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Rock Engineering Design Approaches and challenges in Deep Hard Rock
Mining Engineering"
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Main Topics:
Introduction to Rock Mechanics application in deep underground Mining 39 bl  ixio oKLY T &)
Challenges in determining reliable design input parameters T
Comprehension of ground behaviour and selection of suitable design strategy 9 R (R0 (uiigo OUSWNS
Support system, reinforcement and stabilisation design and verification <9 mgd)
Real time monitoring (conventional-seismic) and design update (forensic study) o \7:Fe IIAY.
Case studies from Australia, China, Iran and South America,... oS FE ol Sl
Concluding remarks, discussion and future prospects. (Pow b))

1raA 43T Y

Summery:

The rapid-growing trend of resource extraction in the world, results in increases depth of
underground mines. Eventually deep underground mines will face an increasing magnitude
of stress, temperature, water pressure and seismicity. On the other hand, geoengineering
deals with huge uncertainty in geomaterial properties, in-situ stresses, testing, and
modelling, which leads to great challenges in design. Knowledge of ground, mine and
operational factors and their variability leads the designer to better estimation of
geomechanical behaviour and safe design optimisation. This workshop is designed to
develop audience knowledge in geomechanical design of deep underground hard rock
mines, which will enhance their competencies and prepares them for better and more
effective contributions in their future career. This is designed to introduce from basic to
advanced topics of geomechanical design aspects on deep underground mine excavation.
Attendees from mining, civil and engineering geology or other related fields and
A professionals who work on this area would also benefit from this course.
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PRESENTATION OUTLINE

Shahrood
Universityss

Technology

1. Introduction

2. Underground mine design procedure

Intr'oduction to Rock 3. Application of rock mechanics in underground
} Mechanics application in N
deep underground Mining, mining
CurtTn e Mostafa Sharifzadeh 4. ConCIUdlng summary
U niversi tg Western Australian School of Mines (WASM)

ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT

Mining Status in Goldfields — Western Australia an Status in Goldfields - Western Australia

e

a 697  SOyrs+

ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019~ Shahrood UT

Gwalia Underground Gold Mine in Western Australia

3\ Design procedure :
L St Barbara e procedu
rumnu

3D Fly-Through Animation / September 2017 Components and logic of a

rock mechanics programme
for mining engineering

design.

g L

Brady & Brown, 2004 6
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Interaction between technical groups involved in mine engineering.
M
) . ' st raturs e et |
SImp'Ifled e B i e
geotechnical 1 1
) Stable/etastic e T i
Desi gn 1 Seiine Sheonng)  shees R Produiction
methodology for
Sivple Methods  COmbination  Extended Methods  SCEiicited g
deep o '
underground
i i ing and -
mine excavation e 1 Mine Rock
geology mechanics
- Back A Recomends Modified Parameters i
Rahimi, Sharifzadeh, Feng, 2019 N e o o o o o 7 Brady & Brown, 2004 8
|

7 8

ﬁ__ Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ__ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 - Shahrood UT
Definition of geomechanics Figure (a) Pre-mining conditions around an orebody, and
(b) mechanical consequences of mining excavations in the
Geomechanics discusses about the orebody.
earth crust mechanics which is (@) praund surlace

mostly formed from soil, rock and

affected by structural forces and
- mining-induced displacements)
tectonics. T
B SRR : A £ \. F_ A A Bt E F
. . : - HE i TR T TFeE
Since most engineering activities R SR SR E LY IR LN [ / ]_LH +
4] & H G D [ "W G

Equilibrium of ground elements ~ Unloading and stress concentration

take place in earth crust,
Due to excavation

geomechanics help us to study their

— Koy
in situ condition and predict its e ot IR R it
behaviour under the new
condition. 9 Adapted from Brady and Brown, 2004 10
ﬁr Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT
Application of rock mechanics in Common Mining Practice in Western Australia
underground Mining ;
world largest
samny pova open pit gold
4 i a4 mine (Super
e i pit) in WA

« Shaft, pillar, draft and stope
design;

Glary ole
- Suartncn b of Caicy Shisht

e

¢ Drilling and blasting;
fragmentation;

b

"

Wortharn End od Supar Pt Y

¢ Cavability of rock and ore;
improvement of rockbursts;
mechanized excavation; in
situ recovery. " Underground Operations — Mt Charlotte shaft -
KCGM - Western Australia (1200m)

Frog’s Leg Gold Mine, operated by Evolution Mining
Western Australia (600m)

Liwemst matas o Camtiy St

11 12
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Common Mining Practice in Western Australia Common Rock Mechanics Objectives In Mining Structure:

1, Ensure The Overall Stability
Of The whole Mine Structure,
2, Protect The Major Service
Openings in Duty Life time,

3, Provide Secure Access To

Safe Working Places,

4, Preserve The Mineable
Principal features

Condition Of Unmined Ore “\._ of caving operation
Reserves.
Adapted from Brady and Brown, 2004 14
14
ﬁE Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁE Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 - Shahrood UT
Examples of rock mechanics applications Examples of rock mechanics applications
Underground opening: « Stope design
Shaft and/or decline . Stope Span Design
stability analysis and . Stoping sequence
design design
* Support system design
Adapted from MEA course materials
15 16
15 16
ﬁE Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁE Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Examples of rock mechanics applications Examples of consequences of poor rock

mechanics design
* Rock reinforcement and
» Collapse of rock in underground excavation
support design

Adapted from MEA course materials

Adapted from MEA course materials 17 18

17 18
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Examples of rock mechanics applications

* Foundations =
T 77
. . TT 77157 INS
* Room and pillar mine 728w Anw
design {r T e
. . AY 1
* Longwall mine design |

[Fh___ . Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

Blast hole and firing pattern for optimum
fragmentation and less dilution
= (4] T
Roof holes * — o _'9
e o o W a
. w o wWSer e
...m% ’ . ;n.)’m. E P?'
- w b ’ ;. L
._;:g . Smph:;hnles? R ¢ .
AL 7 “H
L&l : w0
e| A1 8§ e
o PV AR A
o o ."s':_'m Cut oo ne™® Wall holes *
o e e
.50 .IE .I4 . . 14 Ik ?G‘
23 F F1l 3 21 1] P
L] L L L L] L]
Floor holes *
20
s —
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Examples of underground mining in Western Australia

Underground — Glory Hols

Operations — Surface level of Cassidy Shaft

Sam Pearce Decline

= Current mining Level i

~

Northern End of Super Pit

Mt Charlotte shaft —
KCGM —

Western Australia

Lowest extent of Cassidy Shaft

21
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Examples of underground mining in Western Australia

Underground excavation —
Decline-shaft network —
Mt Charlotte shaft — KCGM -

Western Australia

22
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Examples of underground mining in Western Australia
Murchison Underground Mines — Western Australia

Caustons 301) ‘Pit

Caustons Pit

Underground design

Mostafa Sharifzadeh
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Examples of underground mining in Western Australia

Agnico Eagle's
Suurikuusiko gold
mining project showing
both surface and

underground mining.

24
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Examples of underground mining in Western Australia Introduction — Mining at depth

Conditions often become difficult beyond a 1000m or so

Frog’'s Leg Gold Mine,
owned and operated by
Evolution Mining makes
use of underground
mining techniques. The
mine is located 20 km
West of Kalgoorlie. Two
declines access the
Rocket (Southern) and
Mist  (Northern)  ore
lodes. Current capital
development is about
530 m below surface
elevation.

M Bt fapeRie  Mainpotal ake
shat

BB S o

25 Golden Grove i, Westom Ausalia Thomgson 2011 26

25 26

Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 - Shahrood UT
Maximum recovery — minimal dilution Geotechnical monitoring requirements
Continuous extraction sequence required to avoid pillars A need to understand the overall failure process and instability
e {7} Elev (2)
+10400 )
Hangingwall { f—"
Depth of Failure vs. HydraulicRadius +10200
: L
s :
E7 = Depthof +10000 -
£ xoam
" o R —— ) » A 12m
4 » - +9800
3 . 9 o3am
i o
1 w>sm +9600
o # &
o 2 4 & 5w ow ow
e +9400 ——tooom
+9200
we0E B 8% -8 B E
g & 8 8§ % 8 %
8 & B:82 B B3
T e 5 8K
Golden Grove Mine, Western Australia (Thompson, 2011) 27 Belle Mi 01y 28

27 28

Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15t%, 2019 — Shahrood UT
Large scale geological structures (discontinuities) Seismic response of large scale structures
The global stability may be controlled by large scale structures and the structures The structures may become seismically active
may k i Ily active or seismic source - mad

{etoem

Mount Charlotte Mine, Western Australia (Corskie, 2013) 29 Kanowna Belle Mine, Western Australia (Morton, 2013) 30

29 30
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31

in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

In-situ stress measurements- a key requirement
Acoustic Emission from oriented core samples —
No access required — only deep core

ﬁ: Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 Shahrood UT

Joint condition determination

From di e and di i drilled core

Lantia North Lantin North

Slickensided. 0.0%

%

\

Planar. 13.1%

Wilson Upper (Kerril South
and Lantin) Wison Upper (Kerril South
Stepped: 3.5% Haieii
o5 Undulating: 86 5% Rough: 80.1% Rough' 44 7%
Undulating: 81.8% ? Smooth: 19.9% Smoath: 52.4%
[

Planar.

- o
AR By
w/ LA rd -
fison Lower
Stepped: 6.7% S Wilson Lower A
Rough 67.4%
Smooth: 17.7%

Blue. Rough Sickenses 1.0 T

Red: Slickensided

32

(== Rock Engineering Design and

P1, primary stope
cemented fill;
S1, secondary stope

unconsolidated fill.

The numbers show the
sequence of stope

extraction.

Villaescusa, 2014

33

Primary and secondary stope extraction
sequence for a shallow plunging orebody.

in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT
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Stoping sequence

ﬁ: Rock Engineering Design and

Longitudinal view of a top-down extraction sequence,
permanent pillars, and retreat to a central crosscut

| Drill draves parallel to orcbody
@ ' @ I ® ©) I @ I ©)
4 izl
J'--rm_.::n:-m Central Stope vobd unfilled
®© & © B o I ®
Permanent sil pillar a Permanent sl pillar
ol o l1® . |l@ I o l®

o T
@ I (o

@ [ o
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Villaescusa, 2014
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Longitudinal view of Kanowna Belle Mine—Stoping Block A

Ventraise Decline [l vent raise
100mRL AR E B
Tidm Sub : oy
135 m Sub
S—
] 1 0 B
I 8 (1 _
al - [16]f12
200 a0 S®
1 —

[T rnes I ¥t progress [ Corvent source [T schectied

Villaescusa, 2014 36
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What we deliver in Geomechanical design

- Understanding of earth structure, and associated
Hazards,

- Understanding of the nature of mining
engineering activity and its disturbance level,

- Risks associated with earth-engineering activities

and

(Diagnosi '

problems),
- Selecting right tools to solve the problem

(Design),

- Implement the design and monitor the

effectiveness, o

- Retrospective analysis and design update.

37

b

STRUCTURE

Progressive spalling and
slabbing of the rock
mass leading 1o even-

walpillar collapse. or
ckbursting,

TYPICAL PROBLEMS CRITICAL PARAMETERS

Table 4 ; Typical problems, critical parameters, methods of analysis and acceptability criteria for underground hard rock mining excavations.

T ANALYSIS METHODS

ACCEPTABILITY CRITERIA

[+ Strengeh of the rock mass forming the
pllrs.

o Presence of unfavourably oriented
structural features.

« Pillr geometry, partcularly width to
height atio,

« Overall mine geometry  including
extraction ratio.

[ For_horizontally bedded deposis, pillar

pllrstress based
| fons sre compared to

falurs may be required

Factor of safety for simple pilla layouts in
hoczantaly beddeddepsisshould exeed

‘permanent” pills,
n o

e rogrese e of compl
delled, individual pilar

o failure of adjacent

Caving of surace crown
pilrs for which the
rato of pillr depth to
sope g s imade

ing o
ot Splingof v

mal crown
i,

* S o therck s fming e

e o weathering and presence of
ly dipping structural features in

stress levels and geometry of
intemal crown pillrs.

Rock mas clsfcation and
e croun sl imensions o drent

1 sl

Nummu\ Snalyss, including disrete de-

studies, can give spproximate stress
Teeds and Inlcatons of £one of potental
failure,

Surface crown pillr depth to span ratio
should be large enaugh to ensure very low
probabilty o falure.

Internal crown pillrs may require extensive
support to ensure stabilty during mining of
adjacent stopes. Careful planning of mining.
sequence may be necessary to

stres levels and rockburst problems.

e o sty

and hanging _walls.
Stress induced filures

« Orientation. inclination and _shear
rength of structural features in the
rock mas.
In sity stresses in the rock mass.
hape and orientation of stope.
iy,

stress environments.

by the

Numerical is
ments for each excavation stage will give
mmduhnn of potentia problems.
Some of the more sophisticated numerical
odt il e o o5
provided by fll or the reinforcement of the
Tock by means of grouted cable.

installation of ockbolts or grouted cables to
improve safety and to minimize diution.
Overail stability s controlled by the geom-
etry and excavation sequence of the stopes
and the qualty and sequnce of g
ceptable mining canditions are achieved
Jeegrrriibon

Ore.dilution_reuting

gressive falure indl
by high stresses in pillars
between stopes.

« Quality and strength of the rock.
* In sty s induced sresesinthe rock
surrounding.

« Qualtyof rlingond ling 0 exca-
vation of the stope.

Some empirical rules, based on rock mass
clssiication, are available for estimati

imensions.
Numerical analyses of stope layout and

‘A design of this type can be considered

acceptable when safe and low cost

of a large proporton of the orebody has
alls in shafts and

‘complex orebody shapes, will
provide indications of potential problems
and estimates of support requirements.

ipport may be required. In

may be used to reduce rackbursting,

Local rock mass failure
resulting from abrasion
and wear of poorly sup-

Drawpoints and ore- | to loss of
passes. orepa

* Quality and strength of the rock.
S uatky and

Limit equiibrium or numerical analyses are

changes in the rock surrounding the

ations.
« Selection and installation sequence of
support.

wear nd abrasion are not included in these
modes. Empirical designs based upon pre-
vious experience or trial and error methods
are generally used.

The shape of the opening should be main-
tained for the design e of the drawpoint or
orepass. Loss of control can resut in serious
dhutionof the or o abandonme

excavation.

foramen suchas grutad Ameivin
during excavation of the opening. may be
successfulin controling instabifty
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Scope of rock mechanics application in Underground

Brady & Brown, 2004 39
S —

39

40

—Mining sequence

—Mine Planning

—Development layouts

—Support types & sequencing

Rock Mechanics Application in Mining

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 ~ Shahrood UT
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Recommended References:

*  Hudson, J A and Harrison, J P (1997). Engineering Rock Mechanics, An Introduction to the Principles,
Pergamon Elsevier S41cience, UK. ISBN 0-080-419-12-7.

*  BHGBrady and E T Brown, (2004) Rock Mechanics for Underground Mining (3“’ Ed.), Springer, Netherlands.
ISBN 10-1-4020-2064-3 (PB).

4005&vid=1&hid=: 4109&hdata-]nNpdGUQZWhVCSthG\22Q%3d%3dﬁdbf

f6997cbfa378%40:

nlebk&AN=135236

«  Zhang, Lianyang, (2005) Engineering Properties of Rocks, Elsevier,
app.knovel.com/web/toc.v/cid:kpEPRO0001/viewerType:toc/root
properties/url ing-properties/?2005

ing-

+ Hoek, Evert, Practical Rock Engineering, available from

http://www. com hoeks_corner

*  TheISRM Suggested Methods for Rock Ct , Testing and ing: 20072014, Editor R.
Ulusay, P.292. Springer International Publishing Switzerland 2015, ISBN 978-3-319-07712-3.

. Vi , Ernesto, (2014).
ISBN:9781482211887. htty

_—
41

Design for Sublevel Open Stoping, CRC Press,

link.library.curtin.edu.au/p?cur_aleph001151473
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End of presentation
i ?
Any questions ? .
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Challenges in Determining Reliable

Design Input Parameters

C U i’l‘ T n Mostafa Sharifzadeh
Western Australian School of Mines (WASM)
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Presentation layout

1. Introduction

2. Variability in rock type and rock mass structure

3. Effect of scale in rock behaviour

4. Estimation of rock mass properties using statistical analysis
5. Estimation of in-situ stresses

6. Summary
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Presentation layout

1. Introduction

2. Variability in rock type and rock mass structure

3. Effect of scale in rock behaviour

4. Estimation of rock mass properties using statistical analysis
5. Estimation of in-situ stresses

6. Summary
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Engineering Activities In Earth Crust

* Deepest borehole is 12 km. Deepest mjne is 4 km.

* Rock temperature increases approx. 25 C/km depth.

* Vertical rock pressure ov increases ~ 27MPa/km.

¢ Horizontal pressure ch™ (0.5-3) ov.

Magma, heat convection, tectonic movement controls the overall
earth structure.

Modified after NEU, 2010 4

in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

ﬁ: Rock Engineering Design and

Presentation layout

Input parameter
challenges

Modelling p Results
challenges interpretations

* Input Data Challenges of Rock Engineering

* Rock Strength

¢ Analysis of Data and Estimation of Parameters

* The reliability of results must be verified by judgement and experience

Mostafa Sharifzadeh
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4. Estimation of rock mass properties using statistical analysis
5. Estimation of in-situ stresses

6. Summary
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Introduction - How rock forms
Recall: Atom, molecule, cell, crystal,
lattice
Minerals are building blocks of rocks.
Mineral combines to each other to
form a rock
Crystal formation is slow and it needs
geological time.
Crystals size and shape depend on
temperature, and pressure of the

medium(room).

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
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MICRO-SCALE ROCK STRUCTURE

Strong covalent
bond between
aoms af each layer

Weaker forces

Graphite betwean layers

Strong covaent
bond bistween
atoms at each layer

Two dimensional covalent network bonding structure with weak Van Der

I \

Waals bonds b 1 layers in foliated rocks ( of Gr

Sharifzadeh et al, 2017 8

ﬁ= Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT

Atomic Bonding Structure and SEM Image of Three Typical Rocks

S tytg—y
B e
o e e e |
B e
g3y

) Two dimensional covalent network
bonding structure with weak Van Der
network homogenous bonding e e Waals bonds between layers in

b) Three-dimensional covalent

a) Three-dimensional covalent
network heterogeneous bonding

ﬁ= Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

Rock Micro-Structural Deficiencies:

® Atomic disorder and dislocations in pure and homogenous rocks,

® Crystal lattice boundaries in crystalline and foliated rocks due to
two dimensional covalent network,

® Heterogeneity (adjacency of weak and strong particles),

® Pore spaces during generation mainly due to gas escape in volcanic
rocks,

® Cleavages due to overtime deformation and residual stresses,

® Micro-crack or structural defects due to stresses.

structure in Diamond Graphite
Sharifzadeh etal,, 2017 10
- ]
9 10
ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Weakness planes at different rock types The main variables/features influencing rock
¢ Crystals or small particles forms the soil and rocks and properties and behaviour
forms the earth crust. iy
Drssrtegraton Hydratmsabon
* Weakness plane in materials and applied forces from - ol | e
the ground caused the separation in rocks and forming
plates (Continents). The plate tectonic cause to e il
movement and deformation of plates and producing W""’"‘: v
- - et ' y Sweling | Aered ot | | Staking Kasstic
geological structures such as faulting and folding. iy i e - oo
" —
posorial |
* In geo-engineering design it is necessary to consider . Phacks with reduced strongih and durabity orarge
the effect of soil and rock material type and geological [i "kl h
structures on project performance. 1 ¥y’
oL 11 Rock engineering, Paimstiomastile, 2010 12
- ]

11
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Rock Microstructural deficiencies

homogenous rock boundaries.

ﬁ= Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT

Micro-structures and

micro-cracks

classification and

Thnange It Hie Leniienay o8 & miines a8 U5 Lt
lanes which se
ATl i (1 el Bredng.

characteristics of

Pre-existing micro- ~Micro-cracks under -
S~ cmcks - - loading .
¥ mafic rocks

Intra-granul g | frrans-granu: Tersile | Shear Mixed shear-

| | | k cracks cracks tensile cracks
Bl Bians gy ssuslas 43aik (1694 sewial gk,
whibuh Wil contain inter g enater crack sod
vt crach.

13 14
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Specific rock failure process from pre-existing
microstructures to macroscopic fracture

Pre-existing condition Damage process. | Fracture process
.[MIE_. Initiation  Microstructure
| Jbecomes inferior
- Atomic disorder and | | e of
- Crystal lattice boundaries i pammeg \[Tracks ] Growm jon] Fracture | :[ |
- Heterogeneity i|
| (— 3
- Pore spaces | (Unstable appear Fracture | Structure || o
- Closvages | S ge ¢ Number | threshold &
[ | growth) cracked) | increases failure £
- Micro-crack and | v K
- Structural defects | Material 1 uastshie S
g HIE
1 Fracture Mechanics H I
| Damage TIPTOVIVRONNE INCHESSN ROl i | |
Continuum Discontinuum é

Geological structures due to plate tectonics:

1. Fracture and fault

2. Folding

3. Shear zones

4. Foliation, lineation

ﬁ= Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT

Secondary geological structures

Anticline Folds in sedimentary rocks, Australia

17
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Fracture Zone around faults

I Salres:

CURT= S
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Typical fracture patterns Examples of block shap

* The upper picture shows 4th
order discontinuities in
rhombohedral arrangement with
a spacing of 5-10 m.

* The central is the basic 4th

order pattern with 3rd order

zones integrated (spacing 30-50
m).
+ The lower picture shows the

basic pattern with a 2nd order

discontinuity
19 Barton, 2009 20
| |
19 20
d‘.hz ‘Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 157, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT
Dlscontm}utles in rock mass have ‘profoupd effect ctn Common Statistical Distribution of Rock Mass
deformation, strength, stress-strain relation and failure Parameters
Of rOCk mass Discontinuity Function or
Parameter distribution
bormal Normal
Lognormal 8
Persistence Exponential )
Gamma
Power-law
Power-law L
Lognormal o :
Weibull
Spacing Lognormal
Power-law L
Exponential o
Gamma C: h.‘-h_ Weibull
Aperture . J X } y "
Lognormal
Exponential
Kamall et al. 2018 21 Kamall et al. 2018 2

21 22

ﬁ__ Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 ~ Shahrood UT

Discontinuities mapping and representation Role of linear and areal mapping on rock mass
B Types of mapping B Stereographic Representation parameters

B Scanline
B Window

B Discrete

B Borehole logging
® Oriented core
® Televiewers

= Acoustic

= Optical

Kamali et al. 2018

23
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Selection of mapping locations Differentiate Between Structures
o 30 100 150 200 im)
— —

* Joints
¢ Beddings

¢ Foliations - treat different

¢ Faults — stand alone

* Shear zones — stand alone

* Contacts

Kamali et al. 2018

25 26

ﬁ= Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Joint Orientation: Joint Plane Orientation and Case study of total and major discontinuities
Representation
Genetic classification of discontinuity
4 systems
P -
i — Max o Ntk f_’ o
- MR stress . | S
/ oy 3 Sh
/ All the surveyed prs | T
e . . ops f Xtensi
I. > @ discontinuities poles / \ s
X : | ale
) 3 J? o
+ '
% \ f /s
- thens: 12 Y s —
T S line digection N W Fy
(DD . o)
e iirend Shear failure:
i i i 01296 Civer uxis 2 umes of
Contours of pole concentrations for the data plotted in Figure Equal Angle anglease
(after Hoek and Brown, 1980). ot
27 639 Entnes Kamalietal, 2016 28

27 28

ﬁ__ Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 - Shahrood UT

Fracture Sampling types and scales Reconstruction of rock mass characteristics

" spacingor —
[ Frtaeneyer )

0 ) { rentaion 0
|, &Dip Direction) |

o e
[ mensiy, P | 7/

— / rermion
(e

|
for 3DFA:
code verifcation

Krisher |

{
[ tensiy.p.: )\/Msw \J o

29 30
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Verification of rock mass model Geological Strength Index

R

HiH
(Careratzoon i § i; é Value based on blockiness &
GSI

B

jt ;% ?g k Eé joint condition

PR .!E? %&

«  Selected in one of two ways:

LT

*7 Qualitatively: repeated observations

based on experience (bias present)

Quantitatively: through calculation of

B
Block Vakme Vb ()

a block size (Vb) & joint/block wall

‘( ’ condition (Vc) parameters

= | I

o e
soinn Cendition Factor Je

a3

31 32

Kamali et al, 2016

31 32

ﬁz Rock ir ing Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

GSlI nd UCs probability density function

. Determining the
GSI classification of o
variability of GSI

GSI for different

rock types in

geological
GSl and UCS
structures
probability density
function l
T.G. Carter & Marinos, 2014 P ~ i | 33 Joughin, 2017 - - . T - ™ - 34
S — L —
33 34
ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Rock mass characterization :Persistance Data processing and rock mass model
* Persistence: The three main sources of uncertainty in Uncertainty analysis of Rock mass
geotechnical design characteristics and properties

The relative persistence of
various sets of discontinuities.
a) Persistent

b,c) Sub persistent

d) non-persistent

=3

_Sources of Uncertzinly

e,f,g) three-dimensional view Parameler Uncertainty E Storndard Deviaton-.

Data Scatier Systematic Error

d P

potential failure planes Real Spatial  Random Testing  Statistical Bias in Rock mass characteristics

showing the Variabiity Error Emor Measurements.

importance of “intact

rock bridges” in slope Data Scatter Systematic Emor

failure. ¥

After Macciottaetal., 2014 36

ISRM suggested methods, 2007 35

35 36
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Recommendation on Data processing and rock mass
model

Transferring data from the measured . -
condition to the application location: — R s Bk
At the preliminary stages of study when data SiEs, |

. . N . 1 i Surface
obtained from surface mapping and it will be - i ¥ measuremen
used for underground excavation design, it is e e tresults
required to adjust data considering the depth ° B
of tunnel.

Basically rock mass quality improves with
depth increasing. Comparison of the surface
mapping and mapping after the excavation of
tunnel proves this statement.

""" Underground
measurement
- —m results

Study on 28 tunnel shows that the rock mass et "
quality increases about one class in RMR and
GSl scale with an increasing of 200m depth.

Moosavi & Sharifezadeh, 2010 37

37

b

. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 - Shahrood UT

Recommendation on Data processing and rock mass
model

Rock mass characteristics
Interrelation matrix.

DE: Depth.

AP: Aperture,

PE: Persistence,

SP: Spacing,

UCS: Uniaxial
Compressive Strength,
EM: Elastic Modulus,
COFA: Continuity Factor,
DEMO: Deformation
Modulus, RMST: Rock
Mass Strength, BRMR:
Basic RMR, JCR: Joint
Condition Rating,
RQD: Rock Quality
Designation,

£
coFA

Moosavi & Sharifezadeh, 2010 38

38

. Rock ing Design and

in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT
Example of geomechanical parameters selection for
tunnel design

Contents liats availablo ot Sciencolimct

Tunnelling and Underground Space Technology

journal www.alssvier, tus!

Evaluation of rock mass engineering geological properties @,c,_w_,‘
using statistical analysis and selecting proper tunnel design
approach in Qazvin-Rasht railway tunnel

Behrooz Rahimi **, Kourosh Shahriar *, Mestafa Sharifzadeh "
“... inadequacies in site characterisation of geological data probably present the
major weakness to the design, construction and operation of excavations in rock.
Improvements in site characterisation methodology and techniques, and in the
interpretation of the data are of primary research requirements for all forms of
rock engineering.” (E.T. Brown, 1986)

39

ﬁE Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering - Dec. 15%, 2019 - Shahrood UT
Example of geomechanical
parameters selection for
tunnel design: 1
Tunnel cross section and
structural geology

1 Ta I i 1 Te

FHig. 5. Longitadinal peological cross-sextions aloag funel.

ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Example of geomechanical parameters selection for tunnel
design: Rock mass characteristics along tunnel route
Table I
Enpimerring mapertics of Sontimirs m Bl and joroad pams of the tanned
pacuc [ ap o g divcnon  Properties of ot et beting Yyetaces
ke e o Lenphim]  Specing  Aperte | Feacent of  Rosghaes Weitherng Water
| i
bedding | (09 a0 40-H0 0 w3 Shghtly rugh  Moderately tm highty  Hamid
i |I|,; 18-30 a1 wltad dhghtty mugh  Moderately to hoghly  bamad
I |’.3| w10 (K] witad Shghely ough  Moderately ta gy Hamid
L)
b 9 110 W ok ol <4 Shghthy rough  Moderately to heghty  Hhamd
&F & k]
o
i sets and bevding s face)
Spacky[om|  Ager Peroest of iy, Rasghecss  Weathormg Watrr
i
!‘_ IVI LB Sl <5 Shaghily rough  Moderately o bghly  Famsd
-9 w13 salt e § Shghitymugh  Moderately b
;
num 1 St Shghtly rough  Moderately o bighly  Hamid
J 40
" 41

41
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Example of a-en
geomechanical oy
parameters selection
for tunnel design: T
Clusters of Major ” B
-
discontinuity sets in /X \\
Taand Tb (a) and Tc ? -
(b) of the tunnel. \ o
% e
] 2
_ —
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Example of geomechanical parameters selection for Presentation layout
tunnel design: Laboratory test results and rock mass

classes
Table 4 1. Introduction
Physical and mechanical properties of rocks obtained from the laboratory tests,
Properties,  Maximumof Poisson's  Unit Young Uniaxial NI ITRPE
symbaol overburden,  ratio, v weight.  modulus,  compressive 2 Va”ablllty in rock type and rock mass structure
{unit) Him) v iym?  E(GPa)  sirength, o
(MPa} . .
o TS i o = 5 3. Effect of scale in rock behaviour
Th 71 0.25 22 20 30
Tc a5 025 22 20 30 . . : . L. :
4. Estimation of rock mass properties using statistical analysis
Tabke

The exsimated rock s chesifcasion sy,

5. Estimation of in-situ stresses

Parts of the nuseed Rock muss classificaton | description, taie
MR q R [ Suppon weight
3 Wik, 49 Very weak, 055 Weak 25 45 4 6. Summary
™ Cood, 41 Weak, 121 Weak 2 55 ']
% Cond, 47 Weik, 165 Weak 3 5060 56
43 a4
| |

43 44

ﬁ= Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 - Shahrood UT
Scale Dependent Rock Behaviour Material discontinuity at different scales
IOI'" 1ot 104 ! 10" 10! 1 : bl X

w
Length [meters)

Structure

—— 4x10°m

Inter-atomic spacing, 10 *m Plate tectonics 10° m

Length Scale - Range 10 powered by15

Fairharst, 2010 45 Pyrak Nolte, 2018 46
- ]

45 46

ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT . Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering - Dec. 15", 2019 - Shahrood UT
Scale Dependent Rock Behaviour: The difference in size between the main types of
discontinuities
unpr Discontinuities also could be divided to: Large scale and small scale.
£ - Large discontinuities have low shear strength and seismically active.
— . T T - Small scale discontinuities are stochastically distributed and should be
il //’ | | studied using sampling techniques.
i S
..r' \'\\ E
| I ——ROCK DEFECTS — JOINTS WEAKNESS ZONES
A =
A e / - L faults -
s f - Joinks E
loiy § _microcracks
. ¥, i* o e rings
—E " 1350 i cracks
o
— - fissures |

. - bedding planes

. seams/shears __ ||
Heterogeneity Observed From Rockmass Scale To Down To Grain-scale

0o 01 1 10 100 1000 10000

LENGTH (m) ———»
Hamdi, 2015 47 ) 48

47 48
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Rock Fracture - Size/Scale Effects

. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ

i)

Larger Excavation =) increased potential for blocky fall-out

Scale-dependency of

Bored Diameter 8 meters 4 meters 2 meters
i Rock Mass
rockmass properties S / /
Absolute Scale
and the concept of
. 8 meters
Representative i
Rock Mass
Elementary Volume Structure on the
"Tunnel Scale”
( REV) . Tunnel
Di t
iameter \ {
Rockmass size (www.phy.bnl.gov/~dwan)
49 50

49 50

_ Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT ﬁ__ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 ~ Shahrood UT

b=
Presentation layout Natural variability of intact rock

1. Introduction

2. Variability in rock type and rock mass structure

3. Effect of scale in rock behaviour

4. Estimation of rock mass properties using statistical analysis
5. Estimation of in-situ stresses

6. Summary

s distributions of intact rock properties. .
- ——G,—_~— T e————— - ——GG,,_,_~————————
ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15t%, 2019 — Shahrood UT
- : f Estimate uniaxial compressive strength (UCS) using textural
Covariance (COV) of intact rock properties L P gth (UCS) using
characteristics: Correlation of rock mass strength with texture
parameters o] '
@ ® ® -
€ ¢ o £9 SPe o
Coefficient of Variation (%) §j Mick ¥ %:’ ufa' o ® “BPD W gm gD;od;‘in ot o o6
%06 o < o 8
04
Test Type Property Number of data groups Mean 5D FRange m“ il ™ ) . I w" _— s
Index Yoy ] 10 12 0.1-84 i N ] p &
n 30 242 185 30-71 gof ¥ oo® g TS o
R 54 87 54 1.4-26 Faff o8 FuhBe o gg¥es 02
S 5% 1. 85 | 4-38 ° 0 o o o © 3 Ootog
Strength G 174 14.0 "z 08-41 o ] o % s "w w 0 s @ a4
Qu-Brariian 54 194 129 1861 h S, cel%y
I 66 205 143 18-59 o © et PR o oo @0 0
Stiffvass E.sh 72 205 169 | 4-6% a o %7 9 o§§ @ %w% o 8m © UCSn GGtCa M L Q Mads G BT
8 »|d 2 w8 [
8% 9 = -’o%ag o ST Rgwo , ©
v % s oW w % oW 2
Ca(%) Vioid(%) Matrix(%) UCS = 3680void® — 711.6vaid +49.19
&0 6 UCS =4401Cfc* — 2121Cfc? + 268Cfc + 18.66
= §w % Cf : ferruginous cement,
o o gl G0 Cfc: ferroan calcitic cement,
o © - P e°_°0 Ca : argillaceous cement.
(Prakoso 2002) 53 2 Fugr-:fmm 2 Slljmml : Manouchehrian A, Sharifzadeh M. HamidzadehH, (2012) 5%
| =

53 54
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i)

. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

Estimate uniaxial compressive strength (UCS) using . . . .
.- Uncertainty in material properties
textural characteristics ) ; ) e
e Complex history of formation & continual modification leads to
i a high degree of variability in geomaterials & in situ stress
b ¢ Need to consider uncertainty as it can have a significant impact
on ground response & support performance
'_:,: [ uttimate strength - concrete  —
Man Made -
- Materials Ultimate strength - steel =
3 048 | Uttimate strength - aluminum =
o™ n [ Coefficient of friction (tand) =[]
P 4, Cocrelation matrix fof oetginal dus set, Pmﬁ:;'“%_ Effective cohesion (¢') | —
UCS = 3680void? — 711.6void + 49.19 L Undmined strengih (o) ——
UICS = 4401CFc? — 212100 + 268CH + 1866 Uniaxial Compressive Strength  [IiGmaie (ieesien] [sstwas]
. Pﬁ"‘;ﬁﬁ HB material constant (m) [ ]
L Q‘ b, "! s Cf : ferruginous cement, s Elastic modulus (E)  [[EEaa] o) |
5 Cfc: ferroan calcitic cement, -
- " 0% 10% 20% 30% 40% 50% 60%
- Ca: argillaceous cement.
Coefficient of Variation (COV, %)
Manouchehrian A, Sharifzadeh M., HamidzadehH., (2012) 55 (with data from Bond & Harris 2008, Ruffolo & Shakoor 2009, Marinos & Hoek 2000) 56
- ——— = n—————————— - ——G—_~—TNDN¥YSG——————
ﬁ__ Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ__ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Hoek-Brown m..parameters HB Material Constant
Hoek-Brown mics parameter * Given expense of Rt | o oo
Mo P e =) Ve Fro | Vot
Conomacaia” Thutong 727 | Clystond x2
Number of Mean, Range, COVoscs triaxial tests, z et e Wl || e | S
Rock type data groups Mgy [~ (%) g Broccias {1055 (] Maris (722
.. . Drare. Chke Ta2
Granite 18 253 8-43 377 empirical estimates g " 3 Ty
Dolerite 4 132 11-15 147 i Custc| Catoren| | T | Uraskos | Linesns | DR
Granodiorite 4 6.0 16-35 314 sometimes used el {107 ma |
Sandstone 57 16.0 342 538 = Engostes
Mudstone 7 19.2 9—47 758 . ' Folisted
e 5 ot s oie Values contain both E
Chalk 2 72 - - . .
Limestone 25 96 4-26 473 aleatory & epistemic § -
Dolostone 8 11.4 5-18 377
i Grange 3223 Dhorits a5
Carnallitice 5 208 346 947 uncertainty Lt i
Amphibolite 3 78 24-33 16.7 —i k| G0 3753 T Dol [1645)
Quartzite 6 204 15-28 249 « Should be used for it 3055
Marble 14 8.1 5-16 395 Hpatyasal e
Mean = 472 * initial estimates only! A A 5 | mghs) |
D= 27.1 — "m" Booccin (10:5) | Tl 1325}
Doruk, 1991 57 Hoek 2007 58
- G ,—_—SS—S————————
ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Variation of rock strength with changing scale Uniaxial Compressive Strength (UCS)

¢ Determined through repeated

Properties of rock discontinuities govern the overall behavior of the N .
* laboratory testing of intact

rock masses. This lecture addresses properties of rock discontinuities. samples
* Natural variability (aleatory)
* Properties of rock dueto changesin:
discontinuities govern the = Index properties (density,
. t
overall behaviour of the porosity) . .
. — Petrographic characteristics
rock masses. This lecture (grain

addresses properties of .

size/shape, nature of cement)
rock discontinuities.

¢ Changes in petrographic

o Accurate evaluation of gl;afzézggenstlcs result in micro
roc'f mas_s Stren_g'ih_ in — Leads to different modes of (Sawedzicki 2007)
engineering activities sample
leads us to safe and « failure for intact rock
economic design. — Analyze each mode separately |
59 60
| |

59 60
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Uniaxial Com o] ressive Stre ngt h ( U CS) Example of geomechanical parameters selection for tunnel design:
Estimation of Rock Mass Properties Using Statistical Analysis (1)

« Epistemic uncertainty »The rock mass properties such as Hoek-Brown constants,
due to measurement & deformation modulus (Emass) and rock mass strength (ocmass)
statistical estimation are important input parameters in any analysis of rock mass, such
errors as designing the primary support and final lining in a tunnel.

— Measurement errors » The usual methods for determining rock mass properties and in
* limited with QA/QC situ stresses are empirical methods, back analysis, field tests and
- Statistical estimation error mathematical modeling. Field tests to determine these parameters
reduced by performing directly are time consuming, expensive and the reliability of the
adequate. number of tests results of these tests is sometimes questionable.
61 62
IEE————————— IEE—————————
61 62
Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Example of geomechanical parameters selection for tunnel design: Example of geomechanical parameters selection for tunnel design:
Estimation of Rock Mass Properties Using Statistical Analysis(2) Estimation of Rock Mass Properties Using Statistical Analysis(3)
> Statistical analysis is a branch of mathematics dealing with * The estimation of rock mass parameters using statistical analysis methods is

gathering, analyzing, and making inferences from data. carried out as following steps:

1. Selection of several empirical equation or classification system for estimation

» The method is used to predict the characteristics of certain .
of rock mass properties.

applicable real properties in all science.
PP prop 2. Statistical analysis of obtained data from empirical equations. Generally,

» Statistical tools not only summarize past data through such g i ini and dard deviation data are calculated.

indicators as the mean, medium, mode and the standard deviation According to condition and requirement project may be calculated other

. . T . statistical parameters.
but can predict future events using frequency distribution P
. ... . . .. . 3. Omit high deviation data.
functions. Statistics provides ways to design efficient experiments
4. Re-statistical analysis of data without high deviation data and estimation of

that eliminate time-consuming trial and error.
rock mass properties.

63 64
- | - |
63 64
Rock Engineering Design Approaches and cftesrarcher Equation od UT ﬁ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
hna e i Example of geomechanical parameters selection for
ks A tunnel design: Estimation of rock mass strength along
s e e OEED qurcy tunnel using the proposed empirical equations
Example of o e - R

wos6) Gue 1075 (MPa)

%’Zlm Jan — (522)
=90 e, a=("") o
parameters selection  ==ii™ . <o ir

L = 100MPa, @ > 10

geomechanical sty

Goel (1991)

. S ess
for tunnel design:  swexioon
Stewes 1997, P

Estimation of Rock  ees™

Dutgic (1998) oa(MP. =6

MR + (100 — RMR)

Iarton (2000) r(Qiag)t?  (Mpa)

oo
Mass Strength (o) P vt g, tpe
Hoek (2002) _ ouilmy + 45— almy — 85)) (mp/a 4 ) *
= DG T @ (Mpa)
Barton Q002)  Gumase = 57027 Qe = Q o
T e SR g o AT e ()
T dcrarmmation rdulo of iact rock (MP3)
B it st (o
4, s, mp. Hoek and Brown constants for zock mass 65

65
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. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ_ Rock Engineering Design Approaches and challenges in L Researcher (year) Equation dur
H 5 Dieniawski (1978) Epnass = 2RMR 100 (GPa) ,RMR > 50
Example of geomechanical parameters selection for ST, o
(1983 Enmass — 10559 (GPa) .RMR < 50
. O st maon
tunnel design: G = 25050 GP 0 1
. . . Veran (1993) Frmass = 0. =10 @GP p
Statistical approach to estimate rock mass strength Example of e /{Jﬂm -
. .. N Mitei (1904) Efos(1 {eosn” o )| (GPa)
along tunnel using the proposed empirical equations geomechanical s s sxae (6pe) matt >0
Singh(1997) Emass — E¢(sm)"/** (GPa)
. Enmass = —=10("%™) (6Pa) .o
parameters selection for ok nd D (999 L
Read (1999) Emass — 0. ll )" (GPa)
asabyis revels oblened fro evtemated rock muss 2rength | 6., o0 the veenel tunnel deSIEn' E"' e p;;;%zﬂﬁ:"
Romomurthy (2001) mase = Be e -
Patsel  Minimun Maimem Average Sudisd Average wil 955 coofidence S R . 2/“7:116,5“‘
sl devaion & Estimation of ok couz) = (1= 2) [ o orn
n w ) s Rarton (2002) =100} (GPw). 0.=Q1%;
T u 615 w Deformation Modulus of Bt 2002 I
Te [ L] n 18 am < 1.RMR < 50
Secoad tep: wathout coasaering of eqution v =_] Ta [} § u M Raniunthy (2004) Emass ~ E¢exp — 00035[5(100
P, ¥ — RMR)] (GPa)
[ sadil BoooWo mm a5 rock mass (E,,) ey Fmer = B 00035125001
Te L ] n L] amosthy (003) 0310gQ)1(GPa)
Hoek and Disderiches  E™7 N
(2006) — £:(0.02 + T smermemr) (6P
Ui, uniaxial compressive stenglh of intact1ock (MPa)
b teteae e
[
67 e e oot 68
e e SR sl
Rock ing Design in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

Example ofgeomechanlca parameters selection for
tunnel design:

Estimation of rock mass deformation modulus (E,,_..)

along tunnel using the proposed empirical equations

Example of geomechanical parameters selection for
tunnel design:

Statistical approach to estimate rock mass
deformation modulus (E_ . .) along tunnel using the
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RQD (/ Example of geomechanical parameters selection for tunnel
5= 00020y, @y = (5) Pl -
Singh(1993) n design: Calculated Hoek—-Brown and Mohr—Coulomb parameters
™ = 0.135Qy '
s values.
Example of ) 51— 100
. M = My €Xp ( 28— 14D ) Method Parameter  Ta T Te
geomechanical ST — 100 - - - -
Hoek (2002) Sm = erp( ) {1} empirical equations (based on Mgy 46 273 3.90
t lecti o1 e Table 10) £, 00047 00034 00048
parameters selection a=3 +E(E'ﬁ 79-7) a 0505 0506 0504
. My s {2) rock mass rating classification o MPa) 0.2- 0.2- 0.2-
for tunnel design: = Sn . GSI>25 (RMER) 03 03 03
et @ 25-35  25-35  25-35
Estimation of Hoek- Singh(1007) sm=—,— -@<10.], =1,0;<100MPa (degree)
=08 ; (3) Rock-lab software my, 3733 2515 4009
; Jif GSE 225 54 00039 0.0067
Brown and Mohr- G ; Sm 0.005:
n =065 -o50 <06, GSI <25 a 0505 0506 0504
1 g aseanmrnses c(MPa) 031 D41 039
Coulomb constants Ramamurthy (1985) 5= iC ) @ 55 52 58
sm=Jj (degree)
of rock mass Palm Strom (1995) gy =m0 Estimation of Hoek-Brown and [ 417 262 395
Mahr-Coulomb parameters Sm 00051 00037 00058
GSi: ground strength index values a n&ns 0506 0504
D: disturbance degree factor of rock types of rock mass ; A m
it s wad B s dMPa) 028 033 032
m; Hoek and Brown constant for intact sock L a3 a1 44
Jp: coefficient of strength decrease in RMi (degree)
: rock mass density (tm3) 71 72
I == = ______________________________|
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Variation of vertical stress with depth(atter Amadei & Stephansson, 1997;Yokoyam, 2003). Variation of horizontal stress with depth
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Estimation of in situ stresses (1)

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 ~ Shahrood UT

Estimation of in situ stresses (2)
» Determination of in situ stresses is very difficult and expensive,
for this reason, many projects are carried out in which the stress » Stephensson (1993) has suggested the following relation between
field has been estimated using compilations of measurement data horizontal stress and vertical stress based on hydraulic fracturing
from nearby or regional tunnels.
tests.
» Sheorey (1994) developed an elasto — static thermal model which
accounted for the crust curvature, changes in density, elastic 0, =2.8+1.480, (H<1000m)
constants and coefficients of thermal expansion. He suggested the > Sengupta (1998) used o, in his equation to calculate horizontal
following relationship for horizontal to vertical stress ratio K :
stress as

1
K=0.25+7Eh[0.001+ﬁ] on=15+120,

77 78
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Estimation of in situ stresses (3)

» The horizontal stress was determined from the following equation based on
results of in—situ tests in Canada, Australia, USA, Scandinavia, South Africa and
other regions in the world.

12.60
o = Tav
> Sheorey (2001) proposed the below equation for calculatingo,:
v pEmassG
=— ——— (H + 100
=T T, (H +100)

Where B =8 x 107¢ /°C is the coefficient of linear thermal, G = 0.024 °C/m
that is geothermal gradient, v is Poisson's ratio and E,,,., deformation modulus of
rock mass (MPa).

Calculated in situ stress (g, &, and K).

Ta Tb Tc
oy (MPa) 1.0G 1.56 0.99
o (MPa) 1.52 1.91 1.65
K 1.43 1.22 1.67
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Presentation layout

1. Introduction

2. Variability in rock type and rock mass structure

3. Effect of scale in rock behaviour

4. Estimation of rock mass properties using statistical analysis
5. Estimation of in-situ stresses

6. Summary
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Presentation layout

Input parameter
challenges

Modelling ) . Results
challenges interpretations

4

¢ Input Data Challenges of Rock Engineering

¢ Rock Strength

¢ Analysis of Data and Estimation of Parameters

¢ The reliability of results must be verified by judgement and experience
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Geotechnical Model

/G’eological Model Structural Model [
= Lithology * Major Structures b
* Alteration *Bedding
= Mineral zones =falds
= Seismic coefficient " Mln‘n?;':‘mm
Input *oHESSTHE S M ie
<Joints

ological Mo

Rockmass Model * Hydrogeological units
* Intact rock strength *Hydraulic conductivities
= Strength of structures [ *Flow regimes.
{ *Rockmass classification »Phreatic surfaces. i
‘e Rockmass strength *Pore pressure distrib Al

. MY P

+ Geotechnical domains and associated properties, including:
* Material distribution
* Structural anisotropy
* Strength parameters

. *Hydrogeological factors (drainability)

output
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Precision vs. Accuracy

High Accuracy Low Accuracy High Accuracy Low Accuracy
High Precision High Precision Low Precision Low Precision

* Precision--Precision is a measure of the repeatability of a set of
measurements. When a set of measurements of the same quantity
are all close together then the data are precise. If a set of
measurements vary widely then they are imprecise.

¢ Accuracy --Accuracy is a measure of the truth of an experimental
result. It must be measured against a known and trusted standard.
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Garbage in — Garbage out Paradigm

Garbage In -> Garbage Out Paradigm

| carbageData | w==) | Good Model | m=sd | Garbage Results |

| GoodData | w==) | Garbage Model | w==) | Garbage Results |

[ Garbage Data | wesp [[Garbage Model | = [N
[ Good Data m=) [ Good Model | m==p [ Good Results |
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Approaches to reduce data uncertainty Garbage in garbage out (GIGO) paradigm
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Before any rock engineering project, mechanical parameters of rocks such as uniaxial compressive
strength and young modulus of intact rock get measured using laboratory or in-situ tests, but in some
situations preparing the required specimens is impossible. By this time, several models have been estab-
lished to evaluate UCS and E from rock substantial properties. Artificial neural networks are powerful
tools which are employed to establish predictive models and results have shown the priority of this tech-
nique compared to classic statistical techniques. In this paper, ANN and multivariate statistical models
considering rock textural characteristics have been established to estimate UCS of rock and to validate
the responses of the established models, they were compared with laboratory results. For this purpose
a data set for 44 samples of sandstone was prepared and for each sample some textural characteristics
such as void, mineral content and grain size as well as UCS were determined. To select the best predictors
as inputs of the UCS models, this data set was subjected to statistical analyses comprising basic descrip-
tive statistics, bivariate correlation, curve fitting and principal component analyses. Results of such anal-
yses have shown that void, ferroan calcitic cement, argillaceous cement and mica percentage have the
most effect on USC. Two predictive models for UCS were developed using these variables by ANN and lin-
ear multivariate regression. Results have shown that by using simple textural characteristics such as min-
eral content, cement type and void, strength of studied sandstone can be estimated with acceptable
accuracy. ANN and multivariate statistical UCS models, revealed responses with 0.87 and 0.76 regres-
sions, respectively which proves higher potential of ANN model for predicting UCS compared to classic
statistical models.

© 2012 Published by Elsevier B.V. on behalf of China University of Mining & Technology.

Keywords:

Textural characteristics
Uniaxial compressive strength
Predictive models

Artificial neural networks
Multivariate statistics

1. Introduction enced judgment, can provide initial estimate of rock properties re-

quired at the feasibility and design stage.

In many rock engineering projects, the uniaxial compressive
strength of intact rock (UCS) is not measured by laboratory tests,
because performing such tests needs high quality samples and
sophisticated equipments. In many situations it is too difficult to
prepare standard core samples from weak, stratified (thinly bed-
ded), highly fractured and block-in-matrix rocks. For solving this
problem which arises during the core sample preparation, some
predictive models considering simple index parameters such as
Schmidt hammer, point load, block punch, and physical and petro-
graphical properties were developed by many researchers [1-8],
because these index tests require relatively small samples when
compared with the uniaxial compressive strength test samples.
Despite some deficiencies, index tests, when coupled with experi-

* Corresponding author. Tel.: +98 (21) 6454 2952.
E-mail address: sharifzadeh@aut.ac.ir (M. Sharifzadeh).

As view of structural point, rock is the combination of some
minerals and the cement exist between them which various com-
binations of them forms rocks with various properties (physical
properties, chemical properties, mechanical properties, magnetic
properties, etc). Mechanical properties of rocks are a function of
its structure such as mineral content, porosity, number of weak
planes and texture of itself. In fact, mineral content and porosity
explain the genus of forming materials and their packing density,
quality of structural materials will be explained by considering
the number of micro cracks exist in the body of rock and configu-
ration of forming materials and their linkage will be explained by
texture of rock. By knowing these three parameters, mechanical
properties of every composite material will be recognized more
accurately.

In recent years, many researchers have focused on the relation-
ship between textural and mechanical properties[1,5,9-13]. Results
have shown that mechanical properties of rocks are a function of the

2095-2686/$ - see front matter © 2012 Published by Elsevier B.V. on behalf of China University of Mining & Technology.
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textural properties. These research results show that mechanical
properties of rock depends on its textural characteristics and
most effective parameters are mineral content, grain size, grain
shape and porosity. Thus some researchers by using classic
statistical methods and recently by developing intelligent
techniques, by using them have established models based on tex-
tural characteristics to estimate mechanical parameters of rock
[1,14-19]. In these models textural characteristics were chosen as
inputs of models which were not easy to determine. So these models
didn’t become popular ones.

Singh et al. (2001) employed ANN to estimate mechanical
parameters of rock. In their studies they used parameters as inputs
of predictive models which were not simple to determine and
needed to use up much time and use specific equipments [16]. Also
Tamrakar et al. (2007) established models to estimate mechanical
parameters of sandstone which their studies suffered from the
above problem [17].

In this paper, two ANN and multivariate statistical models are
presented which have potential of predicting UCS with acceptable
accuracy using some simple textural parameters. This ease of use
can cause popularity of this method for estimating different
parameters of rocks such as mechanical properties, physical prop-
erties, magnetic properties, etc.

2. Siwalik sandstone

Analyses that were carried out in this study on the relationships
between UCS and rock textural characteristics have been based on
the data obtained by Tamrakar et al. (2007) [17]. They tried to find
relationships among mechanical, physical and petrographic prop-
erties of Siwalik sandstones, central Nepal sub-Himalayas by per-
forming statistical analyses. Textural configurations and UCS of
studied samples are summarized in Table 1. Also two representa-
tive thin-section images of studied samples are shown in Fig. 1.

