35 40

5

7~

5 10 15 20 2 30
Total volume of failed blocks [m?3]

Summary Statistics

Distribution Log-Normal
Mean 2.60
Standard Deviation 0.49

9 0.30
g o 0.20 é:"
. 5
& f 005
.,-"’I - 0 50 100 150 . 200 -
Number of failed blocks [m3]
Y =P _ Summary Statistics
S / i Distribution Normal
: “W / Mean 104.87
- Standard Deviation 47.58

PN < R




5.6. MODEL VALIDATION




6. CONCLUSIONS

TLS was proved to be a powerful tool for rock mass characterization.

= An adequate Laser scan project planning allowed
*  to save time during the scanning process
* reduce errors on the resulting point clouds

+ obtain the necessary information required for virtual discontinuity mapping.

= DEM software such as 3DEC is a powerful tool to interpret and analyze structurally controlled instability in
underground excavations.

=  TLS and DEM were successfully integrated to estimate the probability of rock falls in an underground excavg@®n

25



6. CONCLUSIONS

" A clear understanding of the geological model of the site is important in order to improve the results from
virtual discontinuity mapping and the fractured rock mass model.

= A rigid block model assumption yielded results that agreed with the field observations and laser scanning
results.

= A stochastic Discrete element modeling approach was selected for the analysis due to the stochastic nature
of DFNEs.

= The present methodology can be used as a method for rock fall hazard identification in underground
limestone mines. It can be easily integrated into a groundcontrol risk management system.

" The case study mine offered an ideal environment to apply both technologies.

26
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5.1.LASER SCANNING - OPERATIONAL CONDITIONS

Points/Scan [hh:mm:ss] [Points/cm?] ating

Real Scan Average Point Overall
Millions of time Point Count Cloud Density

EXI 444 38,103,388 i

44.4 1/4 2x 0:06:06 41,229,797 12.48 43| S

44.4 /4 3x 0:07:53 41,684,133 12.64 3.36 a0 :

| S-009 [EFTY 114 4x 0:11:28 41,229,797 12.66 2.34 1l.17798,320 Points
By 24 15 2 0:05:27 26,273,301 8.06 4.79 . |

(S-011 [PV 1/5 3x 0:06:36 26,573,225 8.13 3.96

BXIFl 284 1/5 4x 0:08:54 26,630,099 7.97 2.95

Point Cloud Densities for Structural Mapping

Author Point cloud density
Lato, Diedrichs, Hutchinson and Harrap, 2009 4 points/cm?
Cacciari & Futai, 2017 |6 points/cm?

Monsalve, Baggett, Bishop & Ripepi, 2018 | | points/cm?



5.1. LASER SCANNING - OPERATIONAL CONDITIONS

Resolution / Quality (= 09:52 FARD
CG & oualty | Observadion Time
Scan Parameters ?

@ Change resolution and quality: I X I MS
Resolution Quality 4 X 8 Ms
1/8 _ 4x , , .
Scan Duration * Increasing the quality reduces the noise
hh:mm:ss . .
Ty @ . 00_03]_44 @ in the distance measurement.
.. .-Resolution /8. . . approx, TARES:
P . TS e 1 : ;P . .
- af9Ws © = ol i Scan Size [Pt] v" Thickness of a flat object
:1- " e a8 = 1 ; - .: l[mll - 5120 x 2205 -
Al III = wPts : NS
B = E
:E.L- - a » = : _"-_': L A - -
—"_. & dl - Io : Ip - - af - 11.3 _} I X 4 X
':_3: :::_:’Tg-. . '__. ‘a - Point Distance ;
B, .. ... eemn ] 182 [mm/10m] 3 v" Scan points in far objects

. 12272
e Laser scanner at a distance of 10m

e Laser scanner at a distance of 20m




5.1.LASER SCANNING

- SCANS REFERENCING

=

e
6
=e
E

=
Es

pifs ol

Sphere size

Resolution
Setting
1/16
1/10

S ) e ey ey

Recommended target spacing

145 mm

Target Distance

(max) in m

5
7
9
|5
18
37
73

Sphere size 230 mm
Resolution Target Distance
Setting (max) in m
1/16 7
1/10 I
1/8 14
1/5 22
1/4 27
1/2 55
1/1 110

Z1.5em/E.5In B

Texturaed No=Slip O
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5.1. LASER SCANNING - DATA REGISTRATION

S AT v
T T B

=
-

g oA
T oot =5 L (=

6.7 mm

4.3 mm

252 %

< 8 mm

>250%

Obtained Values Acceptable values Unacceptable values
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8. FUTURE WORK

Site Scanning and Discontinuity
Characterization

Pillar Strength Determination

Step x10°5

Stress level Estimation

DRDNORD

Tequency

Fraquercy

Stochastic Analysis
andProbability Distrbution
Estimation

0020

o010

0.000

T T
0 o 80 100 120

Fillar Sength [MPa]

Stresses at the Pillas [MPa]
— Pilar Strength [MPa]

008

ooz

20 40 60 B0 100

Siress [MPa)

Probability of Failure Estimation

Factor of safety:

Strength §,
F.§.=>t0 _p
Stress Op

Limit state function:
9(0p.5) = Sp —ap
Failure set:
P(failure) = P(F.5.< 1} = P{S, < 0, }

Reliability index:

Expected value of the limit state function:
Ug = Hs, + Ug,

Standard deviation of the limit state function:

— .2 2 _ . .
Oy —Ja.\p +0g,° = 2Ps, 4,75, %,

Pillar probability of failure:

Pf=1-0(p)
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