Petrographic analyses have shown that quartz, feldspar and
lithic fragments vary from 32% to 66%, 3% to 16% and 0 to 24%,
respectively in these samples (Table 1). Quartz is mostly undulosed
monocrystalline to polycrystalline, and some are non-undulosed.
Feldspar is both K-feldspar and plagioclase. Lithic fragments are of-
ten quartz-mica tectonite, quartz-mica aggregate, quartz-mica-
feldspar aggregate, and argillite-shale. Among the micas, biotite
and muscovite are substantial whilst chlorite is minor. Heavy min-
erals form minor constituents in sandstones. Matrix forms 0% to
18% and occurs as primary and secondary alteration products. Total
cement ranges between 6% and 41%. Ferroan calcitic cement occurs
as pore occluding, replacing and fracture-filling cements. Besides,
ferruginous and argillaceous cements occur as grain coats and

Table 1

Some properties of the rock samples.[17]
No. Q (%) Fl (%) Cfc (%) Cf (%) Cs (%) Ca (%) M (%) n (%) Mx (%) L (%) Mz (mm) UCS (MPa)
1 49 6 1 0 7 8 1 9 12 7 213 7.9
2 52 5 7 10 6 3 2 7 3 4 2.11 11.2
3 48 14 0 1 3 3 4 4 17 5 2.8 12.6
4 32 9 10 1 7 8 15 4 9 2 3.01 51.6
5 55 4 3 3 2 1 3 4 12 9 1.74 28.8
6 41 7 0 0 15 5 18 1 11 1 2.97 49.8
7 66 5 9 1 3 3 3 1 5 3 2.55 47.5
8 59 3 0 10 6 3 2 5 5 7 2.15 294
9 32 8 0 2 4 15 15 8 13 2 3.12 28.7
10 36 8 2 1 5 9 8 9 16 5 2.64 18.5
11 50 12 0 0 5 7 5 9 9 2 2.77 12.6
12 39 9 0 2 2 2 16 10 18 1 2.76 34.8
13 53 6 0 4 6 8 3 5 10 4 2.54 293
14 48 10 0 14 5 4 3 6 8 2 2.44 15.2
15 37 13 2 8 5 14 3 8 6 4 2.58 1.29
16 54 8 1 1 4 5 3 7 5 11 1.53 9.57
17 41 8 21 1 0 1 5 6 2 14 1.44 19
18 31 12 32 0 0 0 8 4 1 10 1.96 32.2
19 44 6 24 4 1 3 4 6 4 4 2.07 9
20 34 8 28 1 1 0 5 1 1 20 1.72 19.2
21 36 8 25 1] 0 0 2 7 1 20 0.95 21.8
22 23 3 34 3 3 1 19 4 10 0 2.74 31.9
23 38 7 23 0 0 0 3 3 1 1 0.78 42.7
24 32 15 14 7 0 1 12 5 2 1 0.99 9.8
25 34 16 14 0 0 0 8 6 2 2 0.99 214
26 27 9 21 2 0 2 11 9 3 1 1.08 24
27 28 9 29 0 0 0 12 12 6 3 1.22 11.7
28 40 8 31 0 0 0 2 1 1 2 1.05 48.4
29 38 8 27 1] 0 0 7 7 1 2 1.01 15.4
30 27 11 33 0 0 1 9 2 2 1 1.05 334
31 35 7 32 0 0 1 4 3 1 1 0.99 36.4
32 35 8 30 0 0 1 10 3 1 2 1.07 24
33 37 8 30 1] 0 1 5 8 1 3 0.94 8.2
34 29 14 37 0 0 1 7 1 1 2 1.05 484
35 35 8 34 0 0 1 6 2 1 1 0.87 25
36 35 7 31 0 0 0 9 6 1 1 0.77 27.8
37 32 10 33 0 0 1 9 3 1 1 0.88 27.9
38 30 15 34 1 0 0 8 1 1 2 0.77 414
39 38 12 29 1] 0 0 6 2 1 4 1.16 40.4
40 33 12 31 0 0 1 5 1 1 3 0.84 31.6
41 42 11 27 0 0 1 3 2 1 9 0.91 38.5
42 34 11 32 0 0 0 6 1 1 3 0.96 48.4
43 35 9 33 0 0 0 6 1 3 3 0.99 43.2
44 32 7 26 1 0 1 9 8 3 2 0.86 7.9

Note: Q, Quartz; Fl, Feldspar; M, Mica; Cfc, Ferroan calcitic cement; Cf, Ferruginous cement (brown to reddish brown iron hydroxides); Cs, Siliceous cement; Ca, Argillaceous
cement; n, Void; Mx, Matrix; L, Lithic fragments; Mz, Mean grain size; UCS, Uniaxial compression strength.
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Fig. 1. Representative thin-section images of Siwalik sandstone [17].

isolated patches in some sandstone. Optical void (hereafter-void)
ranges between 1% and 12% of the modal composition. Voids are
mainly intergranular and rarely intragranular. Besides, secondary
voids are also found; grain fracture, rock fracture and dissolution
[17].

3. Statistical analyses on experimental data

There are many textural characteristics which can be deter-
mined in petrographical studies but for establishing predictive
models it’s needed to define dominant independent variables on
the target dependant variables. For this purpose, statistical analy-
ses can be helpful. Statistical analyses which were done in this
study on the relationships between mechanical properties of rock
and textural characteristics of rock have been based on the data
obtained from analyzing Siwalik sandstone.

In this study, just textural characteristics are used which have
easy determining technique. Thus considered textural parameters
here consist of mineral content, void and grain size for evaluating
UCS. A data matrix has been built using observations belonging to
44 rocks (Table 1).

In this study some data analyses including basic descriptive sta-
tistics, bivariate correlation, curve fitting and principal component
analyses has been applied to data set.

Original data set was subjected to bivariate correlation. This
analysis was aimed to determine the independent variables affect-
ing UCS more than the others do, for recognizing the relationships
between UCS and other textural characteristics of rock. After
selecting the model parameters, two ANN and statistical models
of UCS were built in following section of artificial neural networks
and multivariate statistics in this paper.

Domains of measurements variation in the original data set are
shown in Fig. 2. The boxplot of the original data set which is shown
in Fig. 2 shows that for the most of the data groups, the median is
not in the center of the box, which indicates that data for most of
measurements are not symmetric.

To visualize relationship between USC and each measured tex-
tural characteristics and its trend, scatterplot of UCS against each
of them were plotted (Fig. 3). Fig. 3 indicates that USC of studied
sandstone have more relationship with void and Cfc than the
others.

Bivariate correlation analysis was carried out to recognize rela-
tion between every single parameter (Table 2 and Fig. 4). Results of
bivariate correlation analysis show that UCS is most correlated
with void, Cf (ferruginous cement), Cfc (ferroan calcitic cement),
Ca (argillaceous cement), mica and lithic fragments. The other vari-
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Fig 2. Boxplot of variation of measured data.

ables do not have any significant correlation with UCS. It means
these six textural characteristics affect UCS more than the others
do.

Beside, to recognize potential of predicting UCS by each single
textural parameter, curve fitting was applied to data set. For this
purpose, all the nonlinear models along with the linear model were
tried to fit the data to establish bivariate regression models for UCS
using each independent variable, so the goodness of fit statistics
have been used. Sum of squares due to error (SSE), root mean
squared error (RMSE), the coefficient of determination (R?), and
the adjusted R?> were used as the numerical measures of the good-
ness of the fit for bivariate regression models. R? is the square of
the correlation between the response values and the predicted re-
sponse values. A value closer to 1 indicates that a greater propor-
tion of variance is accounted for by the model. Adj-R? is the
degrees of freedom adjusted R-square. A value closer to 1 indicates
a better fit. SSE measures the total deviation of the response values
from the fitted values of the response values. It is also called the
summed square of residuals. A SSE value closer to zero indicates
a better fit. RMSE is also known as the fit standard error and the
standard error of the regression. An RMSE value closer to zero indi-
cates a better fit [20]. Models fitting the data best for the predic-
tions of UCS are given in Table 3.

Measurements collected in a series of variables in a data set
may be strongly correlated. Such measurements may also be re-
garded as expressing two or more fundamental aspects of a single
parameter. Principal components analysis is an effective method to
check if a data set is suffering from the above problem. It is also a
quantitatively rigorous method for achieving necessary simplifica-
tion of the data sets having that problem. The method generates a
new set of variables, called principal components. Each principal
component is a linear combination of the original variables. All
the principal components are orthogonal to each other, so there
is no redundant information. The full set of principal components
is as large as the original set of variables. However, it is common-
place for the sum of the variances of the first few principal compo-
nents to exceed 80% of the total variance of the original data [20].

A principal components analysis has been applied on the origi-
nal data set. The coefficients for twelve principal components are
given in Table 4. The columns in Table 4 are in order of decreasing
component variance. The absolute largest coefficients in the first
principal component are mainly Cfc, Ca, matrix, grain size and Cs.
This means that the principal component with the highest variance
is mainly weighted on Cfc, Ca, matrix, grain size and Cs. All coeffi-
cients of the first principal component have proper signs, making it
a weighted average of all the original variables. The second princi-
pal component is mainly weighted on mica, third component is
weighted on UCS and void and fourth component is weighted on
Cf and lithic fragments.

The variance explained by each principal component is given in
Table 5. It shows that the most of the variance (78%) in data set can
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Fig. 3. Scatterplots of UCS against the textural characteristics of rock.
Table 2
Correlation coefficients for original data set.
Parameter ucs Void cf Cfc Ca Mica Fragment Quartz Matrix Size Cs Feldspar
ucs 1 -0.7 -0.34 0.29 -0.24 0.22 -0.21 -0.13 -0.12 —0.07 0 (0]
Void -0.7 1 0.22 —0.44 0.39 0.1 0.02 0.05 0.41 0.27 0.14 -0.14
cf -0.34 0.22 1 —0.48 0.29 —0.18 —0.04 0.36 0.18 0.37 0.35 -0.15
Cfc 0.29 —0.44 —0.48 1 -0.7 0.07 —0.06 —0.65 -0.76 -0.76 -0.75 0.16
Ca -0.24 0.39 0.29 -0.7 1 0.07 —-0.07 0.23 0.6 0.72 0.64 —-0.07
Mica 0.22 0.1 —0.18 0.07 0.07 1 —0.42 —0.59 0.28 0.24 0.16 0.06
Fragment -0.21 0.02 —0.04 —0.06 -0.07 -0.42 1 0.22 —0.09 —-0.01 —0.05 -0.12
Quartz -0.13 0.05 0.36 —-0.65 0.23 —0.59 0.22 1 03 0.39 0.44 -0.39
Matrix -0.12 0.41 0.18 —0.76 0.6 0.28 —0.09 0.3 1 0.82 0.62 -0.19
Size —0.07 0.27 0.37 —0.76 0.72 0.24 -0.01 0.39 0.82 1 0.77 -0.25
Cs 0 0.14 0.35 —-0.75 0.64 0.16 —0.05 0.44 0.62 0.77 1 -0.3
Feldspar 0 -0.14 -0.15 0.16 —0.07 0.06 -0.12 -0.39 -0.19 —0.25 -0.3 1

Cfc M Q

Cs
Mz F

Fig. 4. Correlation matrix for original data set.
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-04
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be explained by only four principal components with three first
principal components account for the highest percent of the total
variance (70%) (Fig. 5). This indicates that data set is mainly driven
by independent variables of void, Ca, matrix, grain size, Cs, mica,
UCS and void. Therefore, it was decided to consider void, Cfc, Ca
and mica percentages as the predictors in the ANN and statistical
models for UCS, also considering the scatterplots and correlation
analyses.

4. Analysis using artificial neural networks

A neural network is a massively parallel-distributed processor
that has a natural propensity for storing experiential knowledge
and making it available for use. Because of its ability to learn and
generalize interactions among many variables, artificial neural

Table 3
Best bivariate regressions for UCS.
Predictor R? Adj-R? RMSE Regression model
Void 0.54 0.52 9.613 UCS = 3680void? — 711.6void +49.19
Cfc 0.203 0.143 12.92 UCS = 4401Cfc® — 2121Cfc? + 268Cfc + 18.66
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Table 4
Coefficients for the principal components.
Parameter Principal component
1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th
ucs 0.15 -0.3 0.6 —0.01 0.06 -0.02 0.05 -0.27 0.64 -0.07 0.18 -0.05
Void -0.23 0.05 -0.59 0.25 -0.12 -0.22 0.04 0.02 0.55 0.04 0.39 -0.12
cf -0.24 0.19 -0.06 -0.49 -0.46 0.56 0.16 -0.22 0.14 -0.11 -0.02 -0.15
Cfc 0.43 -0.05 -0.02 0.12 -0.14 0.12 -0.2 -0.15 -03 0.05 0.44 —0.64
Ca -0.36 -0.13 —0.08 -0.13 0.22 -0.03 -0.74 -0.29 0.08 0.08 -0.29 -0.23
Mica -0.01 -0.62 -0.13 0.21 -0.13 0.29 0.22 0.24 0.08 0.37 -0.39 —0.23
Fragment -0.01 0.43 0.03 0.43 0.52 0.55 0.08 -0.02 0.15 —0.01 -0.08 -0.12
Quartz -0.27 0.4 0.34 —0.08 —0.05 -0.37 0.22 0.15 0.02 0.46 -0.12 —0.46
Matrix —0.38 -0.23 —0.01 0.17 0.15 -0.19 0.42 -0.35 -0.26 -0.51 -0.07 -0.29
Size -0.41 -0.18 0.12 0.05 0.12 0.18 0.07 -0.25 -0.28 0.5 0.5 0.3
Cs -0.38 -0.14 0.25 -0.02 0.02 0.16 -0.21 0.7 -0.03 -0.34 0.3 -0.13
Feldspar 0.15 -0.14 -0.25 -0.63 0.61 —0.01 0.23 0.13 0.06 0.08 0.14 -0.16
Table 5 sponding to UCS in the output layer. Also, the input layer had four

Variance explained by each principal component.

Principal component Variance Variance explained (%)
1 4.7 389
2 2.1 17.3
3 1.6 134
4 1 8
5 0.9 7.5
6 0.6 5
7 0.4 3.7
8 03 24
9 0.2 1.7
10 0.1 1.1
11 0.1 0.9
12 0 0.2
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Fig. 5. Percent variability explained by the first eight principal components.

networks technology has been reported to be very useful in mod-
eling the rock material behavior by many researchers [21,22].

Meulenkamp and Alvarez Grima (1999) investigated the possi-
bility of predicting UCS by ANN from rock hardness information
using Equotip hardness tester and other intact rock properties.
Their study indicated that ANN technology was more powerful
than conventional statistical techniques in predicting UCS from in-
tact rock properties [23]. Studies of Singh et al. (2001) in develop-
ing predictive models for UTS, UCS, and axial point load strength
from the intrinsic rock properties revealed that using ANN in build-
ing these models was more accurate than using conventional sta-
tistical techniques [16].

Feed-forward back propagation network was chosen to build
the prediction models for UCS in this study, which is a two-layer
network with tangent sigmoid transfer function neurons in the
hidden layer and a pure linear transfer function neuron corre-

neurons corresponding to four independent variables of void, Cfc,
Ca and mica percentage. This network architecture is shown in
Fig. 6.

Above network architecture is known as a useful neural net-
work structure for function approximation or regression problems.
Back propagation was created by generalizing the Widrow-Hoff
learning rule to multiple-layer networks and nonlinear differentia-
ble transfer functions. Standard back propagation is a gradient des-
cent algorithm, as is the Widrow-Hoff learning rule, in which the
network weights are moved along the negative of the gradient of
the performance function. The term back propagation refers to
the manner in which the gradient is computed for nonlinear mul-
tilayer networks. Properly trained back propagation networks were
reported to tend to give reasonable answers when presented with
inputs that they have never seen [20].

The multilayer feed-forward network is the most commonly
used network architecture with the back propagation algorithm.
Feed-forward networks often have one or more hidden layers of
sigmoid neurons followed by an output layer of linear neurons.
Multiple layers of neurons with nonlinear transfer functions allow
the network to learn nonlinear and linear relationships between
input and output vectors. Tangent sigmoid nonlinear transfer func-
tion is known useful for neural networks where speed is important
and the exact shape of the transfer function is not. The linear out-
put layer lets the network produce values outside the range —1 to
+1. If the last layer of a multilayer network has sigmoid neurons,
then the outputs of the network are limited to a small range. If lin-
ear output neurons are used, the network outputs can take any va-
lue. Moreover, in back propagation, it is important to be able to
calculate the derivatives of any transfer functions used. Each of
the transfer functions mentioned above has a corresponding deriv-
ative function [20].

Determining the number of hidden layers and the appropriate
number of neurons for each hidden layer are very important in
architecting neural networks. Researches in this area have shown
that one or two hidden layers with an adequate number of neurons
are sufficient to model any solution surface of practical interest.

Previous studies in this area have also shown that the number
of neurons to include in the hidden layer is a function of the

Fig. 6. Architecture of designed network.
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number of training pairs available [24]. A large number of hidden
layer nodes have large number of associated undetermined param-
eters, and if the number of training pairs is small, the network will
then tend to memorize rather than generalize. Seibi and Al-Alawi
(1997) pointed out that an overdetermined network should be
used in order to have a good approximation over the region of
interest. They suggested the following formula for calculating the
appropriate number of hidden neurons to be used in a single hid-
den layer if the number of training pairs is known:

n=0x(Nyx(m+1)+px (Ny+1)) (1)

where n is the number of training pairs available; 6 a constant
greater than 1.0 (i.e.,, 6 =1.25 would give a 25% overdetermined
approximation); Nj, the number of hidden neurons to be used in a
network that has only one hidden layer; m the number of input
nodes; and p the number of output nodes [24].

Using the above formula, 3.16 was obtained for Ny, in this study.
Thus, two ANN models with 3 and 4 neurons in the hidden layer
were built. The data set was subdivided into training, validation,
and test subsets. The one fourth of the data was taken for the val-
idation set, one fourth for the test set, and one half for the training
set. The sets were picked as equally spaced points throughout the
data set. ANN then were trained and implemented by using MAT-
LAB neural network toolbox using back propagation with Leven-
berg-Marquardt algorithm. This algorithm was chosen because it
is known to be the fastest method for training moderate-sized
feed-forward neural networks.

Best validation performanceis 0.1025 at epoch 5

10°

107"

Mean syuared error

Training, validation, and test errors are shown for two ANN
models in Fig. 7. The results for two model is reasonable, since
the test set errors and the validation set errors have similar charac-
teristics, and it does not appear that any significant overfitting has
occurred. The network response was also analyzed for two ANN
models as given in Fig. 8. It was understood from Fig. 8 that two
ANN models for UCS have given predicted UCS values close to
the measured ones. The correlation coefficients between observed
and predicted UCS values based on 3 and 4 neuron in hidden layer
ANN models are 0.82 and 0.87, respectively. Due to minute better
correlation coefficient of 4 neurons in hidden layer ANN model, it’s
selected for the entire of the studies.

5. Analysis using multivariate statistics

For establishing multivariate statistics model, the same Input
variables which were used as inputs of neural network models
consist of void, Cfc, Ca and mica were used. The obtained results
were used to check out the efficiency of ANN model by comparing
the results.

Results of linear multivariate regression analysis resulted in an
equation with the general form as shown below:

Y' =c+bixy +baxy + - - + buxy 2)

where Y’ is the dependent variable, ¢ a constant, x; to x,, are vari-
ables and b, to b, are partial regression coefficients for x; to x,,.

Bes validation performanceis 0.73989 at epoch 19
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Fig. 7. Network errors for three and four-hidden-neuron neural network.
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Fig. 8. Scatterplot for ANN model using four hidden neurons versus observed UCS.
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Fig. 9. Scatterplot of statistical model versus observed UCS.

Derived equation for statistical UCS model in this study is in the
below form:

UCS = 38 — 352.26n — 5.3Cfc + 10.67Cf + 93.15M (3)

where n is void percent, Cfc the percent ferroan calcitic cement, Cf
the ferruginous cement percent and M the mica percent.

Scatterplot of estimated UCS from statistical model against ob-
served UCS is plotted in Fig. 9. It may be noted that the incorpo-
rated independent variables might introduce multicollinearity
into the model. Although multicollinearity causes problems in
interpreting the regression coefficients, it does not affect the use-
fulness of a regression equation for prediction of new observation
[25].

6. Results and discussion

In this paper artificial neural networks along with multivariate
statistics were used to establish UCS models. According to the re-
sults of statistical analyses, there are statistically meaningful rela-
tionships between UCS and void, ferroan calcitic cement (Cfc),
ferruginous cement (Cf) and mica percentage. The models of ANN
and multivariate statistics for the prediction of the UCS were then
constructed using four inputs and one output. Investigation of re-
vealed results indicates that ANN models are more powerful than
statistical models. Results of two ANN and statistical models are
shown in Table. 6.

Tamrakar et al. (2007) performed statistical analyses to find
relationship among mechanical, physical and petrographic proper-
ties of same samples which were used in this study. In spite of
using complex input variables which are not easy to determine
in their models, their results had lower accuracy in comparison
with results obtained here.

In this study the textural characteristics were chosen as input of
neural networks which can be determined so easier than ones used
in previous models based on textural characteristics. This conve-
nience and acceptable accuracy can increase the use of this method
for evaluating mechanical properties of rock.

Considering ease of use and low expense of such studies,
employing this method for evaluating mechanical properties of

Table 6
Comparison of results of established models in this study.

Model R R?

ANN 0.87 0.7663
Multiple linear regression 0.76 0.5692

Adj-R2  RMSE  SSE

0.7498 6.23 1846
0.5587 7.039 2031

rock in preliminary phase of rock engineering projects will save
money and time intensively.

7. Conclusions

In this study artificial neural networks along with multivariate
statistics have been employed to predict UCS from textural proper-
ties of rocks. The following results and conclusions can be drawn
from the present study of building predictive models of UCS:

(1) Principal components analysis has shown that principal
component with the highest variance is weighted on void,
ferroan calcitic cement, argillaceous cement, siliceous
cement, mica, grain size, matrix and UCS. Also bivariate cor-
relation analysis and scatterplots revealed that void, ferroan
calcitic cement, Ferruginous cement, argillaceous cement,
rock fragments and mica percentage are the most correlated
independent variables with UCS. Thus void, ferroan calcitic
cement, argillaceous cement and mica percentage were cho-
sen as input of the established neural networks.

(2) In previous UCS models, textural characteristics were used
as input of model which determination of them is difficult
and needs more expensive equipments. This study have
shown by carrying out proper statistical analyses, simple
textural characteristics but dominant ones on the UCS which
predict UCS with acceptable accuracy can be defined. This
can reduce popularity of this technique for evaluating
mechanical properties of rock from textural characteristics.

(3) A large number of hidden layer nodes have large number of
associated undetermined parameters, and if the number of
training pairs is small, the network will then tend to memo-
rize rather than generalize. An over determined network
could be used in order to have a good approximation over
the region of interest.

(4) Bivariate correlation, bivariate linear regression, and curve
fitting analyses revealed that void percentage was the most
reliable indirect test to estimate UCS for the sandstone that
was employed in this study.

(5) Evaluation of the graphical and numerical measures of the
goodness of the fit statistics has clearly indicated that
respective ANN models of UCS are more acceptable than
multiple linear regression models of UCS in predicting actual
UCS values.
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Abstract The stability analyses of slope excavations
in rock mass require reliable geomechanical input
parameters such as rock mass strength, friction angle
and cohesion of sliding surface. These parameters are
naturally uncertain and their exact values cannot be
known, therefore, their variability must be properly
accounted for in the stability analyses. Deterministic
approaches such as the limit equilibrium methods,
numerical methods and kinematic analysis methods do
not account for the variability in any of the input
parameter. This paper therefore provides a review of
uncertainty and uncertainty analysis methods, prob-
lems and developments in geotechnical modelling of
rock slope stability. The review is motivated by the
availability of qualitative and number of methods for
uncertainty analysis. The paper examines the various
definitions and description of uncertainty and the
different vocabularies that are used, and also sum-
marises and categorises the different sources of
uncertainty as well as integrating uncertainty for rock
slope assessment problems. The paper discussed a
simple survey of probability-based reliability methods
that have been used for rock slope stability analysis in
the past 3 decades.
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1 Introduction

Rock slope stability study is one of the most
challenging issues in geotechnical engineering. It has
both economic and safety implications for open pit
mines. The analysis and design of open pit rock slope
is a key aspect of mine design as it generally seeks to
optimise the overall slope angle in order to maximise
the extraction of ore while maintaining the stability of
the individual bench slopes. The knowledge of the
rock shear strength and the determination of the
required safety factor are the most key parts of slope
design. The stability of slope is usually determined
using conventional design methods such as the limit
equilibrium methods. Conventional rock slope design
methods comprise the calculation of the mean shear
strength of rock and the estimation of the rock strength
using empirical methods. Based on the shear stress and
shear strength of the rock mass the factor of safety can
be calculated. The factor of safety is the ratio of the
rock strength at failure to the mobilised shear stress on
the failure surface. When the factor of safety
approaches one, failure is assumed to be imminent
or the slope is assumed to be at stable equilibrium. The
slope is considered safe or stable only if the calculated
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factor of safety is greater than one and the slope fails
when the ratio is less than one.

Even though the conventional methods are com-
monly used for rock slope design, many geotechnical
investigators (e.g. McMahon 1985; Chowdhury 1986;
Duzgun et al. 2003; Jimenez-Rodriguez et al. 2006)
have expressed some concerns about the conventional
approach for stability design of rock slope. They noted
that the rock slope failure could not be properly
explained by comparing rock shear strength with
stresses induced on the rock masses by mining
activities. They suggested that rock slope failure could
be related to stress—strain behaviour. Hence either
approaches of determining the factor of safety are
basically deterministic and do not consider the inher-
ent variability of the rock mass properties. In deter-
ministic approach the mean values of the input
parameters are generally assumed and represented
with certainty by a single value. The results from the
deterministic methods could be misleading depending
on the distribution of the rock property variation. In
order words deterministic methods do not account for
variability in any of the input parameter. There have
been cases where rock slopes failed even though the
failed slope had been considered stable with factor of
safety greater than one.

Therefore, for a reliable design and analysis of rock
slope in open pit mine, appropriate methods which
incorporate the variability in the rock mass properties
must be used. The methods which consider this
variability are known as probabilistic methods. In a
probabilistic approach, the stability analysis can be
considered as a random system, where the occurrence
of a rock slope failure is a random event depending on
the outcome of the random variables involved.
Figure 1 shows a schematic diagram of the design
approaches for rock slope.

A number of probabilistic studies on rock slope
stability problems that treat the rock property as a
random variable have been carried out (e.g. McMahon
1985; Chowdhury 1986; Low and Einstein 1992; Low
1997; Park and West 2001; Duzgun et al. 2003; Miller
et al. 2004; Park et al. 2005, 2006; Low 2007, 2008;
Jimenez-Rodriguez et al. 2006; Jimenez-Rodriguez
and Sitar 2007; Duzgun and Bhasin 2009; Wattimena
2013; Gravanis et al. 2014). Low (1997) presented a
closed-form equation for the calculations of a factor of
safety of two-joint tetrahedral wedges in rock slopes
with an inclined ground surface that dips in the same
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direction as the slope face. Low (2007) further
investigated the system reliability of wedge in which
four parameter beta distributions are used to describe
the basic random variables in the rock wedge stability
model. Miller et al. (2004) explored a point estimate
method (Rosenblueth 1981) to analyse the stability of
plane shear and rock wedge failures. Park et al. (2006)
also presented a probabilistic approach for rock wedge
failure analysis based on point estimate method where
normal probabilistic distribution were assumed for the
random variable and the safety margin. Based on Low
(1997), Jimenez-Rodriguez et al. (2006) and Jimenez-
Rodriguez and Sitar (2007) analysed the stability of
rock slopes using the joint cut-set formulation models
to model the system reliability of wedge in which each
cut-set corresponds to a failure mode of the wedge.
Duzgun and Bhasin (2009) applied the first order
reliability method (FORM) for probabilistic modelling
of rock plane failure. Gravanis et al. (2014) proposed
an analytical solution for calculating the probability of
failure of rock slopes against planar sliding based on
the theory of random field where cohesion and friction
coefficients along discontinuity were treated as Gaus-
sian random field. In operational open pit mines,
Duzgun et al. (2003) used the advanced first-order-
second-moment (AFOSM) reliability method to
account for rock variability in the probabilistic method
for the design of plane failure mode. Abbaszadeh et al.
(2011) presented a method which combines point
estimate method and the Taylor series approximation
methods in a case study at a copper mine. Wattimena
(2013) utilised the logistic regression method to
predict the probability of rock slope stability for a
given rock mass strength parameters. Valerio et al.
(2013) used the point estimation methods in combi-
nation with limit equilibrium methods to evaluate the
factor of safety of a proposed open pit slope in a
diamond mine. They use the Monte Carlo random
sampling method to develop a simulated population to
approximate a normal distribution, which in this case
represents the probability of slope performance
defined in terms of the factor of safety.

Generally the probabilistic assessment of rock
slope stability is performed by: (1) quantifying the
uncertainty in the rock properties in order to determine
the basic statistical parameters (e.g. mean and vari-
ance) and probability density functions of the strength
property of the rock mass; (2) the probability of failure
is determined with respect to a particular failure
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Fig. 1 The design approaches for rock slope

criterion, which can either be the induced shear stress
exceeding the rock mass strength, or the strain
developing in the slope exceeding a defined threshold
strain value for the rock mass. The failure of rock slope
in this context is defined as the limit state when
strength of the rock mass is violated or when the strain
occurring in the rock is greater than the peak strain for
the rock. In open pit excavations the limit state is not
known explicitly, however numerical analysis using
the finite element methods can be combined with
function approximation tools to construct a closed-
form expression for the limit state surface.

In recent years many approximation methods have
been increasingly used in the analysis and design of
rock slopes such as the first order reliability method
(FORM), the second order reliability method
(SORM), the first order-second moment (FOSM), the
advance first order-second moment (AFSOM); the
point estimate method (PEM), the advanced point
estimate method (APEM) and the random set (RS)
theory to model the relationship between non-linear
multivariate variables. The probability and reliability

analysis of rock slope have become popular because
they provide a more realistic estimation of uncertainty.
The use of probabilistic options in slope stability
software like Slide, Swedge, Rocplane and RS2
(Rocscience Inc. 2006, 2001, 2015a, b) reveals the
general acceptance of probability and reliability tools
by geotechnical practioners; these software have built-
in routines that employ probabilistic methods such as
Monte Carlo (MC) simulations, Latin Hypercube (LH)
simulation and Rosenblueth Point Estimate Method
(PEM).

The objective of this paper is to present some basic
concepts of geotechnical uncertainty modelling and
analyses in addition to probabilistic concept of rock
slope stability; understand the difference between
uncertainty and variability; brief coverage to quantifi-
cation of uncertainty and methods of quantifying
uncertainty, and sources and types of uncertainty
through understanding of various vocabulary that are
used for uncertainty and briefly discussed the eco-
nomics and safety aspect of slope instability in terms
of on the consequence analysis. Based on existing
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knowledge, an integration of uncertainty for rock
slope stability analysis is presented and in addition,
appropriate possible solution models are also dis-
cussed. Finally the paper presents a review of the
historical development and scope of probabilistic-
reliability applications in rock slope design starting
from 1985 to 2017.

1.1 Probability Concepts of Rock Slope Stability

For stability analysis of rock slope, geotechnical
engineers cannot ignore the deterministic methods of
analysing the possibility of structurally controlled
failure. The analyses can range from empirical,
kinematic, limit equilibrium and numerical methods
(Fig. 1). For instance, kinematic analyses are carried
out using mean joint orientations of discontinuity sets
to analyse the stability of slope and benches against
various structurally controlled failures (i.e. planar,
wedge and toppling failures). Depending on whether
possible structurally controlled failures exist or not
regarding slope dimensions compared to say discon-
tinuity spacing, the stability analysis of the slope may
be carried out using appropriate limit equilibrium and/
or numerical approach to make informative decision
from the output results (i.e. factor of safety). While the
deterministic analysis do not take into account the
variability in rock mass properties, probabilistic
methods are generally used and aimed at statistical
characterisation of factor of safety for a given input
statistics of the rock mass properties. Here the stability
of slope is defined in terms of probability of failure or
reliability index instead of a factor of safety; this is
necessary owing to the uncertainties in rock mass
properties. The probability of failure concepts is
shown in Fig. 2 (Steffen et al. 2008). There is a linear
relationship between the probability of failure and the
likelihood of failure, whereas none exists with factor
safety. The assessment of stability of the slope may be
carried out using two different types of probabilistic
methods, i.e. by ignoring spatial variability and by
considering spatial variability of rock mass properties.

1.1.1 Probabilistic Slope Stability Analysis
by Ignoring Spatial Variability

In the traditional probability methods, the reliability

index of slope is estimated by treating input param-
eters as random variables and does not consider spatial
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variability in rock mass properties. There are two
approaches, namely the most probable point-based
(MPP) and the sampling-based approaches. The MPP
approach includes the first/second order reliability
(FORM/SORM). They involve searching a design
point in input space with an objective depending on the
adopted method (Ang and Tang 1975; Pandit et al.
2018). Both the FORM/SORM approach divides the
input space into safe region and failure region (Fig. 3).
The factor of safety (FS) is used to calculate the slope
stability where the FS is expressed by performance
function, i.e. F = g(X) where X is vector of input
variables required to obtain the FS. The input space for
which input values yield FS less than 1 is called failure
region. It involves calculation of derivatives of
performance function and hence generally adopted
where an explicit expression of the performance
function can easily be obtained.

The sampling-based approach uses Monte Carlo
simulation (MC) and/or Latin hypercube sampling
(LHS). It involves generating random input vectors
(X1, X5... Xy) from input variable space and repeated
calculation of the FS is carried out (Pandit et al. 2018).
The sampling-based approach is easy to be applied in
numerical programs but is computationally expensive
and time consuming as it requires large number of
runs.

1.1.2 Probabilistic Slope Stability Analysis
Considering Spatial Variability

When the spatial variability of strength parameters of
rock mass is neglected, it may lead to significant
underestimation or overestimation of the probability
of failure and reliability index, depending on amount
of variability in rock mass properties. Random fields
are usually adopted to model spatial variability in rock
properties of the slope (Vanmarcke 1983). One of the
significant components of random field characterisa-
tion is autocorrelation function (Vanmarcke 1983).
The autocorrelation function provides the measure of
correlation between same rock properties at two
different spatial locations as function of distance. In
2-dimensional isotropic random field, correlation
between two points depends on absolute distance
between them and not on the orientation relative to
each other. However this is not the usual case with
many rock slope stability problems since correlation
between strength properties is generally different in
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horizontal and vertical direction. Therefore, the
anisotropic 2-dimensional stationary random field
becomes an attractive alternatives and useful for the
rock slope stability problems (Vanmarcke 1983;
Pandit et al. 2018). In the anisotropic 2D stationary
random field, the correlation between two locations is
defined as (Pandit et al. 2018):

_ COV[w(x,z),w(x + Ax,z + Az)]
a VAR|w(x,7)]

.. (Ax, Az) (1)

where p,,(Ax, Az) is autocorrelation function, w(x, z)

is the random field (i.e. a function in the horizontal and
vertical coordinates (x,z), Ax, Az are horizontal and
vertical distances from (x,z), COV is covariance and
VAR is variance. In general two correlation functions
are widely used, namely the single exponential and
squared exponential methods. For rock slopes, the
single exponential 2D autocorrelation model is
adopted and can be expressed as:

C2|Ax| 2|Az|)

5. o (2)

Pu(Ax, Az) = exp(
where J, and J, are horizontal and vertical scale of
fluctuations (SOFs) respectively. The SOF is a mea-
sure of distance within which the rock properties are
significantly correlated (Vanmarcke 1983). Equa-
tion 2 is also known as the separable Markov corre-
lation model. The autocorrelation model (Eq. 2) is a
function of the lag (t, = |Ax|; 7, = |Az]). A small
values of o, and §, lead to domain being correlated
until shorter distances result in rougher random fields,
while the spatial distribution of rock property becomes
smoother (i.e. less spatial variability) on increasing
values of SOFs.

In literature there are two procedures for the
estimation of SOF from the available data, the
maximum likelihood method and the curve fitting
method. The maximum likelihood method which
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involves assuming different sets of numerical values
of parameters of proposed autocorrelation function
(ACF) model, and the set of parameter values which
maximises the maximum likelihood function are
considered optimal (Pandit et al. 2018). The curve
fitting method suggests that the parameters of ACF
must be adjusted so as to best fit the actual sample
correlation coefficients obtained from the measured
data, i.e. fitting theoretical correlation model to the
experimental correlation (Vanmarcke 1983). A variety
of methods for generating realisations of random field
exist, mainly the matrix decomposition method, Fast
Fourier transform, moving average method, turning-
band method (Matheron 1973), local average subdi-
vision (Fenton and Griffiths 2008; Gravanis et al.
2014; Pantelidis et al. 2015), midpoint method (Van-
marcke and Grigoriu 1983), Karhunen—-Loéve expan-
sion (Phoon et al. 2002a, b, 2005; Galal 2013).

2 Uncertainty and Variability for Rock Slope
Stability: Concepts and Definitions

The term uncertainty is used in every day engineering
discussion to express a sense of not knowing or being
unsure (Begg et al. 2014). It is important that
geotechnical engineers know if they are to estimate
for variability and uncertainty ranges and also identify
if they are to build models of variability or uncertainty
and their relationship. Both uncertainty and variability
contribute to imprecision and unpredictability of a
geotechnical parameter or system especially when
limited information is used to characterise the prop-
erties of the parameter or system. Hence having a clear
understanding of uncertainty and how to quantity
uncertainty aid in differentiating uncertainty from
variability.

2.1 Uncertainty and Variability

In geotechnical engineering the term uncertainty is
used to define the total unpredictability of a parameter
or system (Bedi and Harrison 2013). Unpredictability
characterises all deficiencies and inabilities to cor-
rectly predict the value of a parameter such as key
geomechanical properties like rock stresses, or rock
strength. A measurement of such properties involves
some error due to the sampling process, sample
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preparation or sensitivity and calibration of the
measuring devices.

Variability refers to the multiple values a quantity
has at different locations (Begg et al. 2014); example
is the range of permeability at different location within
a rock mass. Variability is a function of the inherent
randomness of a system and it is a characteristic of the
real world which needs to be measured, analysed and
where appropriate explained (Bedi and Harrison
2013). In rock slope engineering, variability arises
from the formation and transformation process of rock
and rock masses which have a local influence on their
mechanical properties. Variability therefore leads to
uncertainty. For instance the unit weight of rock at a
particular location will be unknown unless it is
measured at the location. Thus uncertainty arises
because the unit weight varies from point to point in
the rock mass.

In order to carry out useful uncertainty analysis
there is the need to increase data collection and apply
statistical and probability models. Probability is how
uncertainty is quantified and it is applied when data is
severely limited and when it is difficult to assign a
single parameter value to a particular rock structure or
lithology (e.g. Einstein 2003; Carter 1992). On the
other hand the collection of all the true values at all
locations within a domain of interest is called a
population (e.g. the permeability of all rock types
forming open pit slope). Therefore, to quantify
variability, data is acquired by measuring the values
of the quantity in question from different location. It is
possible to ignore measurement error during such data
collection on assumption that the error in each
measurement is either negligible or has been reduced
to an acceptable level by repeated measurement. From
these data the variability of the sample is quantified by
calculating the frequency of occurrence of each known
values of the quantity. However a frequency distribu-
tion which describes the known values of multiple
instances of a particular quantity is not a probability
distribution; probability distribution describes the
uncertainty in the unknown value of a single instance
of the quantity. Hence a frequency distribution is not a
quantification of uncertainty (Begg et al. 2014).

2.2 Quantification of Uncertainty

The quantification of uncertainty involves the devel-
oping of framework that will focus on the effects of
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variability. This means the ability to attach a measure
to something that may not be precise. Within compu-
tational mechanics the designed system is used to
manufacture the real system using a mathematical-
mechanical modelling process (Soize 2013). The main
objective is the prediction of the responses of the real
system in its environment. The real system, when
presented to a given environment can exhibit variabil-
ity in its responses due to fluctuations in the manu-
facturing process and due to small variations of the
configuration associated with the designed system
(Soize 2013). This means the computational model
which results from a mathematical-mechanical mod-
elling process of the design system has parameters
which can be uncertain (Soize 2013). In other words
the modelling process induces some modelling errors
defined as modelling uncertainty. Therefore it is
important to take into account both the uncertainties
on the computational model parameters and the
modelling uncertainties for credible predictions of
computational models so that a computational model
can be used to carry out robust optimization, robust
design and robust updating with respect to uncertain-
ties (Soize 2013). The role of uncertainty in compu-
tational mechanics is explained in three steps by
Sudret and Blatman (2009) in Fig. 4. In step A, a
mechanical model is built together with assessment
criteria (failure criteria) for the behaviour of the
system (Huber 2013); this step gathers and analyse all
components used for classical deterministic analysis
of the physical system. The quantification of sources
of uncertainty is done in step B; in this step random
variables or random fields are used for the represen-
tation of the different sources of uncertainties of the
system. The response of the system with regard to the
random input variables and fields is evaluated within
the uncertainty propagation in step C. This step
encloses the uncertainty of the system. There are
numerous methods to carry out the task explained in
Fig. 4. Sudret and Blatman (2009) noted that uncer-
tainty propagation methods provide information on
the impact of the random input parameters on the
response randomness. They noted that a sensitivity
analysis helps to identify the main sources of the
response randomness and that this sensitivity analysis
may sometimes be the unique goal of a probabilistic
study (Huber 2013). Table 1 is from Honjo et al.
(2009) and shows the different level of design
accuracy in the quantification of uncertainty in

geotechnical analysis. The first of these is the use of
deterministic variables and partial safety factors to
simulate random variables of geotechnical problem.
By taking the mean and standard deviation of the
random variables into account, the result of this
analysis method is called the reliability index. Lastly
the simulation of random variables can be done using
probability density function which will make it
possible to determine the probability of failure more
precisely because more information is available as
compared to the other levels of reliability based design
and uncertainty quantification (Huber 2013).

2.3 Sources of Uncertainty in Rock Slope
Parameter

2.3.1 Where Do Uncertainties Arise from?

The rock mass on which the slope is formed is a
complex geological structure with strong heteroge-
neous behaviour; the heterogeneity exhibits consider-
able variation of rock property. Rock properties such
as joint aperture, joint spacing, strength and deforma-
tional parameters vary in space and time. The varia-
tions can be introduced by stress, temperature,
groundwater, decomposition, boundary conditions
and rock structure (e.g. fault, shear zones, fractured
dyke and discontinuities). The stability of slopes in
rock masses could be dominated by these conditions.
Research evidence has shown that reliable estimates of
the ground condition are not always suitably assessed
due to difficulty in obtaining information on every
continuous and intermediate geological structures and
incomplete interpretation. That is, the incomplete
information and lack of knowledge about the ground
condition are the essential sources of uncertainty. In
the analysis and design of rock slope, field and/or
laboratory investigation is performed to determine
specific geotechnical design properties. Therefore to
assess the safety of rock slope, there is the need to
recognise the different sources of uncertainties related
to the geotechnical design properties.

There are multiple sources of uncertainty such as
statistical variation, linguistic imprecision, approxi-
mation, subjectivity in measurement techniques, dis-
agreement, variability, practical unpredictability
(Begg et al. 2014) (Fig. 5).
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Fig. 4 A schematic illustration of uncertainty quantification in computational mechanics after Sudret and Blatman (2009)

Table 1 Reliability based design: different levels of accuracy from Honjo et al. (2009)

Level Basic variables Reliability Verification

I Deterministic variables Partial safety factors Verification formula

I Random variables with mean and standard deviation Reliability index Target reliability index

111 Random variable and probability density function Probability of failure Acceptable level of reliability

&

Statistical variation arises from random fluctua-
tions or error in direct measurements of a quantity
which can occur from imperfections in measuring
devices.

Linguistic imprecision is extremely common.
Some precision is required for general communi-
cation. People often use imprecise terms and
expressions in communication and when the terms
are used with others who are not familiar with the
intended meanings or in a setting where exactitude

Springer

is important,
uncertainty.
Approximations include numerical (e.g. finite
difference/element) approximations to equations
and model reduction by approximation.
Subjectivity in measurement technique is simply
systematic error and subjective judgment; they
arise from bias in measurement apparatus and
experimental procedure as well as from key
assumptions by the experimenter or analyst.

this imprecision may result in
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e Disagreement stems from different technical inter-
pretations of same data, as well as from different
stakeholder positions in the outcome.

e Variability is when there is a natural frequency
distribution associated with a variable such as the
frictional property of rock within a rock layer.

e Practical unpredictability justifies randomness; it
describes quantities which must be viewed as
random. Inherent randomness is as a result of not
knowing the position and magnitude of a quantity
or the quantity cannot be computed accurately.

Most problems of engineering interest involve one or
more or combination of above types of uncertainties.
Within the realms of computational mechanics the
sources of uncertainties can be considered to be
composed of (a) parametric uncertainty such as
uncertainty in geometric parameters, friction coeffi-
cient, strength of the materials; (b) model inadequacy
that stems from the lack of scientific knowledge about
the model which is a priori unknown; (c) experimental
error which relates to uncertain and unknown error
that infiltrate into the model when they are calibrated
against experimental results; (d) model uncertainty
which relates to randomness in the model and
(e) computational uncertainty involves things like
machines precision, error tolerance.

2.3.2 Types of Uncertainties in Rock Slope
Parameters

In geotechnical engineering, the field and laboratory
data are often limited and are not known completely
which leads to two forms of uncertainty namely the
model uncertainty and parameter uncertainty. The
model uncertainty depends on how well the applied
mathematical model represents the reality (Spross
2014). Model uncertainty results from the mismatch-
ing of theory adopted in prediction models and reality
on the basis of causal inference. Due to geological
heterogeneity which contributes to spatial variations
in rock mass property, the rock property will be
subject to parameter uncertainty. Over the years most
researchers and geotechnical practioners indicated
that the sources of uncertainties affecting rock prop-
erties arise from three main aspects; they include:
inherent variability, statistical uncertainty and sys-
tematic uncertainties (e.g. Baecher and Christian
2003; Phoon and Kulhawy 1999; Jimenez-Rodriguez
et al. 2006). The inherent variability results from the
spatial variation and random testing error; the rock
properties exhibit variability by nature even in a
homogeneous rock medium. Due to limited field
sampling and laboratory testing, the statistics (i.e.
mean and standard deviation) of a rock property will
be subject to uncertainty; this type of uncertainty
decreases with increasing number of samples. Sys-
tematic uncertainty stems from the inability of exper-
imental test to produce the in situ property as a result
of sample or test disturbance and limited specimen
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size; the discrepancies between the laboratory and
in situ conditions are due to scale and anisotropy. Most
investigators have used terms like data uncertainty to
represent inherent variability of a measured quantity.
They explained that no matter how carefully one
measures such a quantity, there will still be variability
among the measured values because it is inherent (Sari
and Karpuz 2006). Furthermore, measurement errors
and transformation uncertainty are considered among
the sources of uncertainty. The causes of such
uncertainties for rock slope engineering have been
discussed in detail by Duzgun et al. (2002, 2003).
Measurement error is related to how geotechnical field
investigation is interpreted, and it includes systematic
bias and random errors associated with measurements
process. From Song et al. (2011), measurement error
arises from equipment, test-operator and random test
effect during measurements. On the other hand,
transformation uncertainty occurs when the informa-
tion of interest is not measured directly but estimated
through transformation model and other measured
information. It relates to the process in which field and
laboratory measurements are transformed to an appro-
priate design property (Phoon and Kulhawy 1999).
Example is when the rock core bearing angles (i.e. o-
alpha and B-beta) measured during rock core logging
is translated to dip and dip direction with respect to the
azimuth of borehole. The transformation is often made
by theoretical relationships or by empirical data fitting
model (Phoon and Kulhawy 1999).

In line with the above descriptions and several
definitions of sources of uncertainty, many researchers
have grouped geotechnical uncertainties into aleatory
and epistemic uncertainty (Baecher and Christian
2003; Der Kiureghian and Ditlevsen 2009; Oberkampf
et al. 2001; Ayyub and McCuen 1997). The classifi-
cation, as shown in Fig. 6, has been based on the
combination of lack of knowledge and randomness
(e.g. Baecher and Christian 2003; Christian 2004; Bea
2006; Read 2009; Oberkampf et al. 2001). Aleatory
uncertainty is based on natural randomness in rock
mass that results from geological formation and
transformation processes. Epistemic uncertainty is
associated with lack of information and limitation
from measurements, sampling and testing methods
and calculation procedures. By their nature several
authors referred to epistemic uncertainty as reducible
uncertainty, subjective uncertainty and cognitive
uncertainty; while aleatory uncertainty has been
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referred to as irreducible uncertainty, inherent uncer-
tainty, variability and stochastic uncertainty and
noncognitive uncertainty (Roy and Oberkampf 2011;
Ayyub and McCuen 1997).

Bea (2006) categorised epistemic uncertainty into
unknown knowables and unknown unknowables
events. The unknown knowables events are related
to the conditions where information access is ignored,
not used, not accessed or incorrectly handled (Bea
2006) and the term unknown unknowable refers to
events that are not predictable by an observer at a point
in time. In other words the unknown unknowable
events are related to limitations in current knowledge
or limitations in the ability to obtain it. This categori-
sation has been linked to the “predicament of
evidence-based theory” where uncertainty is referred
to as: known knowns, known unknowns and unknown
unknowns. The known knowns refers to the things we
know that we know. There are known unknowns; that
is to say, there are things that we now know we don’t
know. The unknown unknowns are the things we do
not know we don’t know”. These expressions have
long been used by many geotechnical engineers in
their classifications of uncertainty and have become
popular in the geotechnical engineering group.

2.3.3 Epistemic Uncertainty

In geotechnical engineering, a lack of knowledge may
arise from lack of field or laboratory investigation
data. This reflects incompleteness of data or because
the nature of the data is such that they cannot be
accurately measured (Bedi and Harrison 2013).
Therefore such data require subjectivity or expert
opinion in their estimation, which leads to difference
of opinion (Bedi and Harrison 2013). In spite of the
advances in rock engineering, the source of many
design parameters are empirical in nature and no
physical measurements are made; that is, the param-
eters are derived from expert opinion. Sometimes
design parameters are either based on an approxima-
tion, or are sought by the analyst. These situations,
therefore, leave people with insufficient information to
make a precise description; these situations have
introduced what is called imprecision and inaccuracy.
Therefore any geotechnical situation that is associated
with lack of knowledge due to lack of data, subjective
estimation and/or relying on the beliefs of the expert
opinion is described as epistemic uncertainty. Since
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epistemic uncertainty is a function of available
information, it implies that epistemic uncertainty can
be reduced by obtaining additional information
because it is a type of uncertainty associated with
limited, insufficient or imprecise knowledge (Huber
2013). However, in case of direct-calculation
approach, Baecher and Christian (2003) indicated that
epistemic uncertainties enter the analysis as model and
parameter uncertainties. As mentioned earlier, model
uncertainties reflect the inability of a model or design
technique to represent a system’s true physical
behaviour precisely (Baecher and Christian 2003;
Abbaszadeh et al. 2011). That is the analyst’s inability
to identify the best simulation model, design technique
or empirical formula (Abbaszadeh et al. 2011); or a
model that may be changing in time in poorly known
ways (Baecher and Christian 2003). Parameter uncer-
tainties stem from the inability to accurately measure
model input parameter exactly from test or calibration
data due to limited numbers of observations and the
statistical imprecision attendant (Abbaszadeh et al.
2011; Baecher and Christian 2003).

2.3.4 Aleatory Uncertainty

Aleatory uncertainty consists of physical uncertainty.
Physical uncertainty is also known as inherent uncer-
tainty and intrinsic uncertainty. Physical uncertainty is
a natural randomness of a quantity such as the
variability in the rock strength from point to point
within a rock mass (Huber 2013). Such physical

uncertainty or natural variability is a type of uncer-
tainty which cannot be reduced on increasing site
investigation (Huber 2013). Aleatory uncertainty is
used to characterise any unpredictability that result
from natural fluctuations of the property in question
(Bedi and Harrison 2013). They referred to aleatory
uncertainty as aleatory variability, because variability
is a function of the inherent randomness of a system.
This type of uncertainty can be quantified by mea-
surements and using statistical estimations; however it
is unpredictable and irreducible through collection of
more experimental data or using refined models.
According to Bedi and Harrison (2013), if sufficient
additional information is obtained in order to improve
the state of information, it may be possible to re-
characterise the uncertainty as variability. Therefore,
in this concept of reducibility, the distinction between
aleatory variability and epistemic uncertainty can be
made through understanding of the existing level of
knowledge, based on the available information (Bedi
and Harrison 2013), as visualised in Fig. 7a. In this
figure one can see how complete ignorance is one
extreme of epistemic uncertainty, and as knowledge
increases, it may be possible to recognise that aleatory
variability exists. Figure 7b shows how this transition
from epistemic uncertainty to aleatory variability
occurs as knowledge, and/or information increases
and a threshold is crossed (Bedi and Harrison 2013);
the threshold represents the state of precise informa-
tion. The state of precise information is achieved when
there is sufficient data so that one can use established
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Fig. 7 a Uncertainty, variability and degree of knowledge; b uncertainty and information states (Bedi and Harrison 2013)

statistical methods to objectively fit a precise proba-
bility distribution function to characterise it, i.e. apply
an aleatory model (Bedi and Harrison 2013). That is,
the data can be measured with acceptable accuracy to
allow a unique probability of occurrence to be given to
each value of a variable. However once an accept-
able aleatory model has been developed, additional
investigation will not reduce the variability but may
increase the precision of the parameters that describe it
(Christian 2004); this is because the additional infor-
mation to be obtained is inherent in the system and
thus irreducible.

2.3.5 Methods for Uncertainty Quantification

In the literature, the nature of uncertainties and the
way of dealing with them has been extensively
discussed by many researchers (e.g. Lindley 2013;
Der Kiureghian and Ditlevsen 2009). Recently, var-
ious mathematical frameworks have been developed
for the general assessment of uncertainty and vari-
ability in rock slope stability analysis. They include
the reliability analyses and non-deterministic meth-
ods. The non-deterministic methods consist of the
probabilistic and non-probabilistic methods; the non-
probabilistic methods are also called the imprecise
methods. In the non-deterministic analysis, either
probabilistic analysis or non-probabilistic analysis is
combined with the deterministic slope stability anal-
ysis. However the non-deterministic slope stability
analysis cannot be considered as an entirely new slope
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stability analysis method, but as an extension of the
deterministic slope stability analysis. It is worth noting
that the accuracy of non-deterministic analysis is not
only depending on the selection of a suitable proba-
bilistic or non-probabilistic analysis method, but also
on a more rigorous deterministic analysis method
(Shen 2012). From Huber (2013), a possible classifi-
cation of probabilistic methods which can be utilised
for uncertainty quantification is shown in Fig. 8. The
classification is distinguished between probabilistic
and non-probabilistic methods (Huber 2013).
Reading Huber (2013), the non-probabilistic
approaches comprise interval analysis, fuzzy
approaches, grey number theory, imprecise probabil-
ity method based on p-box representation and random
set approaches. According to Huber (2013), the
probabilistic approaches aim to compute the proba-
bility of failure which is faster than the computation-
ally time consuming Monte Carlo (MC) sampling
approach. Each of the alternatives (in Fig. 8) to the
MC method implies some loss of accuracy (Huber
2013). Hence, the MC approach is used for verification
and calibration of these approaches. In uncertainty
quantification, the Bayesian approach has been
described in various publications as well as the
standard reliability methods (e.g. FOSM, FORM,
SORM). The point sampling methods like Taylor
series, finite difference methods or the Point Estimate
method can be found in several publications. Accord-
ing to Huber (2013), Fenton has worked in various
publications (e.g. Fenton and Griffiths 2008) and
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Fig. 8 Non-deterministic methods for uncertainty quantification (Huber 2013)

different applications in geotechnical engineering on
the simulation of spatial variability using random
fields within the Random Finite Element Method.

As pointed out in Shen and Abbas (2013), most
cases of rock slope analysis do not have sufficient
input data. In this condition the number of samples is
not adequate to determine the probability distributions
of the random variables. As a result people proposed
many non-probabilistic methods termed the imprecise
methods in geotechnical engineering. Examples of the
imprecise methods are Interval Approach, Evidence
Theory, Fuzzy Set Theory, Possibility Theory, Impre-
cise Probabilities and Random Set Theory.

The interval analysis was introduced by Moore
(1966); it is used to describe the parameter uncertain-
ties either in geometry and loadings or in geotechnical
model parameters as interval quantities (Shen 2012).
An interval number is interpreted as a random variable
whose probability density function is unknown but
non-zero in the range of the interval. It can also be

interpreted as the intervals of confidence for a-cuts of
fuzzy sets. In general, the interval concept serves as a
basis of other non-probabilistic uncertainty models.
For example, in the fuzzy set approach a continuous
membership function of input parameters can be split
into several o levels with corresponding intervals and
the fuzzy set approach turns into several analyses on
different a-cuts. Zadeh (1965) proposed the fuzzy set
approach; the model parameters of geotechnical
engineering, like geometrical, loading and rock model
parameters are considered as fuzzy quantities in this
method. The fuzzy set approach is applied in reliabil-
ity analysis with different terminology and interpre-
tations concerning the resulting reliability. For
instance, Shrestha and Duckstein (1998) calculated
the probability of a fuzzy failure based on the fuzzy
reliability measure which satisfies the necessary
properties of the probabilistic reliability measures,
and they developed a kind of fuzzy reliability index.
Dodagoudar and Venkatachalam (2000) computed the
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reliability of slopes using the term “fuzzy probability
of failure”. Kendall (1974) proposed the random set
theory and was later developed by several authors. It is
a mathematical model which can handle uncertainty of
the system, while the exact values of input parameters
are not available but only the interval of these values
can be obtained. The method provides a general
framework for dealing with set-based information and
discrete probability distribution (Shen and Abbas
2013). In other words the worst and the best cases of
the system are obtained through series of interval
analyses based on the Cartesian product of focal
elements of the systems input parameters. It has been
widely applied in geotechnical engineering, but most
of these are focused on the tunnelling (e.g. Tonon et al.
2000a, b; Peschl 2004; Schweiger et al. 2007).
Recently, random set theory has seen wide application
in rock slope stability analysis (e.g. Shen and Abbas
2013; Shen et al. 2013).

3 Integration of Uncertainty for Rock Slope
Stability Analysis

There have been several categorisations of uncertainty
in geomechanics such as the inherent variability,
model uncertainty, data uncertainty, parameter uncer-
tainty, statistical uncertainty, systematic uncertainty,
measurements error and transformation uncertainty
(e.g. Baecher and Christian 2003; Hadjigeorgiou and
Harrison 2011; Read 2009). These and other sources
of uncertainties have been reclassified as aleatory and
epistemic uncertainty. However, the limits of aleatory
and epistemic uncertainties are often not clear for the
categorisation of uncertainty especially for rock slope
stability problems. In addition, the stability of rock
slope is clearly influenced by intrinsic rock factors
(e.g. jointing or geological structures and rock forma-
tion which include rock type, strength and weathering)
environmental factors (e.g. groundwater and blast
induced stress), and geometric factors (e.g. slope
orientation, slope angle, slope height and berm sizes).
Also, the analysis of rock slope often involves the
development of a model based on these factors, which
the analyst must decide on which of these factors to
include and which to leave out in the analysis. The
ability to make such decision often leads the analyst to
a state of confusion or uncertainty, which can make a
model development difficult. Again, depending on the
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state of knowledge about these factors (i.e. intrinsic,
environmental and geometric factors) and the experi-
ence of the analysts, some of these factors may not be
known and few factors may be neglected. Therefore,
an integration of uncertainty for rock slope stability
analysis is presented and is shown in Fig. 9. This
integration is based on existing knowledge and some
criteria that has been set by several other authors (e.g.
Baecher and Christian 2003; Hadjigeorgiou and
Harrison 2011; Christian 2004; Bea 2006). The dotted
arrows (Fig. 9) are added to direct the user to the
‘unknown-neglected’ factors for a more complete
categorisation of uncertainty. In this way, the structure
can lead the user to identify other factors or other types
or sources of uncertainty in order to select appropriate
models that can be used to model uncertainty.

Figure 9 shows the main types of uncertainties in
rock slopes. Table 2 has been developed to show the
relationship between the types of uncertainties and the
appropriate methods that are used to model uncer-
tainty. Three relevant types of uncertainty specific to
the rock slope stability are clearly identified, they are;
geological uncertainty, geotechnical uncertainty and
design parameter-selection uncertainty and sum-
marised below.

3.1 Geological Uncertainty

The various uncertainties (e.g. geo-structural uncer-
tainty, stratigraphic variability, lithological variability
and hydrogeological uncertainty) contained in geo-
logical uncertainty results in inherent variability. They
basically comprise the uncertainties associated with
geometry of geological structures and their relation-
ships between lithologies, and those uncertainties
associated with the boundaries of lithological units. It
also includes uncertain properties of a given geolog-
ical units due to incomplete or inaccurate sampling,
data collection and calculation model. Often the
geological structural models for slope design comprise
faults, bedding, folds and joints. The location of these
structures in relation to hydrogeological units,
hydraulic conductivities, flow regime and pore pres-
sure distributions vary in space and time and add to
inherent spatial variability. However the spatial
inherent variability is independent of state of knowl-
edge and cannot be reduced as knowledge improves
(Baecher and Christian 2003). While inherent spatial
variability can be quantified by measurements and
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Fig. 9 Rock slope uncertainty classification along with probable sources and possible solutions

using statistical estimations, it adds up to model
uncertainty which may stem from imperfect represen-
tation of reality.

3.2 Geotechnical Uncertainty

Geotechnical uncertainties have been studied and have
wide range of definitions (e.g. Phoon and Kulhawy
1999; Baecher and Christian 2003; Bea 2006; Hadji-
georgiou and Harrison 2011). These past researches
described geotechnical as subjective uncertainty.
Subjective uncertainty arises from three sources of

error; error in data collection, error in data processing
and error in design analysis. Oberkampf et al. (2001),
defined error as recognisable inaccuracy in any phase
or activity of modelling and simulation that is not
caused by lack of knowledge. They stressed that the
inaccuracy is identifiable or knowable when exam-
ined. As an example, in an open pit rock slopes: (a) the
combined type of errors in data collection and
processing may include incorrect identification of
joints and bedding planes specific to bench scales
which are incorrectly assigned to overall slope; and
also assigning faults, shear, dykes, bedding specific to
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Table 2 Examples of probable sources of uncertainty and possible solution model

Group Sources Type of uncertainty

Possible solution

Al 1,6 Aleatory, inherent or data variability

A2 1 Aleatory, inherent or data variability

A3 1 Aleatory, inherent or data variability

A4 1,6 Aleatory, inherent or data variability

Bl 2,5 Epistemic, statistical uncertainty, model
uncertainty, transformation uncertainty

B2 3,5 Epistemic, statistical uncertainty, model
uncertainty

B3 4 Epistemic, measurement error,
transformation uncertainty

B4 3,5 Epistemic

Cl1 2,3,5 Epistemic

C2 5,6 Epistemic, statistical uncertainty, model
uncertainty

C3 5 6 Epistemic

C4 3,4 Epistemic

Probability/Frequency distribution when sufficient data is available;
Normal/Lognormal Probability Functions, defined by mean,
standard deviation, coefficient of variation; MCS, Kriging and
semi-variogram analysis

Bayesian Estimation; Fuzzy set theory and Probability Distribution;
Sensitive analysis and relies on experience of analyst, multiple
criteria decision method

Monte Carlo Simulation, Multivariate statistical Analysis; Back
Analysis

Normal/Lognormal Probability Functions defined by mean, standard
deviation, coefficient of variation, MCS

Characterised by bias and covariance of bias: bias is the ratio of
measured/true value to the predicted or nominal value

Probability/Frequency distribution when sufficient data is available;
Normal/Lognormal Probability Functions, defined by mean,
standard deviation, coefficient of variation; MCS

Monte Carlo simulation, point estimate method, random fields theory
methods

Monte Carlo simulation, point estimate method, random fields theory
methods

Sensitivity analysis, probability function

overall slope to bench scale; and (b) there are possible
design errors in defining bench face angle, berm width,
multiple bench stack angles, inter-ramp angles and
overall slope angles. Such errors may arise during
measurements of geometrical and mechanical param-
eters. These errors are reducible because they are
essentially due to incorrectness rather than lack of
knowledge; they can be reduced by applying correct
slope design tools depending on the nature of data
available. Here, the geotechnical uncertainty can be
divided into engineering decision bias, structural or
model uncertainty, measurement error, and simulation
error. The engineering decision bias describes uncer-
tainties that results from lack of knowledge of
geotechnical data such that it is useful to obtain expert
knowledge in the estimations of parameter of interest;
but the expert knowledge include point estimates
which lead to difference of opinion such as when the
expert’s uncertainty is strongly skewed. For example
the experts involved in the interpretation of the
geological model are geologist, engineering geologist
or a geotechnical engineer. In their interpretation the
geologist or engineer makes use of existing knowledge
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of the geological environments which they think to be
present. The quality of this information which is
essential in the interpretation cannot be quantified at
present, however if the geotechnical engineer is well
experienced there will be a good model, and if the
geologist is not well experienced, a poor model will
result; but how well experienced the expert nobody
can measure.

Structural uncertainty is a function of model
uncertainty which relates to the inability of simulation
model, design method or empirical formula represents
the true physical behaviour of a system under consid-
eration. Measurement error is an inappropriate noise in
rock property measurements. It is caused by operator
or instrumental variations from one test to the other
and not variations in rock properties. Simulation error
can be caused by, for example wrong application of
complex mathematical formula in place of simple
model.

Geotechnical uncertainty in rock slope stability
analysis are characterised by either an objective or a
subjective modelling approach. The objective mod-
elling involves the use of statistical and probabilistic
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methods on available data such as the Bayesian
methods which are also been used to deal with gaining
information of parameters (Ayyub and McCuen
1997). Subjective modelling is based on the expert’s
experience, belief and prior information or combina-
tion; this involves use of non-probabilistic or impre-
cise methods such as the fuzzy approximations. The
theories of fuzzy sets and possibility have been
successfully used in classification of rock masses
and for rock slope stability analysis (e.g. Park et al.
2008, 2012a, b).

3.3 Design Parameter-Selection Uncertainty

The selection of design parameters must certainly
satisfy all values within the range over which they
vary. Design parameter-selection uncertainties can be
caused by, for example, measuring limitations. There
are parameters that can take on any possible value
within a specified range, e.g. RMR or Q. Also, there
can be parameters which must necessarily satisfy all
values within the range over which they vary, e.g.
cohesion and friction angle. The parameter types can
be divided into design parameters and performance
parameter. The design parameters are the parameters
in the engineering model for which the engineer must
select values, e.g. slope geometries because they are
iteratively selected. The performance parameters are
the values the engineer uses to indicate the design
ability in order to satisfy the practical requirements,
e.g. shear strength, shear stress which enters into the
model. The performance parameter adds up to model
parameter uncertainty which has been explained in
Sect. 2.3.3, in accordance to Baecher and Christian
(2003) and Abbaszadeh et al. (2011). Prior to slope
stability analysis, the design parameter values are
uncertain, such that the engineer does not know what
values to use. Therefore, the performance parameter
values are also uncertain, and as design process
continues, values are determined more and more
precisely in an iterative test. However every uncer-
tainty form discussed shall be directly modelled. Many
times, the initial design parameter uncertainties are
modelled using the method of imprecision where each
design parameter value is given a rank from zero to
one to indicate degree of preference; this forms a
preference function over each design parameter and
performance parameter, indicating degree of prefer-
ence for values. Probabilistic design parameters shall

have their values ranked with degrees of probability.
These uncertainties reflect different phenomena, and
consequently will have different derived mathematics.
A design parameter may have both a preference
function and a probability density function.

4 Survey of Probability and Reliability Methods

In recent years, researchers as well as geotechnical
engineers have been using probability and reliability
methods to describe the stability of rock slopes. This is
because, by using probability and reliability methods,
it is possible to predict more precisely the rock
property variability and getting more knowledge for
geotechnical modelling. Therefore to track the growth
of interest of geotechnical engineers in the application
of probability and reliability methods in the field of
rock slope stability analysis, a simple survey of rock
slope stability publications that listed “uncertainty and
reliability analysis” in their titles, abstracts or key-
words was conducted. The survey focused mainly on
publications from journal and conference papers
including doctorate thesis and reports from engineer-
ing project works termed as “other source”. Although
there are several publications from other source as
well as duplicating publications, only papers that were
deemed relevant to rock slopes were considered. The
search covered the period from 1985 to early 2017 and
it found 91 such publications (41 journal papers, 26
conference papers and 24 other papers involving PhD
thesis and engineering project reports). The outcome
was sorted by year of publication and Fig. 10 shows
histogram of the resulting table. The histogram
indicates that from 1985, sufficient number of papers
existed that listed its focus as uncertainty and relia-
bility analysis of rock slope stability. Between 1996
and 2006 the interest seems to peak, and currently the
interest appears to be at another high. A high trend is
observed in journal papers than in conference papers
even though the interest seems to rise steadily over the
same period.

Table 3 provides a list of publications in the
literature that applied probability and reliability
methods to the stability analysis of rock slopes. The
table lists the types of rock failure and the parameters
employed as random variables. Figure 11 compares
five major types of probability-based reliability meth-
ods. It is shown that the most popular methods that
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Fig. 10 A histogram plot of the frequency of rock slope stability publications on probability and reliability over the last 3 decades

Table 3 A summary of probabilistic reliability methods applied to rock slope stability

Random variable

References

Failure Method

type

Plane FOSM, AFOSM, FORM,
SORM, MCS, PEM, Fuzzy
Set Theory, RS-DEM,
Random Field Theory

Wedge FOSM, FORM, MCS, PEM,

Maximum Likelihood, Fuzzy
Set Theory

Toppling MCS

cand ¢, v, jc and j4,9.. B JCS, JRC,
discontinuity orientation, length,
spacing, persistence, waviness, position
of tension crack and depth of water in
tension crack and FS; normal and shear
stiffness (k, and k)

c and ¢, y, waviness, FS, height of wedge
and slope orientation, discontinuity
orientation, length, spacing, persistence,
position of tension crack, depth of water
in tension crack and normalised water
pressure

dip of toppling discontinuity, basal
discontinuities with direction close to
that of slope face and spacing of
discontinuities

Chowdhury (1986), Tamimi et al. (1989),
Duzgun et al. (1995), Genske and Walz
(1991), Park et al. (2005, 2008), Duzgun
et al. (2003), Miller et al. (2004),
Jimenez-Rodriguez et al. (2006),
Duzgun and Bhasin (2009), Shen and
Abbas (2013) and Gravanis et al. (2014)

Genske and Walz (1991), Low
(1997, 2007), Park and West (2001),
Miller et al. (2004), Jimenez-Rodriguez
and Sitar (2007) and Park et al.
(2005, 2006, 2012a, b)

Scavia et al. (1990), Genske and Walz
(1991) and Tatone and Grasselli (2010)

FOSM First Order Second Moment, AFOSM Advanced First Order Second Moment, FORM First Order Reliability Method, SORM
Second Order Reliability Method, MCS Monte Carlo Simulation, PEM Point Estimate Method, RS-DEM Random Set-Distinct
Element Method, ¢ cohesion, y unit weight, j. joint surface cohesion, j4 joint friction angle, ¢, residual friction angle, f,basic friction
angle, JCS joint compressive strength, JRC joint roughness coefficient, FS factor of safety, kn normal stiffness, ks shear stiffness

have applied to all three rock failure types are Monte
Carlo (MC) simulation and First Order Second
Moment (FOSM) methods. The histogram indicates
that Point Estimate Method (PEM) and First Order
Reliability Method (FORM) have been applied to
plane and wedge failure, and only plane failures were
realised from Advanced First Order Second Moment
(AFOSM). It is obvious that the MC method is the
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most used; it is possibly due its effectiveness to allow
uncertain information and its ability to provide best
tools for large number of simulations. Generally MC
enables a relatively quick calculation of probability of
failure. Several probability and reliability methods are
in use and Figs. 10 and 11 may interpret differently
where those missed in this survey are covered. The
purpose of this comparison is to present how
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Second Moment; FORM = First Order Reliability Method;MCS = Monte Carlo Simulation.

Fig. 11 Frequency histogram of probabilistic-reliability analysis method for different types

probability and reliability methods have advanced and
what choice of design model was applied for the
various types of rock failure.

There are several commercial software programs
that can be used to carry out probabilistic-reliability
computations; these include @Risk, SPSS (Statistical
Package for the Social Science), MATLAB (Matrix
Laboratory), STATISCA, and SAS (Statistical Anal-
ysis System).

e (@Risk—a Microsoft add-in program; risk evalu-
ation or sampling technique such as Monte Carlo
simulation, Latin Hypercube and Point Estimate
Method.

SPSS—a window program; handles large amount
of data and has scores of statistical and mathemat-
ical functions and statistical procedure such as
simple linear regression and multivariate statistical
analyses.

MATLAB—handles descriptive statistics and
plots for exploratory data analysis, and fit proba-
bility distributions to data; generates random
numbers for Monte Carlo simulations, and per-
forms hypothesis tests; preforms regression and
classification analyses and builds predictive mod-
els such as stepwise regression, principal compo-
nent analysis, regularisation, and other
dimensionality reduction methods that let one

identify variables or features that impact on the
model.

STATISCA—the suite includes range of data
analysis, management and visualisation and data
mining processes; can perform predictive mod-
elling, clustering technique and classification.
SAS—use for traditional analysis of variance and
linear regression and Bayesian inferences; has
high performance modelling tools for large
data.

Apart from MATLAB software which has func-
tions for FORM, SORM, FOSM, PEM, Fuzzy sets, the
following software FERUM (Finite Element Reliabil-
ity using Matlab); OpenSees (Open System for
Earthquake Engineering Simulation); CalREL, and
FSG (Floor Spectrum Generator) appear feasible for
FORM, SORM and FOSM.

5 Consequences/Probabilistic Analysis: Economic
and Safety Impact of Slope Instability

With the increasing demand of mineral deposits,
geotechnical engineers are faced with the demands for
steeper pit slopes. While it is normal for geotechnical
engineers to define the appropriate slope design angles
using deterministic and probabilistic methods, the

@ Springer
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analyses are generally based on the comparing the
calculated factor of safety and probability of failure,
with generic acceptability criteria not directly related
to the impacts of failure. Therefore the high cost
associated with the development of large open pit
mine in complex geological condition including poor
rock mass condition coupled with steep slope strate-
gies have triggered the development of risk-based
optimisation techniques. By utilising the risk-based
method, there is potential for obtaining a better
understanding on the conventional slope design
methods. The risk-based approach therefore is used
it to evaluate risks and failure consequences in terms
of both safety and economics. The analysis provides
valuable indication of optimum slope design config-
urations and thus becomes a great asset to surface mine
design process (Steffen et al. 2008). To do so the
probability of failure and potential consequences for
various slope failure influencing factors must be
quantified. The consequences of failure evaluates the
overall slope design with the importance of personnel
and equipment in high risk areas, related geological
structures, loss of ore and production (Steffen et al.
2008; Contreras 2015).

Risk is defined as the probability of occurrence of
an event combined with the consequence or potential
loss associated with that event (Steffen et al. 2008;
Contreras 2015):

Risk = P(eyent) X Consequence of the event (3)

For slopes, the P(yeny) is the probability of failure of
the slope and the consequences can is the impact of
failure to personnel and economics. The probability of
failure is based on a slope stability model calculation
and accounts only for part of the uncertainties of the
slope. Because risk analysis sets the acceptability
criteria on the consequences rather than on the
likelihood of the event, a complete evaluation of the
probability of slope is therefore required, incorporat-
ing other sources of uncertainty not accounted for with
the slope stability model (Contreras 2015; Golestani-
far et al. 2018). By comparing the calculated risk for
various consequences with established threshold lim-
its, decisions are made on the desirable design slope
angle (Contreras et al. 2006). For the analysis of
consequences of slope failure, engineering judgment
and expert knowledge are integrated into the process
with the aid of methods such as logic diagrams and
event tree analysis (Golestanifar et al. 2018).

@ Springer

Terbrugge et al. (2006) and Joughin (2017) presented
a flow chart to illustrate the relationship between
factor of safety (FS), probability of failure (PF) and
risk as design acceptance criteria within the risk-based
design process (Fig. 12).

The first step in performing any slope design is to
estimate the FS. If the FS is low (i.e. FS < 1), the
design may be deemed unacceptable and improvement
on the design is required. In cases where other
considerations dictate the design, a very high FS
(FS > 1) may be sufficient to accept the design
(Joughin 2017). Where potential for optimisation
exists, the reliability of the design needs to be
quantified. Likewise the FS, a low or high PF may
be sufficient to consider the risk insignificant or
unacceptably high. According to Joughin (2017),
making decision based on FS or PF is often limited
to the geotechnical team. He stressed that geotechnical
team implicitly accepts a risk profile without quan-
tification, however for some designs in the mine, this
may not be acceptable and that the risk associated with
a design should be quantified. In such cases the design
acceptance criteria should be dictated by management
through the company risk profile. In quantifying the
economic impacts of slope failures of open pit mines, a
risk-based design approach was proposed by SRK
Consulting 2013. Figure 13 shows a flow chart of risk
evaluation process depicting the main elements of the
methodology. The flow chart follows the conventional
geotechnical slope design process as described in
several literatures and incorporates the additional
elements required from the mine design process. The
risk evaluation includes the following steps (SRK
Consulting 2013; Contreras 2015):

e Definition of the set of slope sections to analyse
key and critical pit areas during the mine life in
order to provide representative cases of potential
risks of slope failure within the mine plan.

e (Calculation of the probability of failure (PF) of the
slopes for areas selected in step 1 above.

e Estimate the economic impacts of slope failure
with reference to the loss of annual profit or total
project value as measured by the NPV (net present
value).

e Create risk map to integrate the results of proba-
bility of failure and economic impact in order to
identify the optimum slope angles, and comparison
of the risk map with criteria to assess acceptability



Geotech Geol Eng

! Geotechnical Design Team } ! Owner/Management I_
Collect geotechnical data
Interpret data and constrct idealised geotechnical model including probabilitic R Rlsk
parameter models of variability/uncertainty g
Define corporate risk profile
—+ Conceptial design of different alternatives - pe P
Factor of Safety - Prob. of failure Define a_l: ceptance I“?' of
econemic and safety risk
Choose upper and lower ' | Choose upper and lower L _ Determine PF threshold
acceptance levels for FS criteria acceptance levels for the PF H " resulting in risk below
+ acceptance levels
Perform design assessment Perform probabilistic design — | Optimisation = == =
assessments I |
I » Evaluate Risks/Reward I
|
Y ; 1
No Designmeets Yes Design rsets No Choose final desing to 1
acceptance levels acceptance levels | R
: : maximise shareholder
for FS criterion for PF criterion |
I value i
| || WE—-
1 -

Implementation

Fig. 12 Relationship between FS, PF and risk-based design acceptance criterion with the design process applicable to slope stability

(Terbrugge et al. 2006; Joughin 2017)

Fig. 13 Risk-based slope
design flow chart based on
economic impact of slope
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of the design and to define risk mitigation options
as required.

e If the analysis is intended for the comparison of
alternative slope design options, the process is
repeated for each alternative pit layout and the
results are collated in a graph of slope angle versus
value and risk cost where the optimum slope
angles can be defined.

For full understanding of the process the reader is
referred to SRK Consulting (2013) and Contreras
(2015).

6 Conclusion

The paper presents the advances and prospects of
probability-based reliability methods for the stability
analyses of rock slopes with the purpose of reducing
uncertainty. Geotechnical engineers are usually asked
to estimate ranges for uncertain quantities, it is
important to know if they are to estimate for variability
ranges or uncertainty ranges and also to know if they
are to build models of variability or uncertainty.
Therefore having a clear understanding of uncertainty
and how to quantity uncertainty forms the basis to
differentiate uncertainty from variability.

The review outlined in this article is intended to
provide comprehensive guidelines to practicing
geotechnical engineers and to promote the reliability
methods in slope engineering designs. Based on
existing knowledge, an integration of uncertainty for
rock slopes stability analysis has been presented. The
integration provides a logical structure that can be
used to reduce several types of uncertainties in the
design of rock slopes. This is useful when the engineer
needs to create reliable geotechnical and geotechnical
model in the design of open pit mine slopes. With due
consideration for lack of adequate information during
geotechnical investigations it is recommended that
open pit mines should be designed to properly manage
slope instability. Designing the mine slope using
probability methods will characterise uncertainty and
refine the range of parameters associated with slope
stability models. It should be realised that model errors
can be determined through probabilistic back analysis
if information on the field performance of slopes in
similar rock mass condition is available. This method
can be used to update the probabilistic distribution of
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uncertain parameters based on field observations; the
past performance of similar observed slopes can be
used to reduce uncertainty and directly used for
reliability update. Where the probability distribution
of random variable cannot be determined accurately,
using reliability-based method for optimisation can be
important.

To track the growth of interest in the application of
probability and reliability methods in the field of rock
slope stability analysis, a simple survey of rock slope
stability publications was conducted starting from
1985. From the result of this study, the interest peaked
between 1996 and 2006 and currently appears to be at
another high. The interest is confirmed by the use of
probabilistic options in popular slope stability soft-
ware such as Slide, Swedge, Rocplane and RS2. In
studying the type of rock slope failure and what
methods of probability-based reliability analysis were
applied, the Monte Carlo and First Order Second
Moment methods were found to have been used for
planar, wedge and toppling failures analyses. The
Point Estimate Method and First Order Reliability
Method have been widely applied to plane and wedge
failure. The most popular method was Monte Carlo
probably due its effectiveness and its ability to provide
best tools for large number of simulations.

While the deterministic approach attempts to give a
dependable analysis which leads to cosmetic slope
design recommendations, it does not allow for the
optimisation of slope safety performance. The relia-
bility based open pit slope stability gives insight in
safety factor and risk of failure. The method can be
used to select the optimal slope configurations based
on the minimum acceptable risk of slope failure and
also better understand the likelihood of slope failure
hazards.

From the review study the stability of open pit mine
rock slopes has been largely carried out using tradi-
tional probability (i.e. the sampling-based approach)
whether the rock mass is moderately to heavily jointed
and/or rock mass strength is nearly isotropic. Likewise
the approximation methods (i.e. most probable point-
based approach) have been used extensively in
academic research for similar conditions of rock mass,
but less used in mining industry due to the perceived
mathematical complexity. However the complex
nature of rock mass and whether the discontinuity
spacing is large or small compared to the dimension of
rock slope and/or the stability is governed by shear
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strength of individual discontinuity, lead to spatial
variation of the rock mass strength parameters. It is
therefore recommended that the concept of spatial
variability which has been mostly applied to soils
should be employed and emphasised in rock slope
stability analysis.
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Various geological and geotechnical conditions at different project sites require different design, calcula-
tion and construction methods. Stability of underground openings depends on ground conditions with
different modes of behavior. An essential step in the design procedure is to assess the ground behavior
and continuity factor in the tunnel. The objective of this research is to give a methodology for selecting
appropriate design approach based on ground behavior and continuity factor in tunnels. The common
procedure for determining rock mass properties and in situ stresses are empirical methods, back analysis,
field tests and mathematical modeling. In most cases, estimation of rock mass parameters and in situ
stresses using empirical methods are not accurate enough. Therefore, rock mass properties are estimated
using several empirical equations and statistical analysis were performed to estimation of these proper-
ties in order to obtain rational and reasonable results with acceptable accuracy. The Qazvin-Rasht rail-
way tunnel are taken as case study. Behavior types along the tunnel assessed as stable with the
potential of discontinuity controlled block failure, several blocks irregular failure, shallow shear failure,
plastic behavior (initial), swelling of certain rocks and water inflow. Therefore, appropriate approach
for the tunnel support design selected based on classification systems, numerical modelling, observation
methods, and engineering judgment. In order to evaluation of tunnel stability, necessary support types
and categories RMR, Q, support weight and SRC were employed as empirical tunnel support design meth-
ods. The performances of the proposed support systems were analyzed and verified by means of numer-
ical analysis. According to results of empirical and numerical methods and engineering judgment,
shotcrete 0.15-0.2 m with wire mesh and light ribs steel sets (IPE160) were proposed as support ele-
ments for the tunnel. We found that using proposed approach the optimum support system could be
designed.

Keywords:

Tunnel

Ground behavior
Statistical analysis
Empirical methods
Numerical modeling
Optimum support system
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1. Introduction

The Qazvin-Rasht railway tunnel is located 50 km north of Qaz-
vin city in North-West Iran (Fig. 1). The planned length of the tun-
nel is 693 m with horseshoe shape with excavated dimensions of
12 m width and 9.3 m height (Fig. 2). The tunnel will be driven
in the west Alborz Mountains (Haraz Rah Consulting Company,
2006). Evaluation of stability is one of the most important concerns
in the design of tunnels. For the purposes of rock engineering de-
sign, different types of design tool or design system can be applied
to the available information on the ground conditions, such as

* Corresponding author. Tel.: +98 (21) 64542972; fax: +98 (21) 640 5846.
E-mail address: behrooz.riran@gmail.com (B. Rahimi).
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numerical modelling, analytical calculation, empirical (classifica-
tion) systems or observational methods (Shahriar et al., 2009).

The various types of behavior require different assessments or
calculation methods (rock engineering tools) for a proper design
that can be depend onto cover the actual case (Palmstrom and
Stille, 2007). It is clear that finding a single solution for tunnel sta-
bility problems is not an easy task. Uncertainties in the rock mate-
rial strength parameters and stress are main impediments. Rock
mass geomechanical parameters such as Hoek & Brown constants,
deformation modulus and uniaxial compressive strength are input
data for numerical analysis. Estimation of such parameters is
important because the result of numerical analysis depends on
accuracy of input data (Sari and Pasamehmetoglu, 2004).

The stability of an underground opening depends on the behav-
ior of the ground surrounding it. Therefore, it is necessary to
understand the actual type of behavior, as a prerequisite for rock
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Fig. 1. Location of the study area Qazvin-Rasht railway tunnel.
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Fig. 2. The Qazvin-Rasht railway tunnel cross-section.

support and other evaluations. Ground behavior is the way the quality of engineering assessments and design parameters, and
ground acts in response to the rock mass conditions, the forces act- realistic application of classification systems. An essential step in
ing and the project related features (Stille and Palmstrom, 2007). the design procedure is to assess the ground behavior. It is related
The objective of this research is to give a guideline for selecting to mode of failure or behavior type. Knowledge and understanding
proper design methods of tunnels, in order to increase in the of the complexity of the ground are essential for a good geotechni-
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cal design of tunnel excavations. Therefore, guideline for selection
of suitable design methods of tunnel is based on ground behavior.
The usual methods for determining rock mass properties and
in situ stresses are empirical methods, back analysis, field tests
and mathematical modeling. Using of field tests are time and cost
consuming often very difficult to control. Application of back anal-
ysis methods is not possible in the design stage and before the tun-
nel construction. Empirical methods are generally preferred by
engineers and engineering geologists due to practicality, and in
most cases, estimation of rock mass properties using these meth-
ods does not provide accurate enough. Statistical analysis methods
are used to estimation of engineering geology properties. Using
this method, determination of rock mass properties are obtained
rational and reasonable results and decrease uncertainties. In this
paper, selecting appropriate design methods and estimation of
rock mass properties using statistical analysis methods carried
out as a case study in the Qazvin-Rasht railway tunnel. Ground
behavior types in the Qazvin-Rasht railway tunnel assessed as sta-
ble with the potential of discontinuity controlled block fall, block
fall(s) of several blocks, shallow shear failure, plastic behavior (ini-
tial), swelling of certain rocks and water ingress. According to the
ground behavior and continuity factor, appropriate methods for
the tunnel support design have been selected classification sys-
tems, numerical modelling, observational methods, and engineer-
ing judgment.

The tunnel stability and the required support systems are eval-
uated by means of rock mass rating (RMR), rock mass quality (Q),
support weight and surface rock classification (SRC).

Different empirical relationships have been used to estimate
rock mass parameters and in situ stresses. In order to overcome
some uncertainties of empirical relationships is used statistical
analysis method for the results obtained from the empirical and
range of parameters was estimated rather than just a single value.

Although classification systems are very useful during support
design, they cannot adequately calculate stress distributions, sup-
port performance and deformations around the tunnel. Therefore
empirical methods should be augmented by numerical methods
and a 2D finite difference element program is utilized as numerical
method to analyze the stability of tunnel and support performance.
Consequently, suitable support system has been suggested for Qaz-
vin-Rasht railway tunnel by using empirical, numerical modelling,
engineering judgment and observational methods simultaneously.

2. Rock engineering and design methods

The rock engineer is generally needed to make a number of de-
sign decisions in which judgment and practical experience must
play an important role. Prediction and/or evaluation of support
requirements for tunnels are largely based on observations, expe-
rience and personal judgment of those involved in tunnel construc-
tion. The design of excavation and support systems for rock,
although based on some scientific principles, has to meet practical
requirements. The purpose is to select and combine the parameters
of importance for stability in an underground opening the main
features determining the stability are reviewed including various
modes of failure. Underground openings design generally means
designing support systems for such excavations. Various geological
and geotechnical situations in different project sites required using
different designing, calculations and execution methods and also
made engineers pay more attention to prior experience and apply
engineering principals, permanently.

In order to design an underground space, it is necessary to be
able to evaluate the consequences of different design options to
be able to predict what will happen. For this purpose, some form
of predictive capability is required through modeling. Type of

modeling will depend on the nature of the project and the ‘risk’ in-
volved to what extent any failure can be tolerated (Hudson and
Feng, 2007).

In rock engineering design, different types of design tool or can
be applied to the available information. Usual rock engineering and
design tools for tunnels are:

1. Empirical methods.
e The Q system.
The rock mass rating (RMR) system.
The RMi rock support method.
The new Austrian tunneling method(NATM).
e The geological strength index(GSI).
2. Calculated solutions.
e Numerical modeling.
e Analytical calculations.
3. Judgmental solutions.
e Observational methods.
e Engineering judgment.

The design of the tunnel lining requires the designer to use
computational tools that are able to evaluate the underground
and surface displacements, and the plasticized zones around the
void, but also the forecast stresses acting inside the lining, to pro-
duce a structural design (Barpi and Peila, 2012). The British Tun-
neling Society clearly states that the most important goal of a
tunnel design is to provide an understanding of the rock mass
and lining behavior during tunneling, including the evaluation of
risks. Risk analysis is the essential way for producing a robust
and safe design. Finally the design process should provide the basis
for interpreting the monitoring results during construction. The
widely used design methods in tunneling practice are (Barpi
et al., 2011):

1. empirical methods, usually based on rock mass classification;

2. analytical solutions, which are usually developed using:

e continuum analytical models,

e convergence-confinement,

e limit equilibrium methods, to evaluate the stability of rock
blocks around a tunnel and the stability of tunnel face,

e bedded-beam-spring models, where the tunnel lining is
modeled as a series of beams connected to each other and
to the ground by radial and tangential springs that simulate
the ground support interaction;

3. two and three-dimensional numerical analyses, which can be
carried out using the finite element, the finite difference meth-
ods or the distinct element method with the ability to model
complex geometrical, geological and geotechnical structures.

Tunnel designers should always take into account that every
model could be affected by many error sources that could lead to
poor predictions such as the theoretical shape of the tunnel, which
can be different from the reality due to the construction method
(Barpi and Peila, 2012).

3. Appropriate design method selection

The stability of a tunnel depends on the behavior of the ground
surrounding it. The various types of behavior require different
assessments or rock engineering tools for a suitable design that
can be relied onto include the real case. It is very important to se-
lect proper design tools based on geological and geotechnical con-
ditions. It should be emphasized that without adequate knowledge
of the geology and ground conditions, as well as the site specific
features, the ground behavior cannot be defined and, hence,
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appropriate design work cannot be carried out. The choice of suit-
able tools for the design is essentially an outcome of the actual
ground behavior, such as an acceptable standard or some other
requirement. It is necessary that appropriate engineering judg-
ment to be used for weak zones such as shear zones. Therefore,
it is necessary to understand the real type of behavior, as an essen-
tial for rock support and other evaluations. Palmstrom and Stille
have presented the principle relationships between ground behav-
ior and rock engineering and design. Fig. 3 shows the main geolog-
ical and topographical features influencing on ground behavior and
the application of rock engineering tools used for design. The
choice of appropriate tools for the design is essentially a result of
the real ground behavior (Palmstrom and Stille, 2007).

The first step in analyzing instability is the geotechnical and
geological characterization of the site. For this purpose, field sur-
veys are best suited. A critical interpretation of the survey results
allow the development of a model to simulate the instability phe-
nomenon, with the aim to ascertain the main causes that induced
it. The same model can then be used for the verification of the pre-
dicted stabilization system. According to requirements and condi-
tion of projects, detailed geological and geotechnical surveys can
be carried out as follows (Barbero and Barpi, 2011).

1. Geological structural survey.

2. Geomorphological survey.

3. Core drilling, and installation of inclinometer.
4. Seismic refraction and geo-electrical survey

Drilled core analysis and the geological and geomorphological
data could be used to identify of the:

e complex structural and geological rock mass conditions,
e water infiltration in the rock mass fractures.

The relationship between various engineering design tools and
ground behavior is presented in Table 1. It is intended to help in
relating the fitness of some of the rock engineering tools that are
appropriate to design studies. The assessment in Table 1 is based
on the behavior of tunnel in various ground conditions. In addition,
use of the table should lead to better use of classification systems,
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increase in the quality of engineering design evaluations, better
relationship (Palmstrom and Stille, 2007).

All systems require training, experience and understanding of
ground composition and behavior for proper use. The Q system
considers all the aspects of behavior incorporated into one number
and works best in ground conditions where wedge failure are
likely. It also includes input parameters for slabbing, for which
adequate rock support may be estimated. For weakness zones for
which squeezing and/or swelling are likely, the system is not reli-
able. RMR is restricted to support design to counter wedge failure
instability. As for the Q system, the influence of water on stability
and therefore on rock support requirements is unclear. The NATM
covers squeezing ground conditions. In the NATM, the ground
behavior is the main item considered in the design. The qualitative
ground descriptions used are associated with excavation tech-
niques. Monitoring the behavior (displacements) of the tunnel dur-
ing and after excavation plays a fundamental role in this method.
The geological strength index (GSI) considers the rock structure
in terms of blockiness and the surface condition of the discontinu-
ities, as indicated by joint roughness and alteration (Rahimi, 2008).

The RMi system applies different approaches to rock support
estimation in continuous and discontinuous ground, and it covers
wedge failure as well as overstressed ground. For squeezing condi-
tions, it makes an incomplete estimation, partly because of the rel-
atively few case histories available, but also because tangential
stresses in particulate ground are difficult to measure or calculate.
This, of course, is the general case for all types of rock engineering
tools. In addition, weakness zones are crudely included in the esti-
mates (Palmstrom and Stille, 2007).

The numerical modelling is used mainly for the analysis of rock
stresses and deformations and both continuum models and dis-
crete block models are available. In many cases, and especially
for highly fractured and massive ground, continuum models with
appropriate material properties will be suitable. For blocky or
jointed ground, where the rock mass is dominated by few domi-
nate joints, discrete block models may be more appropriate.

Analytical calculations methods are used for simplified situa-
tions. For example, the behavior of a circular tunnel in an isotropic
stress field can be ascertained directly. For such models, advanced
analytical solutions allow both elastic-plastic and creep material
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Fig. 3. The principle relationships between ground behavior and rock engineering and design (Palmstrom and Stille, 2007).
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Table 1
The fitness of various engineering design tools (Palmstrom and Stille, 2007).

Ground behavior Rock engineering and design tools

Classification systems NATM  Numerical modeling(for continuous Analytical Observational Engineering
ground) calculations methods judgment
RMR Q support
RMi
a: Stable 2 2 1-2 1 1 2 1 1
b: Fall of block(s) or 1-2 1- 1-2 1-2 2 2 1
fragment(s) 2
c: Cave-in 3 2- 2 3 3 2 3 2
3
d: Running ground 4 4 4 4 4 4 3 2
e: Buckling 4 3 3 3 2 2 2 2
f: Rupturing from stresses 4 3 3 2 2 3 2 2
g: Slabbing, spalling 4 2 2 2-3 2 2 2 2
h: Rock burst 4 3- 2 3 2 2 1-2 2
4
iz Plastic behavior (initial) 4 3- 3 2-3 2 2 3 2
4
j: Squeezing ground 4 3 3 1-2 2 2 2 3
k: Raveling from slaking or 4 4 4 4 4 2 2
friability
I: Swelling ground 4 3 3 3 3 3 2 2
m: Flowing ground 4 4 4 3-4 4 4 3 3
n: Water ingress 4 4 4 4 3 2 2 3

Fitness rating of the various tools: 1, suitable; 2, fair; 3, poor; 4, not applicable.

models, and also allow the incorporation of grouted dowels and
shotcrete linings. Analyses of block stability can also be carried
out with analytical solutions.

Observational methods rely on the review of the design during
construction. Before excavation starts, an initial design is made,
based on predictions of the rock mass behavior, and including
plans for a monitoring system and contingency plans for incremen-
tal support works. Engineering judgment should always be applied
in all types of engineering, as a check or verification.

One of the most important factors to consider for design is the
relative degree of jointing. For rock engineering purposes, the con-
tinuity of the ground can be expressed by a continuity factor. For
design purposes, ground continuity is described by continuity fac-
tor (CF). The amount of this factor is defined as the tunnel diameter
divided by a mean value of a block diameter (Dt/Db). This factor
shows the number of blocks located in the width of the tunnel.
Continuity and discontinuity of rock mass can be determined by
using the CF factor. Palmstrom and Stille have classified ground
quality by means of the CF factor (Stille and Palmstrom, 2007):

(1) CF < 6, continuous-intact,

(2) 3 <CF< 30, discontinuous (blocky),

(3) CF > 15, continuous-blocky,

(4) 3 < CF < 6, continuous-intact to discontinuous (blocky),
(5) 15 < CF < 30, discontinuous (blocky) to continuous-blocky.

The purpose of the rock engineering process is to construct and
complete the project. The design is a part of the rock engineering
process. It is essential to understand that, as the design is a contin-
uing process, decisions based on the design have to be taken grad-
ually and in parallel with the progress of the scheme. Four steps are
recommended for starting from the decision to be taken by
researchers as follows (Palmstrom and Stille, 2007):

o Firstly, update all engineering geological data and project
related information.

e Secondly, determine any uncertainties
information.
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Fig. 4. Tunnel design procedure based on ground behavior and continuity factor.

o Thirdly, extensive explicit information enough to flow correctly
through the project organization.
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e Fourth, transfer the purpose of the engineer to the construction,
with respect to any uncertainty in the parameters.

Tunnel design procedure based on ground behavior and conti-
nuity factor are presented in Fig. 4.

The procedure in Fig. 4 considers an approach for appropriate
design methods using the following steps:

1. General, Structural and Engineering geology studies of site

project.

2. Assessment the type of ground behavior for the ground sur-

rounding the tunnel.

3. Determination of continuity factor, continuous and discontinu-
ous of ground.

. Estimation of rock mass properties and in situ stresses.

5. Application of statistical analysis methods for estimation of
rock mass parameters and in situ stresses using empirical
methods in order to obtain rational and reasonable results.

. Fitness the suitable engineering design tools.

7. Design, construction and monitoring of tunnel.

N

)]

The knowledge of the rock mass, which is fundamental for the
tunnel design, is usually determined in engineering geological
study. Monitoring measurements during the work are carried out
before, during and even after the excavation of the tunnel, investi-
gate a large series of parameters. In order to improve and make the
first estimation of the geomechanical parameters of the rock ob-
tained by the geomechanical characterization more reliable, one
should proceed with the treatment of the results of the measure-
ments through adequate back-analysis techniques .These results
to be even more important in the construction of underground tun-
nels and voids, when a certain variability of the geomechanical
characteristics of the rock mass is encountered along the section
which was not possible to ascertain in detail during the

preliminary analysis. Back-analysis therefore usually consists in
the search for unknown parameters, of which one only has a pre-
liminary estimation, that minimize the difference between the re-
sults of the calculation with the numerical model and the results of
the performed measurements (Oggeri and Oreste, 2012).

4. Geology and engineering geology

The Qazvin-Rasht railway tunnel is located within the Western
Alborz volcanic. The Geological formations mainly consist of the
tuff and andesite-basalt rock masses of Eocene and Precambrian
deposit. Andesite-basalt unit is main rock type along the tunnel
alignment. Tuff and andesite-basalt units are moderately to highly
weathered. Weathered faces of these rocks are brown to brownish-
yellow in color and fresh parts are dark grey to grey in color.
Andesite-basalt composed of mainly olivine, pyroxene, plagio-
clase, amphibole, and also mica minerals. Tuff contains mainly sil-
ica minerals and thin layers.

The thickness of andesite-basalt bedding is about 0.3-1 m. The
thickness of tuff, which is above andesite bedding and makes the
thickest part of overburden, is about 30 m. The alluvial and sedi-
mentary deposits are located at the entrance and exit tunnel and
its thickness is about 5-10 m. The particle size of alluvium varies
from clay to pebble.

The tunnel alignment is divided into three different zones, each
of which has different engineering geological properties.

1. The first zone (initial part) of the tunnel with the length of
150 m which is in Andesite layers and is called as Ta.

2. The second zone (middle part) with the length of 205 m, which
consists of thin tuff layers in the higher level and thick andesite
layers in the lower level, is identified as Tb.

3. The third zone (end part) or Tc is 340 m length and will be dri-
ven in the andesite layers.
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Fig. 5. Longitudinal geological cross-sections along tunnel.
Table 2
Engineering properties of discontinuities in first and second parts of the tunnel.
Joint sets dip rang of dip direction Properties of joint sets and bedding surfaces
dip direction range of dip Length(m) Spacing Aperture Percent of Roughness Weathering Water
(cm) (mm) infilling condition
Bedding 039 +11 >20 40 - 100 0.1-2 soft<5 Slightly rough Moderately to highly Humid
17 +8 70
N 084 +9 10-20 10 - 60 0.1-1 soft <5 Slightly rough Moderately to highly Humid
83 +7 35
|2 160 +20 3-10 10 - 50 0.1-1 soft <5 Slightly rough Moderately to highly Humid
74 +8 30
15 309 +6 3-10 30-70 0.1-1 soft <5 Slightly rough Moderately to highly Humid
63 +6 50

max—min
avg
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Table 3
Engineering properties of discontinuities in third parts of the tunnel.

Jointsets __dip mﬂ%@ Properties of joint sets and bedding surfaces
dip direction range of dip
Length(m) Spacing (cm) Aperture(mm) Percent of infilling Roughness Weathering Water
condition
Bedding 014 +10 3-10 70 — 150 0.1-5 Soft<5 Slightly rough  Moderately to highly Humid
18 +8 100
I 105 +13 3-15 30-60 0.1-3 Soft <5 Slightly rough  Moderately to highly Humid
83 +6 40
b 199 +10 3-10 30-60 0.1-2 Soft <5 Slightly rough  Moderately to highly Humid
71 +9 40
* max —min
avg *
(a) "
Fisher
Concentrations

S

% of total per 1.0 % area

D00~ 300%
300~ BOO%
600~ 9.00%
800~1200%
1200~ 15.00 %
1500~ 18.00 %
1800~ 21.00 %

No Bias Correction
Max. Conc. = 18 1286%

Equal Angle
Lower Hemisphere
52 Poles
52 Entnes

Fisher
Concentrations
% of total per 1.0 % area

000~ 400%

400~ B.00%

800~ 1200 %
1200~ 18.00%
1800~ 2000 %
2000~ 2400 %
2400~ 2800 %

No Bias Comrection
Max Conc. = 24 B33T%

Equal Angle
Lower Hemisphere
44 Poles
44 Entries

Fig. 6. Major discontinuity sets in Ta and Tb (a) and Tc (b) of the tunnel.

A longitudinal geological cross section along the tunnel is given
in Fig. 5.

The engineering geological studies include both field and labo-
ratory studies. The field studies consist of field observation and dis-
continuity surveys. Laboratory tests were conducted on samples,
collected from the field and the boreholes. Discontinuities of the
tunnel site were measured and the orientations of main

discontinuities are processed utilizing a computer program based
on the equal-area stereographic projection method. Results of
engineering properties of discontinuities in all three parts of tunnel
are given in Tables 2 and 3. The determined dominant discontinu-
ity sets are illustrated in Fig. 6. Laboratory experiments were car-
ried out to determine the physical and mechanical properties of
rock material in all three zones of tunnel, including uniaxial com-
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Table 4

Physical and mechanical properties of rocks obtained from the laboratory tests.
Properties, Maximum of Poisson’s  Unit Young Uniaxial
symbol overburden, ratio, v weight, modulus, compressive
(unit) H (m) y (t/m*)  E; (GPa) strength, o,

(MPa)

Ta 48 0.27 2.2 15 20
Tb 71 0.25 2.2 20 30
Tc 45 0.25 2.2 20 30

pressive strength (o.), Young modulus (E;), Poisson’s ratio (v) and
unit weight (7). Laboratory experiments were conducted on core
specimens of NX size, 54 mm, taken from core drillings. As the
specimens taken from the entrance of the tunnel show highly
weathered structure, it was not appropriate to carry out all rock
mechanic tests. The deformability parameters, Poison’s ratio (v)
and Young modulus (E;) were obtained from deformability test.
All laboratory tests were conducted in accordance with the ISRM
suggested methods (ISRM, 1981) and the results are presented in
Table 4. The average uniaxial compressive strength of Ta part is
20 MPa, Young’s modulus is 15 GPa, Poisson’s ratio is 0.27, unit
weight is 2.2 t/m>3. The average uniaxial compressive strength of
Tb and Tc parts is 30 MPa, Young’s modulus is 20 GPa, Poisson’s ra-
tio is 0.25, unit weight is 2.2 t/m>.

5. Using of rock mass classification systems in the tunnel

Rock mass classification evaluates the quality and expected
behavior of rock masses based on the most important parameters
that influence the rock mass quality. Rock mass classification sys-
tems are important as they provide a consistent means of describ-
ing quantitatively the rock mass quality. Many researchers have
developed rock mass classification systems. In this research, rock
mass are classified using RMR, Q, SRC, Support Weight and GSI.
Since that RMR, Q, and GSI have been known, it is refused to
description in their detailed. Here, the surface rock classification
(SRC) and Support Weight is introduced briefly.

Table 5
Mapping of support categories into support weight (Tzamos and Sofianos, 2006).

Support category (Vector) Code Support weight
(Scalar)
No support NS 0
Spot bolting SB 0.4
Systematic bolting B 0.8
Bolts + shotcrete 5 cm B S1 2.6
Bolts + shotcrete 10 cm B S2 43
Bolts + shotcrete 15 cm B S3 6.0
Bolts + shotcrete 20 cm B S4 7.8
Bolts + shotcrete 20 cm + light steel B S4 8.2
sets RRS1
Bolts + shotcrete 25 cm + medium sets B S5 10.5
RRS2
Bolts + shotcrete 25 cm + heavy steel B S5 12.8
sets RRS3
Cast concrete arches 30 cm S6 10.2
Cast concrete arches 50 cm CCA 15.5
Table 6

The estimated rock mass classification systems.

The surface rock classification (SRC) system is more applicable
for weak rocks and was developed from the RMR index to take into
account the in situ stress, data from outcrops and tunnel construc-
tion conditions. In SRC classification system competence factor (o./
o1), tectonic events in near site, stress release factor and earth-
quake in the zones are used to assess the state of stress (Gonzalez
de Vallejo, 2003). According to the SRC classification system, all
three zones on the tunnel can be considered as poor rock mass.
The SRC values for Ta, Tb and Tc are 25, 28 and 30, respectively.

In all rock mass classification systems the variable ‘support’ is
expressed in vector terms. It is useful for our analysis to convert
vector support quantities to scalar ones. A suitable variable is ‘sup-
port weight’ to be the approximate support pressure and depen-
dent on the opening span. The meaning of support weight is the
maximum equivalent pressure taken by the support elements.
Support weight value is estimated by using Eq. (1) (Tzamos and
Sofianos, 2006):

. P:D
support weight = 'T (1)
where D is the span of the tunnel and P; is the maximum pressure
capacity of support components.

Support weight estimation based on the Q system and for a
10 m span can be calculated with Eq. (2):

sup.weight = —0.034(log Q)* + 0.117(log Q)* + 0.72(log Q)
—3.67(logQ) + 4.13 2)

Eq. (3) shows the relation between support weight with Q and
span (Tzamos and Sofianos, 2006):

sup.weight = —0.041log Q* + 0.091log Q® + 0.6510g Q>
— 2Span®* (log Q) + 1.5Span®? (3)

Support categories based on variable support weight (scalar)
are given in Table 5. The support weight values for Ta, Tb and Tc
are estimated 4.1, 4.5 and 5.6, respectively.

RMR, Q, SRC, GSI and support weight values for different rock
masses along the tunnel alignment are given in Table 6. According
to this results, the quality of rock mass in the tunnel are classified
in the weak category.

6. Estimating rock mass properties using statistical analysis
methods

The rock mass properties such as Hoek-Brown constants, defor-
mation modulus (Epass) and uniaxial compressive strength of rock
mass (0cmass) the deformation modulus of a rock mass are an
important input parameter in any analysis of rock mass, such as
designing the primary support and final lining in a tunnel. The
usual methods for determining rock mass properties and in situ
stresses are empirical methods, back analysis, field tests and math-
ematical modeling. Field tests to determine these parameters di-
rectly are time consuming, expensive and the reliability of the
results of these tests is sometimes questionable. Application of
back analysis methods is not possible in the stage design and be-

Parts of the tunnel Rock mass classification (description, rate)

RMR Q SRC GSI Support weight
Ta Weak, 40 Very weak, 0.55 Weak, 25 48-58 41
Tb Good, 43 Weak, 1.21 Weak, 28 45-55 4.5
Tc Good, 47 Weak, 1.65 Weak, 30 50-60 5.6
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fore the tunnel construction. Several authors have proposed empir-
ical relationships for estimating the value of an isotropic rock mass
property on the basis of classification schemes such as RMR, Q, GSI
and RMi. In most cases, estimation of rock mass parameters using
empirical methods does not provide accurate enough. In this study,
Statistical analysis methods are used to estimation of rock mass
properties in order to obtain of rational and reasonable results
and decrease uncertainties.

Statistical analysis is a branch of mathematics dealing with
gathering, analyzing, and making inferences from data. This meth-
od is used to predict the characteristics of certain applicable real
properties in all science. Statistical tools not only summarize past
data through such indicators as the mean, medium, mode and
the standard deviation but can predict future events using fre-
quency distribution functions. Statistics provides ways to design
efficient experiments that eliminate time-consuming trial and
error.

In general case, the estimation of rock mass parameters using
statistical analysis methods is carried out as following steps:

1. Selection of several empirical equation or classification system
for estimation of rock mass properties. Note that some empiri-
cal equations are not applicable in every place and their use
should be considered with condition tunnel.

2. Statistical analysis of obtained data from empirical equations.
Generally, average, maximum, minimum, and standard devia-
tion data are calculated. According to condition and require-
ment project may be calculated other statistical parameters.

3. Omit high deviation data.

4. Re-statistical analysis of data without high deviation data and
estimation of rock mass properties.

6.1. Strength of rock masses (Gcmass)

Design of underground spaces depends on the accuracy esti-
mate of stress and rock mass strength. Nowadays, the usual

methods for determining this parameter are empirical failure crite-
ria and classification systems, back analysis, Large-scale tests and
mathematical modeling (Rahimi, 2008). In this study, empirical
methods are used to estimate strength of rock mass. Different
researchers have proposed different empirical equations to calcu-
late the strength of rock mass (ocmass) based on rock mass classifi-
cation systems. The most widely used equations and the calculated
rock mass strength values for the present work are tabulated in Ta-
ble 7. Estimation of rock mass strength for each parts of the tunnel
was carried out by using of statistical analysis of these data and is
presented in Table 8. For statistical analysis minimum, maximum,
average, standard deviation and ration of (g/0mass) Of data were
calculated. In this method, the first step statistical parameters were
calculated for all the data in Table 7 and the second step the
strength values that are very different quantity rather than other
data was not used in calculating of statistical analysis, such as
equation values 5, 8 and 11. Since that can be seen in Table 8,
the standard deviation in second step is less than first step.

6.2. Deformation modulus of rock mass (Emgss)

Reliable estimate of the deformation modulus of rock masses
are required for almost any form of analysis used for the design
of slopes, foundations and underground excavations. In situ deter-
mination of the deformation modulus of rock mass (Epass) is costly
and often very difficult (Hoek, 2007). Using back analysis methods
is not possible in the design stage and before the construction of
tunnel. Furthermore, there were no similar projects in the near site
of Qazvin-Rasht railway tunnel for estimation of E,;,. Thus, empir-
ical methods are generally used in estimating E,,.ss. By means of
the empirical methods, E,,ss can be easily acquired. The proposed
equations by different researchers and the deformation modulus of
rock masses values are given in Table 9. In this case, statistical
analysis was used for determining deformation modulus of rock
masses mass such as rock mass strength. Results of statistical anal-
ysis for the two states (first step for all data and second step with-

Table 7

Estimation of rock mass strength (G.mass) along tunnel using the proposed empirical equations (Sari and Pasamehmetoglu, 2004; Basarir, 2006; Genis et al., 2007; Palmstrom,

1996).
Researcher (year) Equation Equation number Ta (MPa) Tb (MPa) Tc (MPa)
Rock-Lab software Oemass = 0¢iS*(MPa) (4) 14 1.8 24
Singh et al. (1997) Oemass = 79Q"> (MPa), 6 > 2MPa,Q < 10 (5) 12.60 16.40 18.2
Hoek and Brown (1980) Gomass = O o (BIETO0) (MPa) (6) 0.7 1.3 1.6
Yudhbir et al. (1983) G emass = Ude7'65(RMf05°U)(MPa) (7) 03 04 0.5

0.7
Ramamurthy (1985) Comuss = O {%ﬂ (MPa) (8) 10.2 14.2 16.3
Ramamurthy (1986) Gemass = ac,-ewgr;ﬁm(MPa) 9) 1.2 14 1.8
Goel (1994 5707 10 - - -
oel (1994) Oones = 229 Q1 = (52) (s, (10
O1/3
Goel (1994) Gemass = 2219 (MPa), Q = (RJ(%D) (7) (11) 17.1 17.7 24.7
Kalamaris and Bieniawski (1995) Oemass = O™ (MPa) (12) 25 2.8 33
Bhasin and Grimstad (1996) Gemass = (555) x 7yQ', 04 > 100MPa,Q > 10 (13) - - -
Singh et al. (1997) Gemass = 0ciST, (MPa) (14) 14 1.7 2.1
Sheorey (1997) Oemass = Oe™ 5™ (MPa) (15) 1 1.7 2.1
Trueman (1998) Gemass = 0.50-06RMR (16) 5.5 6.6 84
Aydan and Dalgic (1998) Gemass = rmrr e o5—xwmy Oci(MPa), = 6 (17) 19 3.4 3.9
Barton (2000) G emass = 5y(Q1%)1/3 (MPa) (18) 53 7.8 8.7
Palmsrotm (2000) Gcmass = RMi = aJ,(MPa) (19) - - -
a1

Hoek et al. (2002) Gomass = Gi(my+4s 2%":2,(%5\));)"1”/4}3) (MPa) (20) 5.2 6.3 7.9
Barton (2002) Gemass = Sngﬁ,Qc _ QIGTFO (21) 6 8.9 9.9

o Uniaxial compressive strength of intact rock (MPa).
Jv: Coefficient of strength decrease in RMi.

E;: deformation modulus of intact rock (MPa).

B: width tunnel (m).

a, s, my: Hoek and Brown constants for rock mass.

7: Rock mass density (t/m3).
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Table 8
Statistical analysis results obtained from estimated rock mass strength (o mass) along the tunnel.
Parts of Minimum Maximum Average Standard Average with 95% confidence %
tunnel deviation level
First step: considering all data Ta 0.3 17.10 4.82 4.96 4.82+2.95 4.15
Tb 04 17.70 6.16 5.8 6.16+3 487
Tc 0.5 24.7 7.45 7.21 7.45+3.72 4.03
Second step: without considering of equation values 5, Ta 0.3 6 2.7 2.15 27+1.24 7.41
8 and 11 Tb 04 8.9 3.68 291 3.68 £1.68 8.15
Tc 0.5 9.9 4.38 3.34 4.38£1.93 6.85

Table 9
Estimation of rock mass deformation modulus (Ep,,ss) along tunnel using the proposed empirical equations (Sari and Pasamehmetoglu, 2004; Hoek, 2007; Barton, 2002; Basarir
et al.,, 2005).
Researcher (year) Equation Equation number Ta (GPa) Tb (GPa) Tc (GPa)
Bieniawski (1978) mass = 2RMR — 100(GPa),RMR > 50 (22) - - -
Serafim and Pereira (1983) Emass = 10(M550 (GPa),RMR < 50 (23) 5.6 6.7 84
Grimstad and Barton (1993) Emass = 2510g Q(GPa),Q > 1 (24) - 21 54
Verman (1993) Eopac — 0.3H%10 (i) (GPa),H > 50m (25) - - -
Mitri et al. (1994) Emass = E; [0_5(1 - {cosn% )](cpa) (26) 5.2 7.8 9.1
Palmstrom (1995) Emass = 5.6RMi®>"® (GPa), RMi > 0.1 (27) - - -
Singh et al. (1997) Emass = Ei(sm)"/"*(GPa) (28) 0.3 0.3 04
Hoek and Brown (1998) Eunass = fgb]O(Gsiﬂ‘")(GPa), 6. < 100MPa) (29) 53 55 73
Read et al. (1999) Emass = 0_1(%)3@,;“) (30) 6.4 8 104
Ramamurthy (2001) Emass = & EXP[($7M§ 100) (GPa) 31) 0.48 0.76 0.95
Ramamurthy (2001) Emass = E; exp(0/8625logQ — 2/875)(GPa) (32) - 1.21 1.54
Hoek et al. (2002) Emass = (1-9),/%10 Gsl-10) (GPa) (33) 53 5.5 7.3
Barton (2002) Emass = 10Q}(GPa), Q. = Q £5 (34) 4.8 71 7.9
Barton (2002) Eongss — 102852 (GPa),Q < 1,RMR < 50 (35) 8 10.7 11.8
Ramamurthy (2004) Emass = E; exp —00035[5(100 — RMR)](GPa) (36) 53 74 7.9
Ramamurthy (2004) Emass = E; exp —0.0035[250(1 — 0.3logQ)](GPa) 37) 5.8 8.5 8.8
Hoek and Diederichs (2006) Emmass = Ei(0.02 + TreEorD=eT i m’,”) (GPa) (38) 5.5 6.1 8.2
o Uniaxial compressive strength of intact rock (MPa).
E;: deformation modulus of intact rock (GPa).
GSi: ground strength index.
D: disturbance degree factor.
my;: Hoek and Brown constant.
o: 0.16 for hard rocks and 0.35 for weak rocks.
Table 10
Statistical analysis results for determination of deformation modulus of rock mass (Enass) in the tunnel.
Parts of Minimum Maximum Average Standard Standard Average with 95% o
tunnel deviation deviation confidence level e
First step: considering all data Ta 0.30 8.00 4.83 4.98 2.23 483 +1.28 3.10
Tb 0.30 10.70 5.55 10.38 3.22 5.55+1.72 3.60
Tc 0.40 11.80 6.81 12.27 3.5 6.81+1.87 2.94
Second step: without considering of equation Ta 4.80 8.00 5.72 0.82 091 5.72+0.58 2.62
values 28, 31 and 32 Tb 2.10 10.70 6.85 4.69 2.17 6.85+1.3 2.92
Tc 5.40 11.80 8.41 2.82 1.68 8.41+1.00 2.38

out equation values 28, 31 and 32) are summarized in Table 10.
Standard deviation without considering of equation values 28, 31
and 32 is obtained less than all data.

6.3. Hoek-Brown and Mohr-Coulomb constants of rock mass

Hoek-Brown and Mohr-Coulomb failure criterions are used for
estimating the rock mass properties from geological data, such as
rock mass strength and deformation modulus of rock mass, and
rock mechanics analysis. Most of the analyses which are currently
used for the evaluation of the stability of underground excavations
or for slope stability calculations are formulated in terms of the

Hoek-Brown and Mohr-Coulomb failure criterions. Consequently,
it is necessary to determine equivalent Hoek-Brown constants
(M, Sm, @) and Mohr-Coulomb constants (c, ¢) for each rock mass.
Several empirical equations have been suggested by different
researchers for estimating these constants. The proposed equations
by different researchers are presented in Table 11. The calculated
Hoek-Brown and Mohr-Coulomb constants are listed in Table 12.
According to the Table 12, estimation of Hook-Brown and Mohr-
Coulomb constants is used by three methods: empirical equations,
rock mass rating classification system (RMR) and Rock-lab soft-
ware. The averages of these parameters are calculated as the esti-
mation of Hoek-Brown and Mohr-Coulomb parameters value.
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Table 11

The proposed empirical equations for calculation of Hoek-Brown constants of rock
mass (Sari and Pasamehmetoglu, 2004; Genis et al., 2007; Basarir et al., 2005; Zulfu
et al., 2007).

Researcher Equation Equation
(year) number
Singh et al. Sm = 0.002Qy,Qy = (%) (]T;)IW (39)
(1997) s 20
T — 0.135Q (40)
mn = mexp ($H5) (41)
Hoek et al. Sp = exp(%) (42)
(2002) a=}+i(e®-e¥) (43)
Mo — 5%, GSI > 25 (44)
Siﬂg]hgggdl- sh =722 Q <10,J, = 1,04 < 100MPa (43
( ) n=0.5 ,if GSI = 25
n=065-$<06 ,if GSI<25
Ramamurthy S = o(3(0.0564RMR-5.64) ) (46)
(1985)
Palmstrom sm =J2 (47)
1995
(1995) R (48)

GSi: ground strength index.

D: disturbance degree factor of rock mass the amount of which is between zero for
intact rocks and is variable for different types of rock mass.

a, s, and m,,: Hoek and Brown constant.

m;: Hoek and Brown constant for intact rock.

Jp: coefficient of strength decrease in RMi.

v: rock mass density (t/m3).

Table 12
Calculated Hoek-Brown and Mohr-Coulomb parameters values.

Method Parameter Ta Tb Tc

(1) empirical equations (based on My 4.6 2.73 3.90
Table 10) Sm 0.0047 0.0034 0.0048

a 0.505 0.506 0.504
(2) rock mass rating classification c(MPa) 0.2- 0.2- 0.2-
(RMR) 0.3 03 0.3

® 25-35 25-35 25-35
(degree)

(3) Rock-lab software My 3.733 2,515  4.009
Sm 0.0054 0.0039 0.0067
a 0.505 0.506 0.504
c(MPa) 0.31 041 0.39
1) 55 52 58
(degree)

Estimation of Hoek-Brown and My 417 2.62 3.95
Mohr-Coulomb parameters Sm 0.0051 0.0037 0.0058
values a 0.505 0.506 0.504

c(MPa) 0.28 0.33 0.32
@ 43 41 44
(degree)

7. Determination in situ stresses

In situ stresses in rock have an important role in the design and
construction of underground excavation. Any attempt to design
engineering structures in rock mass requires knowledge of the
common in situ stress field. It is always desirable to measure it,
in whatever best way possible. There are various methods of deter-
mination of in situ stresses in rock mass (Kumar et al., 2004).
Determination of in situ stresses is very difficult and expensive,
for this reason, many projects are carried out in which the stress
field has been estimated using compilations of measurement data
from nearby or regional tunnels. In addition, typically the empirical
methods are used to estimate for in situ stress. Several empirical
equations have been suggested by researchers for estimating
in situ stresses. The following equations, which are more relevant
to tunnel design, have been selected for this study.

Table 13
Calculated in situ stress (oy, 0, and K).
Ta Tb Tc
&, (MPa) 1.06 1.56 0.99
o (MPa) 1.52 1.91 1.65
K 143 1.22 1.67

The most widely accepted concept is that the vertical stress (o)
at any point in the rock mass is due to the weight of the overlying
rock strata, i.e. g,,= yH where 7 is the unit weight of the overlying
rock strata and H is the depth below surface. The horizontal stres-
ses (o) acting at a depth H below the surface are much more dif-
ficult to estimate than the vertical stress.

Normally the ratio of the average horizontal stress to the verti-
cal stress is denoted by K so that ¢, = Ko, = KyH (Ghosh, 2008). To
take into account actions of tectonic forces, Sheorey (1994) devel-
oped an elasto-static thermal model which accounted for the crust
curvature, changes in density, elastic constants and coefficients of
thermal expansion. He suggested the following relationship for
horizontal to vertical stress ratio K (Hoek, 2007):

K =0.25 + 7E, {0.001 + H (49)

where H is depth at the point of interest (m), Ej, is Young’s modulus
of the rock mass measured in a horizontally (GPa).

Stephensson (1993) has suggested the following relation be-
tween horizontal stress and vertical stress based on hydraulic frac-
turing tests.

oh=28+1480, (H< 1000 m) (50)

Sengupta (1998) used ¢, in his equation to calculate horizontal
stress as follows.

o,=15+120, (51)

The horizontal stress was determined from the following equa-
tion based on results of in situ tests in Canada, Australia, USA, Scan-
dinavia, South Africa and other regions in the world (Rahimi,
2008).

12.60
ap = ? Oy
Sheorey et al. (2001) proposed the below equation for calculat-
ing oy:

(52)

ah:%oﬁ%mﬂom (53)
where =8 x107%/°C is the coefficient of linear thermal,
G =0.024 °C/m that is geothermal gradient, v is Poisson’s ratio and
Emass deformation modulus of rock mass (MPa).

The calculated o3, 6, and K values from the above equations are
presented in Table 13.

8. Selection suitable rock engineering and design tools for the
tunnel

In the previous parts, the general, structural and engineering
geological information was expressed for the tunnel. According
to this information, different rock mass classification systems were
used and rock mass properties and in situ stresses estimated to all
three parts of tunnel.

Rock mass in the tunnel are frequently weathered near the
earth’s surface, and are sometimes altered by hydrothermal pro-
cesses (Fig. 7). Both processes generally first affect the walls of dis-
continuities. Weathering is the natural process of disintegration
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Fig. 7. Highly weathered rock mass near at the tunnel site.

and decomposition of the materials according with changing envi-
ronments. The weathering is the major factors which decreased the
strength and stiffness of the rock mass. The quality of rock mass in
the tunnel is poor and somewhere is observed large joints with

g

several centimeters disruption and minor faults with crushed
zoned around them (Fig. 8).

Falling of blocks or wedges occurs due to discontinuities, highly
alteration and low strength of the rock mass in the tunnel. An
example of a wedge failure and collapse is shown in Fig. 9.

In this figure, collapse in the tunnel roof is shown. First, discon-
tinuous surfaces were visible. However, falling continued as irreg-
ular due to being located in a fault zone, intense fracturing and
weathering and also the presence moisture and humidity of the
rock mass. Lithology, weathering of rock mass in the tunnel and
influence of surface water in deep cause gradually changing from
rock to form plastic and rock mass can easily be bent with hand
force. It should be mentioned, the similar events along the first
100 m of tunnel construction has occurred seven times with
approximately 1-5 cubic meters extension.

The ground water flow is very important factors which cause
the underground structure unstable by decreasing the effective
stress, by swelling and reveling of the ground, settlements of the
ground surface due to consolidation from lowered ground water

Fig. 9. (a) Wedge failure in the tunnel due to intersection of joints (approximately 2 cubic meters), (b) Collapse in the tunnel roof (approximately 4 cubic meters), which was
initially wedge failure and then has continued irregular due to the intense fractures, weathering and the presence moisture and humidity of the rock mass as a result of rain

fall.
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level, drainage of existing wells, corrosion and deterioration of
installation and rock support, toxic gases from ingress water. The
groundwater pressure is generally reduced in the rock masses
adjacent to the excavation caused by drainage along the joints. Rel-
atively few block failures are clearly related to joint water pressure
(Palmstrom and Stille, 2007).

The water in the tunnel is as humidity, moisture, or dripping
(Fig. 10). The water flows is variable with rainfall and climate
condition.

Therefore, types of ground behavior in the tunnel is stable
with the potential of discontinuity controlled wedge failure,
wedge failure(s) of several blocks, shallow shear failure, plastic
behavior (initial), swelling of certain rocks and water ingress.
At this stage, suitable design tools are selected for the tunnel
support design based on ground behavior and according to
Table 1.

Fig. 10. The water inflow to tunnel.

For stable with the potential of wedge failure(s) types of rock
mass behavior in the tunnel, all of methods (classification systems,
NATM, numerical modelling, observational methods and
engineering judgment) are suitable tools except for analytical cal-
culations. Numerical modelling, analytical calculation and engi-
neering judgment methods can be used as design tools for
shallow shear failure and plastic behaviors in the tunnel. In the
case of swelling ground and water ingress, design tools for the tun-
nel can be analytical calculations, observational methods and engi-
neering judgments, while fitness rating of these is poor. For all
types of rock mass behavior, numerical modelling used in the de-
sign should be supported by engineering judgment. This requires
experience, skill and understanding by those involved in the works.
The classification systems work best in jointed rock where the
behavior is dominated by wedge failure.

Therefore, classification systems, numerical modeling, engi-
neering judgments and observational methods are suitable design
tools for the tunnel support design. In this paper, classification sys-
tems and numerical modelling are used for design support tunnel,
and engineering judgments and observational methods will be
used during construction.

The tunnel of 12 m span is cut by many joints in roof, the prop-
erties of the joints mainly determine the stable and wedge failure
(ground behavior). The risk for block fall due to deep reaching dis-
continuous and create a wedge, gravity induced falling and sliding
of blocks, occasional local shear failure is obvious. In this case the
continuity factor is more than 15. Therefore, the design has to be
based on an analysis of continual blocks (a continuum mechanical
approach).

8.1. Empirical support design

During initial design stages of a tunnel, when very few detailed
information is available on the rock mass properties and its stress,
the use of a rock mass classification system can be of important
benefit. Empirical design method relates field experience gained
on previous projects to the conditions predicted at a proposed site
and requires experience as well as engineering judgment. Rock

Table 14
Empirical support recommendations for the tunnel.
Empirical methods Ta Tb Tc
RMR Excavation: 1.0-1.5 m advance in top Excavation: top heading and bench 1.5- Excavation: top heading and bench 1.5-

Q

Support weight
SRC

Support proposed for the
tunnel based on
empirical methods
and engineering
judgment

heading, install support concurrently with
excavation 10 m from the face

Support: Systematic bolts, 4-5 m long,
spaced 1.0-1.5 m in crown and walls with
wire mesh and light ribs steel sets spaced
1.5 m where required, Shotcrete 0.1-0.15 m
in crown and 0.1 m in sides

Fibre reinforced Shotcrete 9-12 cm.

Bolt, 3-5 m long and spaced 1.5-1.7 m.
Bolts + shotcrete 15 cm

Excavation: 1.0-1.5 m advance in top
heading, install support concurrently with
excavation 10 m from the face

Support: Systematic bolts, 4-5 m long,
spaced 1.0-1.5 m in crown and walls with
wire mesh and light ribs steel sets spaced
1.5 m where required, Shotcrete 0.1-0.15 m
in crown and 0.1 m in sides.

Excavation: Top & bench excavation method
Support: Shotcrete 0.15-0.2 m with wire
mesh and light ribs steel sets spaced 1-2 m

3.0 m advance in top heading, commence
support after each blast, complete support
10 m from face

Support: Systematic bolt 4 m long, spaced
1.5-2.0 m in crown and walls with wire
mesh, Shotcrete 0.05-0.1 m in crown and
0.03 m in sides

Fibre reinforced Shotcrete 5-9 cm.

Bolt, 3-5 m long and spaced 1.7-2.1 m.
Bolts + shotcrete 10 cm

Excavation: 1.0-1.5 m advance in top
heading, install support concurrently with
excavation 10 m from the face

Support: Systematic bolts, 4-5 m long,
spaced 1.0-1.5 m in crown and walls with
wire mesh and light ribs steel sets spaced
1.5 m where required, Shotcrete 0.1-0.15 m
in crown and 0.1 m in sides.

Excavation: Top & bench excavation method
Support: Shortcrete 0.15-0.2 m with wire
mesh and light ribs steel sets spaced 1-2 m

3.0 m advance in top heading, commence
support after each blast, complete support
10 m from face

Support: Systematic bolt 4 m long, spaced
1.5-2.0 m in crown and walls with wire
mesh, Shotcrete 0.05-0.1 m in crown and
0.03 m in sides

Fibre reinforced Shotcrete 5-9 cm.

Bolt, 3-5 m long and spaced 1.7-2.1 m.
Bolts + shotcrete 15 cm

Excavation: 1.0-1.5 m advance in top
heading, install support concurrently with
excavation 10 m from the face

Support: Systematic bolts, 4-5 m long,
spaced 1.0-1.5 m in crown and walls with
wire mesh and light ribs steel sets spaced
1.5 m where required, Shotcrete 0.1-0.15 m
in crown and 0.1 m in sides

Excavation: Top & bench excavation method
Support: Shotcrete 0.15-0.2 m with wire
mesh and light ribs steel sets spaced 1-2 m




B. Rahimi et al./ Tunnelling and Underground Space Technology 41 (2014) 206-222 219

mass classification systems are an integral of empirical tunneling
design and have been successfully applied throughout the world
(Zulfu et al., 2007). In order to empirical support design of the tun-
nel was used to RMR, Q, support weight and SRC and the support
recommendations for their are given in Table 14. According to
empirical results and engineering judgment, shotcrete 0.15-0.2 m
with wire mesh and light ribs steel sets spaced 1-2 m are proposed
for support design for the tunnel propose for the tunnel prelimin-
ary support and excavation method suggests top heading and
bench.

8.2. Numerical modeling

Although empirical methods are generally applied to carry out
the support design of tunnels, they cannot give a quantitative
description to a specific rock mass and they fail to predict interac-
tion between the surrounding rock mass and supporting system,
thus fail to give descriptions on the developments of the support
and behavior of supported structures such as tunnel deformation
and stress redistribution. The objective of using numerical model-
ing method is to verify and fortify stability and support recommen-
dations from rock mass classification systems.

Model I:
Tapart
stote
Flastic:
AL Yiekd in Shesr
Elarstic, Yield in Past
A yield In Tension
Model I1:
Tb part
state
Bastic
Al Yiedd In Sheear
Blastic, Vel in Past
Al Yiedd in Tension
Model I11:
Tcpart

stale
Elaztic
Al Yiel in Shear
Elastic, Yiskd in Past
At iekd in Tension

(a) before support

The computer software FLAC, an explicit 2D finite difference
program suited to the modelling of geomechanical continuum
problems that consist of several stages, such as sequential
excavations, backfilling and loading, was used for calculating the
stresses, the deformations and the thickness of the developed plas-
tic zone around tunnel. In order to analyze tunnel stability and
deformations in different rock masses and to explore the concept
of rock support interaction, three models were generated using
mesh and tunnel geometry and different material properties. These
models are as follows:

Model I: tunnel runs through Ta part.
Model II: tunnel runs through Tb part.
Model III: tunnel runs through Tc part.

The rock mass properties assumed in this analysis were ob-
tained from the estimated values presented in Section 4. The anal-
ysis includes two models; the first model was used to examine the
conditions excavation without any support and the second model
consist of support application to the excavation boundary. Hoek-
Brown failure criterion was used to estimate yielded elements
and plastic zone of rock masses in the vicinity of tunnel. According

Edastic, Yieid in Past
AL “isd In Tension

AL Yield in Shear
Flmxdic:, il in Past
Af Yield in Tension

Elastc
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(b) after support

Fig. 11. The extent of plastic zone around the tunnel before and after support.
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Fig. 12. The displacement behavior around the tunnel before and after support.

to plasticity theory, a plastic zone occurs around a tunnel after
excavation when induced stresses exceed the rock mass strength.

The displacement behavior and extent of plastic zone before
and after support for Ta, Tb and Tc are given in Figs. 11 and 12,
respectively.

It can be seen from Figs. 11 and 12 that the extent of plastic
zone and yielded elements suggest that there would be stability
problem for the tunnel. The maximum displacement values for
unsupported tunnel in Ta, Tb and Tc and are 8 cm, 7.5 cm and
7.5 cm, respectively. Support elements used are composed of shot-
crete with wire mesh and light ribs steel sets as proposed by the
empirical methods. The properties of support elements, such as
thickness of shotcrete are similar to those proposed by the empir-
ical methods. For tunnel in Ta, Tb and Tc parts, 0.15-0.2 m thick
shotcrete with mess and light ribs steel sets spaced 1-2 m are pro-
posed as support elements. After considering support measures in
the numerical model, not only the number of yielded elements but
also the extent of plastic zone decreased substantially, as shown in
Fig. 11. The maximum displacement values for Ta, Tb and Tc parts
decreased to 5 cm, 3 cm and 3 cm, respectively, as shown in Fig. 11.
This indicates that the applied support systems were adequate to
obtain tunnel stability.

8.3. Optimum support design of the tunnel

Rock mass classification systems indicate that stability prob-
lems exists for the rock mass along tunnel route and support
measures are necessary. By considering the support recommenda-
tions of the empirical methods, support systems and excavation
methods were proposed for the rock masses. Numerical modeling
was utilized to evaluate the performance of recommended support
system. The results obtained from the empirical and numerical ap-
proaches were fairly comparable. According to results of empirical
and numerical methods and engineering judgment, shotcrete
0.15-0.2 m with wire mesh and light ribs steel sets (IPE160) are
proposed as support elements for the tunnel. However, the mea-
surements carried out during construction can be used to check
the validity of the proposed support system or to adapt the design
of support system.

9. Conclusions

An essential step in the tunnel design procedure is to assess the
ground behavior and continuity factor. The ground behavior is re-
lated to mode of failure and continuity factor is one of the most
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important factors to consider for design is the relative degree of
jointing. To help in selecting appropriate design methods of tunnel,
a methodology based on ground behavior and continuity factor has
been presented as a guide in the paper. Furthermore, statistical
analysis methods, in order to obtain rational and reasonable results
and decrease uncertainties, have been used to estimation of rock
mass properties in the tunnel.

The behavior types assessed as stable with the potential of dis-
continuity controlled block fall, block fall(s) of several blocks, shal-
low shear failure, plastic behavior (initial), swelling of certain rocks
and water ingress in the design tunnel. Prediction of the behavior
types in the Qazvin-Rasht railway tunnel and comparison with
the real conditions was compatible in the first 30 m length of stage
tunnel construction. According to the ground behavior and conti-
nuity factor, appropriate design methods have been selected
empirical methods, numerical modelling, observation methods,
and engineering judgment.

Based on the collected information in the field and determina-
tion of rock material properties in the laboratory, rock masses were
characterized by means of RMR, Q, support weight, SRC and GSI
rock mass classification systems. The quality of rock mass in the
tunnel has been classified in the weak category based on rock mass
classification systems.

Rock mass properties and in situ stresses for each parts of the
tunnel estimated from the empirical methods and carried out by
using of statistical analysis. For statistical analysis, minimum, max-
imum, average, standard deviation of data calculated for all three
parts of tunnel and their results used as input data for numerical
modeling. The empirical methods and engineering judgments rec-
ommend the utilization of shotcrete 0.15-0.2 m with wire mesh
and light ribs steel sets spaced 1-2 m as support elements for
the tunnel.

The results proved that the empirical and numerical methods
agree with each other. However, the validity of the proposed sup-
port system, obtained from combination of empirical and numeri-
cal modeling, should be verified by comparing predictions with
actual monitoring results during construction, taking into account
that technological aspects act also to spread the behavior of the
first phase support, excavation duration, damage of surrounding
rock, change of field stress due to particular rock behavior. We
found that using proposed methodology the optimum support sys-
tem could be designed.
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pe———re e I ——
(1) characterize joint dition and e e T s o P et R e i e,
prpairapel g et g ey fralarbti
non-veined strength in rock mass, - praat L vae b
e i it s s et e 2T e P L ST
(2) define vein conditions such as A By o e e ey e ey o LSS O et s i b
M e ! e
infilling  material, mineral types, i Ty Lol A b b
T e e e
thickness and density (number/meter) e bt e Ly T e e Ly L
' B e i e
(3) determine vein impact on rock mass o iy ot b i -5
strength ( i, ii and iii are les of mmﬁ':_'&ré S,
% ¥ dowm e R T .
e e e e Pt
veining affecting on rock strength), and e 8 et b e et o o E::..,_.L,"‘".‘.""" .
ettt ey

(4) combine description of joint

U 11 s e oy i, e .+ S St e S e, . it rpr
SencaMatman :.::..:._.:«::....'.‘..“-u_. e o T ]

conditions and veins on the rock mass

. U g g o o vt
T e
ot

structure

(Bewick & Kaiser, 2016) Rahimi, Sharifzadeh, Feng, 2019 18
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* Event magnitude

* Rate of seismic
energy release

* Distance to
seismic source

* Fault mechanism

* Slip direction

* In situ stress

* Rock type

* Beddings

* Geological
structures (dykes,
faults and shears)

* Rock strength

* Joint fabric

* Rock brittleness
* Rock properties

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Factors influencing rockburst damage at deep
underground excavtions

GEOteChnical m

* Mining induced
static stresses
« Excavation span
 Extraction ratio
* Mine stiffness
* Excavation
sequence

 Blasts (stress-path)

* Production rate,
blasting

* seismically
induced dynamic
stresses

* installed rock
support

 Backfill

(Modified after Cai and Kaiser, 2014) 19
|
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Presentation Outline

3) Diagnosis of Ground Behavior and Failure Mechanism

20

Design and

in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT

Expected Ground Behaviour Modes

» Ground behaviour modes not only depends on rock mass structures, but

also depend on excavation geometry and construction methods.

» There are different modes of ground behaviour such as block falls,
buckling, plastic behaviour and rockburst. Identification of main reasons

of ground behaviour assist to distinguish types of rock failure.

» At great depth, when failure in ground conditions is not predicted or

distinguished, rock mass may behave in unforeseen ways and
sometimes the condition of good ground decreases in quality due to a

variety of factors such as blasting quality.

21

. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019~ Shahrood UT

Diagnosis of Ground Behaviour

» Making precise observation and careful interpretation of
existence evidence in rock mass structures and environmental

condition is first principal in diagnosis of ground behaviour.

> In great deep when the brittle failure in ground condition is not
predicted or distinguished, rock mass may behave unforeseen
mode and sometimes the good ground condition become bad

ground due to variety of factors such as blasting quality.

in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT

ﬁ-?_: Rock Engineering Design and
ROCK MASS BEHAVIOUR (RMB) IN MACRO-SCALE

Rock Mass Composition (RMC)
+ Active Stress Condition (ASC)
+ Excavation Method, Size and
Orientation (EMSO)

Rock Mass Behaviour (RMB) =

Rock mass physical conditions such
pe, intact rock and

classify rock masses to:

Principle stresses resultant from:
in-situ stresse groundwater
pressure, induced stresses, and
seismic events.

as; rock type, Y
discontinuities ~characteristics _and massive, blocky, heavily
geological structures, faults, folds jointed and ~  special
nd weak zones. minerals.

Verti

=

cal  stress:
overburden, horizontal to
vertical stress ratio: 0.5-
4.Block interlocking

underground opening:
excavation method,

SN

scale dependent rock mass
behaviour

23
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sequence an Heri ~
t 0 e considering . block ~ an 3
orientation to rock mass condition excavation size 8
<
§
3
More flexibility to input engineering experience and judgement using verbal equation rather .E
than quantitative analysis E
5
23
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Geotechnical input to determine rock mass response

Szwedzicki, 2018 24
_—

24
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Mining factors affecting rock mass response

Ground behaviour modes in deep underground excavations
(Szwedzicki et al., 2007)

O.G»Q

itk | el b Wotet e

u——-‘ mn—u [l A
e e e )

B Bt avimas Mo b S U L e

Szwedzicki, 2018

26
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Sequences of geotechnical failures at great depth SEQUENCE OF FIALURE

» The responses of the ground in the excavation is derived from

Change in properties 4

change in loading, drawback natural support, and fluid flow. T —

I
Spalling /

Support damage /4

Change in colour

Faults and folds
» Sequences of geotechnical failures at great depth includes : Joints §
Borehole breakouts

1) Stable Bad ground - Pillar collapse
[Closure of dnll holesq
2) Failure indicators like faults, shear zones and moisture Unstabile shape 4 Sersmicity
Coii \ Caving in
. Moisture & ‘onvergence
3) Ground movement such as crack opening, shear movement e

Rock falls 4 Rock bursts

Core discing

) . ; High extraction ratio ¥ Outbursts g
4) Failure precursors for example roof lowering and spalling Gromd creep ‘\hﬂo“' B
Gas absorbing formations®_  Fracturing \ Qundation 3
5) Damage/collapse like cave in and rock burst Large open span of excavations "““"““'\‘:“ o H
. epage = et
27 28
27 28
ﬁT Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁﬁ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Rock mass — Excavation characteristics interaction:
Scale — Construction dependent behaviour
Failure type modes
in underground
excavation
The relation between excavation size, sequence and shape
with respect to the rock mass (Scale dependent behaviour) 2K, Kaiser & Kim, 2008 30
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Some failure modes in deep underground mining in

ﬁ= Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 Shahrood UT

Hard Rock Sudden Failure Process

‘Stress redistribution (Excavation,
adjacent construction, seismic)

Stress concentration around
micro-cracks
(Strain energy sccumulation)

Rock burst,
. Rock papping

{Sudden high
release] | | SROrEY release)

Vertical loading and
squeezing
31 32
|

32

ﬁE Rock

Underground deep and high stress excavations failure
mechanisms due to induced stress and seismic events

Design

and in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT

ﬁ= Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 ~ Shahrood UT

Rockburst expectation based on intact rock property

b) Buckling and Spalling caused by
induced stress

a) Induced stress Rock burst

33

ﬁE Rock

R. Masoudi & M. Sharifzadeh, 2018 33

Severity of potential Rockburst
—_— Stron Violen
Low
= L t
e, = ‘F - F=0,,/ 0, 2 s
== =
= o2
— — (I0/m3)(Kwasniews| PES= 02¢/2E, 50 100 150 200 250
c) Rock ejection caused by a seismic Rock brittleness _
event d) Instability in back due to loosening (Qiao and Tian, 1998) B=cr//en w Aa e
and /or a seismic event Ratio of tangential stress to
compressive T,=0q/ 0c 0.3 0.5 0.7

strength (Wang et al., 1998)

* It has been done based on tests on coal specimen to provide the
intensity of shocks or coal bombs

R. Masoudi & M. Sharifzadeh, 2018 34
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Rockb Ivsi hod EXAMPLE: Sudden failure in deep underground Nickel
ockburst analysis methods mine in WA
Rockburst
Problem
e ——
[ T T T 1
Analytical Empirical Data-based Numerical Experimental
method method method method method
Catastrophe Statistical I Physical
theory i il i
Energy balance Artificial
cizlcept ir:;eeltlihg::t Discontinuum Lab test
Fractu re Hybrid In situ test
mechanics
* Seismic sensor locations around mine excavations
Manouchehrial, 2016 35
S —

35
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EXAMPLE: Sudden failure in deep underground Nickel X X .
.. P & EXAMPLE: Sudden failure in deep underground Nickel
mine in WA L.
@ [Principal Magnitude at|Magnitude Bearing [Dip [Description mine in WA
§ Stress 800m depth|relationship to
o (MPa) true depth
g (h in metres)
v [Major (c,) 56 0.058(n) + 10 [150° _ [00° |Flat NNW-SSE
$ Intermediate |36 0.037(h) + 6 060° 15°  |Shallow dip to ENE
5 [(6)
L 2,
¥ [Minor (o) 22 0.020(h) + 6 240° Steep dip to WSW
Geological
Structural model of . ) ) . ) )
the mine Block ejection, overbreak, and dilution in narrow vein
stope (Depth about 700m)
37 38
L —
37 38
ﬁ= Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
EXAMPLE : Sudden failure in deep underground Nickel EXAMPLE : Sudden failure in deep underground Nickel
mine in WA

mine in WA

)

s gl LT gy

Low energy rock burst, in pillar at depth of 850m.

40

S — L —
39 40
ﬁ__ Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
EXAMPLE: Sudden fallu.re n deep underground Nickel EXAMPLE: Sudden failure in deep underground Nickel
mine in WA mine in WA

Chipping, Spalling ¢

Floor cracking and heave at the depth of 850m ore
drives (Excavations).
s —

41 42

Low energy rock burst, in pillar at depth of 850m.

42
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EXAMPLE : LARGE DEFORMATION IN DEEP
UNDERGROUND MINE IN WESTERN AUSTRALIA

. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

Summary of mechanisms associated with large
deformation

Fracturing caused by elevated
Blastholes offset stresses above backs

on stress-induced Shearing parallel to foliation to
accommaodation dilation/bulking

Local o

Split sets may begophe L/ 1 \\Qom can become trapped
. ‘\\ and gulllotined in shear
" Local oy

| EamLode S

the foliation. Fu

movement will Cause /%
the rings and plates tof+
be torn off i A

7] Za -
Shi o A

earing ofhangifigwa o i -
on foliati \\: A : / Wea Dipping Fuut
Offsets observed in\:‘\{- ~ — ) N
sludge/blastholes ., earing of footwall on foliation

Modified after Beck and Sandy, 2003

Uplift/ficor heave due  Bolting pattern should cover this
to fracturing/bulking area to control loose slabs
below the drive

Main geological structures and principal stress magnitude

43 44

ﬁ?_:z Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ?_:z Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Case Example : Large Deformation In Deep Case Example : Large Deformation In Deep
Underground Mine In Western Australia Underground Mine In Western Australia

ﬁ?—:i Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Examples Deep Underground Mine failure
mechanisms

45

- Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 - Shahrood UT

Interaction of multiple sequences of matrix
deformation in rocks

52 ] LA
TEnsLE = 4 T— z \‘. AN
FRACTURE | .. IE
|

! % = o
Foliated basaltic rocks bulking from side views (left) and 5 2
front view (right) g ‘Bocris
a7 48

47 48
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Rock Mass Condition at Macro-scale Rock Mass Condition at Macro-scale
¢ Geological structure at transition of surface to * Geological structure at transition of surface to
¥ i W -,

nly b

underground gold mine with mainly basaltic rocks

50
. Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
TYPICAL FAILURE MECHANISMS IN UNDERGROUND The main principle types of Ground Behaviour (paimstrom,
MINES 2000).
— Failure modes involving only intact ro- : INITIAL BEHAVIOUR | TIME DEPENDENT BEHAVIOUR
* Rockburst 14 FLOWING GROUND -
S i m" I nuuNIT::\m::louun ewsLiing” E
. ueezin,
d ) 8 ) fi PLASTIC FEAShE—
* Spalling cava.n UV RAVELLING g
— Failure modes involving only discontinuity = T ]
« slidi s | & | EF : RAVELLING 2
ng g g ouoox FauL g o BEOSKEALL
« Rockfall E 7|8 g OO .15, SO g
« Sliding and Rockfall e B — e
. . L . -— £ §'§ j iy it RAvELLING' ‘i
— Failure modes involving intact rock and discontinuity EREH _sPaLLING EMAENS T praspo. . g
* Bending ~1 §§ v AR sweLLiNG'™ 3
~7 - iy P
* Bucking ﬁ /',." Sirens - d “Birans : '
* Flexural topping =~ R —
51 52

51 52

ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Identification of rockmass behaviour in underground excavations Identification of rockmass behaviour in underground excavations
{As atorust i+ wakrems sore o) 1| Iesitial behaviour | behavious r
ke, = {without appropeiate suppor | === | m auppea) | Initial behavicur Long-tarm behaviour

Type of rockmass compoition |

? AnatTaanng won ara nany
PSS iy fas chay nctint- i B
prosie

HIE T
H ii_ [y el

T
[
-
L]
o e

Lt
L]
amns
]
(Dragaary

Jnana g e
sneenueIng

AT
R |
= 1Y iy |1

u_‘.:_-\'.-.-io-mw Waer .:'_s'l\v:wﬁ-:wnm' Watar
Lome ] 1l bwace] SRR | 1l

ey
g
AN O,

-

g

H

s emmons

i H

o | s | oaratrmnnet| | Water | e SR Gnsnea| | ater

(sille and Paimstrom, 2008) 53 (Sille and Paimstrom, 2008) 34
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Identification of rockmass behaviour in underground excavations

Lang-term behavious
== {without appropriate suppor)

Type of rockmass compoaition

Ertte homoperecus and
i el 0 g
Proma. quartsie, ek | é

" i
§ +d £ } ;‘ B
3 Stz defrmatig ook, 5 i-
E it g cranter! of Az § ¥
Pty minos B 4
5 i E
i nEaE £
s [ ¥ : i E i

Infssncadriggensd by L, .;?«mat.wmm“ P I__.‘:':wnk_"\therlnim-'wmn | e
Wtk place in DOfDus maarials and whio e 8% ChANFis (o joris]
“iancp e e wen e et 1 o, MeCHIIY Al BOGON s PRANTISS, 31 [OASE
Faqures content of swellng clay in seams nd Cay 2ones EEE water infiow, watler ngress o Rowing Qround & sealed
“Tha process requres content of matenals suscaptily 1 mostee

sy — rarma cceur

Mot Watar-efuenced
ogaTher wil water Iburet stc
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(tille and Palmstrom, 2008)
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TYPICAL FAILURE MECHANISMS IN UNDERGROUND
MINES

i e
H -~

e ]

5(

Figurs 13- Ectmareofdemige b ot e o - i
st hor e v rmmpeeitg e o | v iz 17

T s B

s

P Tl syl e of b i b Poch 5. A1 Pt Dt
e 11 1 b o s e f i el 01 s Sl o e e
= e st oo g .
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d‘.h Rock ing Design and

Behaviour type, based on Austrian guidelines for geomechanical planning(1)

Basic behaviour type Description of potential failure modes/mechanics during

excavation of the tunnel

1. Stable Stable rockmass with the potential of small local gravity- induced

falling or sliding of blocks

2. Stable discontinuity- |Deep-reaching, discontinuity-controlled, gravity-induced falling and
controlled block fall sliding of blocks, occasional local shear failure

3. Shallow shear failure | Shallow stress-induced shear failures in combination with

discontinuity- and gravity-controlled failure of the rockmass

4. Deep-seated shear Deep-seated stress-induced shear failures and large deformation

failure

5. Rock burst

Sudden and violent failure of the rockmass, caused by highly
stressed, brittle rocks and the rapid release of accumulated strain
energy

Buckling of rocks with a narrowly spaced discontinuity set,
frequently associated with shear failure

6. Buckling failure

57
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Behaviour type, based on Austrian guidelines for gecomechanical planning(2)

Basic behaviour type |Description of potential failure modes/mechanics during

excavation of the tunnel

7. Shear failure under |Potential for excessive overbreak and progressive shear failure with
low confining the development of chimney-type failure, caused mainly by a
pressure deficiency of side pressure

8. Ravelling ground Flow of cohesionless dry or moist, intensely fractured rocks or soil

9. Flowing ground Flow of intensely fractured rocks or soil with high water content

10. Swelling Time-dependent volume increase of the rockmass caused by physico-
chemical reaction of rock and water in combination with stress relief,
leading to inward movement of the tunnel perimeter
11. Frequently Rapid variation of stresses and deformations, caused by
changing heterogeneous rockmass conditions or the block-in-matrix rock
behaviour situation of a tectonic melange (brittle fault zone)

58
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i)

Behaviour types in underground excavations (Palmstrom&Stille,2015)

Behaviour type [ Definition [Comments
Group 1. Gravity driven
a. Stable The surrounding ground will stand unsupported |Massive, durable rocks at

for several days or longer low and moderate depths
b. Block |of single | Stable, with the potential fall of individual blocks |Discontinuity-controlled failure

fall(s)  |plocks

of Stable, with the potential fall of several blocks
several (slide volume ,10 m3)
blocks
c. Cave-in Inward, quick movement of larger volumes (.10 |Encountered in highly jointed

m3) of rock fragments or pieces or crushed rock

d. Running ground | A particulate material quickly invades the tunnel |Examples are clean medium
until a stable slope is formed at the face. The to coarse sands and gravels
stand-up time is zero or nearly zero above the groundwater level

59
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Behaviour types in underground excavations (Palmstrom&Stille,2015)

Behaviour type [Definition [Comments

Group 2. Stress induced

e. Buckling Breaking out of fragments in tunnel Occurs in anisotropic, hard, brittle rock under sufficiently
surface high load due to deflection of the rock structure

f. Rupturing from| Gradually breaking up into pieces, The time-dependent effect of slabbing or rock burst from

stresses flakes or in the tunnel surface| of stresses

g. Slabbing Sudden, violent detachment of thin rock | Moderate to high overstressing of massive hard, brittle

slabs from the sides or roof rock. Includes popping or spallinga
h. Rock burst Much more violent than slabbing, and | Very high overstressing of massive hard, brittle rock
involves considerably larger volumes (heavy rock bursting often registers as a seismic event)

i. Plastic Initial deformations caused by shear Takes place in plastic (deformable) rock from

behaviour failures in combination with discontinuity| overstressing. Often the start of squeezing

(initial) and gravity- controlled failure

T i T deformation, S plastic, massive rocks and maternals with a

essentially associated with creep high percentage of micaceous minerals or of clay
caused by overstressing Deformations | minerals with a low swelling capacity

may terminate during construction or
continue over a long period

60
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Behaviour types in underground excavations (Palmstrom&sStille,2015)

Behaviour type [Definition

[Comments

Group 3. Water influenced

k. Ravelling from
slaking

Ground gradually breaks up into
pieces, flakes or fragments

Disintegration (slaking) of some moderately coherent and
friable materials

and stiff, fissured clays

. of certain
Swelling| rocks

‘Advance of surrounding ground into
the tunnel due to expansion caused
by water adsorption. The process
may sometimes be mistaken for

Occurs in swelling of rocks, in which anhydrite, halite (rock
salt) and swelling clay minerals, such as smectite
(montmorillonite), constitute a significant portion

of certain
clay seams
or filings

Swelling of clay seams caused by
adsorption of water. This leads to
loosening of blocks and reduced shear
strength of clay

The swelling takes place in seams havingfillings of swelling
clay minerals (smectite, montmorillonite)

m. Flowing ground

Amixture of water and solids
quickly invades the tunnel from all

May occur in tunnels below the groundwater table in
particulate materials with little or no coherence

ﬁ_ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT

Variable Ground Response

O MASS GLALTTY

T SRR

sides, including the invert
Pressurised water invadesthe May occur in porous and soluble rocks, or along significant
i hannels or i hannels n fractures or joints

n. Water ingress

openingsin rocks

61 62

Rock ing Design and Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 ~ Shahrood UT

in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT ﬁ

Presentation Outline

Detection of failure mechanisms through physical modelling

T et | | g i

Classification of failure
mechanisms
* Based on stress arch
¢ O<dip<®
o O <dip<(@2)+( 1/4)
o ((@/2)+( m/4))<dip
+ Dimensional ratio
* Low jointing
* Medium jointing
* High jointing

4) Ground Control and management strategies

Lot drly
PECRERT

unstabie N

s table

s SR 53 64

63 64

Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT Rock Engineering Design Approaches and challeng duT

Design analysis methods in deep underground mines

« Strategic design: This is a type of primary design and preparing broad

plan for the mines site such as the location of access and underground
Ground management

stopes,

¢ Tactical design: Tactical object is to provide the detail design of strategies in deep

rojects for example stability analysis of rock mass in underground .
prol P v analy g underground excavations.
excavations and selecting ground support system before operational

stage at the mines, and

* Operational design: This is related to monitoring and updated design

parameters through observational methods and monitoring system.

Rahimi, Sharifzadeh, Feng, 2019
e
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The major steps for ground control and management '
Ground control and management
at great depth
> Collect data from available evidences, observed features and . .
seismic events ¢ During the design phase of ground control and management, three
2

» Identify potential geotechnical hazards, . R
following approaches significantly affect the type of ground
» Analyse the hazards for ground management, and determine

appropriate strategies such as smooth blasting method and install

behaviours and failure mechanisms in underground excavations.
ground support system,

» Evaluate the effectiveness of multi-factor on ground conditions, 1

R . Project location and orientation,
especially time,

> Implement ground management strategies in hazardous areas, 2. Sequential excavation/excavation method/extraction rate, and

» Conduct geotechnical monitoring and review the ground responses,

and 3. Ground support selection method.

» Update the strategies.

67 68
L — L —
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Project location and orientation Excavation method, sequences and extraction rate
The angle between the Strike e » Excavation method has a significant influence on the engineering

Dip

behaviour of rock masses.

masses influences the type

of failure and mechanisms in secondary and tertiary priorities. The first priority of sequential

underground mining

orientation of an opening
and major structures of rock = k é ) ) - . )
» Sequences in underground operations can be divided into primary,
@ panels or stopes is usually designed and extracted in high-grade

activities.
regions of the orebody in consideration of target products in mine

planning, field stresses, stability of rock masses, dimension of

stopes, and backfilling methods. The primary panels or stopes are

excavated and then filled with backfill materials for two vertical lifts

P Fair ) ) —
Rahimi, Sharifzadeh, Feng, 2019 - ‘ before extracting secondary and tertiary priorities of stopes.

69 70
L —
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Sequential excavation in (a) a tunnel, (b) an underground mine with
bottom-up and centre-out method, and (c) an underground mine with
bottom-up sequences method (The number shows the sequences of

excavations). Generally, the excavation sequence dimension varies

Mining Sequences

between 5-30 m width, 15-50 m length and 15—-100 m
height in Australia. Sequential excavation in mining
operations can be developed as top—down, bottom-up,

centre—out and abutment—centre. The dimension of stopes

in sequential excavation affects mining operation costs,

stability of rock masses and failure mechanisms.

Rahimi, Sharifzadeh, Feng, 2019 7+ 72
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Ground supports in underground mines

¢ Determine project conditions and purposes,

¢ |dentify major geotechnical defects and failure mechanisms in
rocks,

« Identify main types of loading (static/dynamic) surrounding
excavations and estimate their intensities,

¢ Analyse ground condition and estimate rock mass deformations,

¢ Select the type of ground support approaches: natural ground
support and/or artificial ground support systems,

¢ Select the types of surface and reinforcement support devices, and
¢ Control the ground—support performance.

— Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019~ Shahrood UT

Different types of ground support devices in a failure

i) =
(a) Rock bolting in (a) Large damaged zone with (1) rock
small damaged bolting, (2) retaining by inner surface
zone; support devices, (3) cable bolting,

and (4) surface support devices
(Li, 2017)
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- Countermeasures to eliminate or reduce sudden
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Countermeasures to eliminate or reduce sudden

failure risk

'[ f

failure risk

(i) Optimization of the
project layout scheme,

(ii) Pre-conditioning of the
rock mass,

(iii) Rock mass reinforcement
and support.

Mazaira A. and Konicek P., 2015
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Mine Sequencing and backfilling Mine Sequencing and backfilling
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FERGUSON G. A. 1993
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Mine Sequencing and backfilling . Presentation Outline

5) Summary

[ ——————Y

FERGUSON G. A. 1993

Figure 7 Layout of choke mass lst caving method
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Conclusion

i)

v A developed design methodology based on ground behaviour and
failure mechanism proposed for underground excavations.

v" Rock mass structure, stress concentration and construction condition
are main parameters to diagnose ground behaviour modes.

v’ The sequences of failure process at great depth specified as stable,
indicator warnings, ground movement, failure precursors, and
damage/collapse.

v In high stress situation, determination of energy absorption, cost,
compatibility of external and internal support tools, efficiency, easy
production and installation, and adaptable are assessed for design of
ground support systems.

v’ Severe damage in rock mass structures and ground support systems
may occur due to large magnitude seismic events, defects in rock mass
structures, stress concentration, blasting damage and tectonic
activities such as strike-slip faults. o

- ——— = n——————————
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b

Conclusion

* Utilisation of proper ground control and management strategy
can avoid the risk of failure. A ground control and amendment
strategy of deep hard rock was proposed in regard to the
design, construction and serviceability stages of works.

¢ Collecting comprehensive data, diagnosis of hazard conditions
and failure mechanisms, design analysis, and selecting
stabilization methods were conducted in the design phase.

¢ Determination of safe work procedures, training personnel,
identification of hazard conditions, quality control and quality
assurance of materials, and safety analysis before ground
failure are essential in construction stage.

86
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b

Conclusion

v’ Control of the ground condition during serviceability (short-,
medium- and long-term) is focused on monitoring (seismic events
and load—deformations), maintenance, rehabilitation, seismic
monitoring, and contingency planning.

v’ The critical factors in the design stage of deep underground mining
projects are to establish suitable location and layout of openings;
determination of suitable excavation method, sequential excavation
and extraction ratio; and selection of proper ground support
equipment for small- and/or large-scale deformation.

v Field observational methods utilise instrumentation, monitoring
and back analysis to control the performance of the ground—
support system in rock underground projects. The typical
monitoring system in deep underground mining methods is seismic
monitoring and measurement of rock deformation surrounding
excavations. e

- ——G,—_~— T e—————
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Presentation Outline
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Geotechnical input to determine rock mass response

Szwedzicki, 2018 9%
L —
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Mining factors affecting rock mass response
(Szwedzicki et al., 2007)

Szwedzicki, 2018 95
S —
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The main features for characterising rock mass structure

minerals
texture >~ ROCK TYPE {name)
composition
£ ANISOTROPY{schistosity, bedding) ROCKMASS
condition -}

WEATHERING/ALTERATION = ROCK CHARACTERISTICS
WOPERTIES
STRIKE&DIP of foliation of bedding - JOINT CHARACTERISTICS
= DEGREE OF JOINTING
DISCONTINUITIES « JOINTING PATTERN
{—» = SIZE OF WEAKNESS ZONE
= FILLING MATERIAL OF

St WEAKNESS ZONE
(R Gmmootiess « ORI TACH OF WEAKNESS
SHEAR ZONES :f‘:ﬂ“m‘;)‘“"ﬂi‘i“”  IN SITU STRESS
FAULT ZONES Grientation = HYDROLOGY

- Alteration of wall
- Filling materials.
- Filling thickness

(Modified after Palmstrom and Stille (2015))
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Abstract: Development of deep underground mining projects is crucial for optimum extraction of mineral deposits. The main challenges at great depth are high
rock stress levels, seismic events, large-scale deformation, sudden failures and high temperatures that may cause abrupt and unpredictable instability and collaps
over a large scale. In this paper, a ground control and management strategy was presented corresponding to the three stages of projects: strategic design, tactic
design and operational design. Strategic design is results in preparing a broad plan and primary design for mining excavations. The tactical design is to provide
detail design such as stabilisation methods. Operational design stage is related to monitoring and updating design parameters. The most effective ground control
strategies in this stage are maintenance, rehabilitation, monitoring and contingency plan. Additionally, a new procedure for design of ground support systems for
deep and hard rock was proposed. The main principles are: static and/or dynamic loading types, determination of loading sources, characterisation of geological
conditions and the effects of orientation of major structures with openings, estimation of ground loading factor, identification of potential primary and secondary
failures, utilisation of appropriate design analysis methods, estimation of depth failure, calculation of the static and/or dynamic demand ground support capacity,
and selection of surface and reinforcement elements. Gravitational force is the dominant loading force in low-level stresses. In high stress level, failure
mechanism becomes more complex in rock mass structures. In this condition, a variety of factors such as release of stored energy due to seismic events, stres
concentration, and major structures influence on ground behaviour and judgement are very complicated. The key rock engineering schemes to minimise the risk
of failures in high-stress levels at great depth involve depressurisation and quality control of materials. Microseismic and blast monitoring throughout the mining
operations are required to control sudden failures. Proper excavation sequences in underground stopes based on top-down, bottom-up, centre-out and abutmen
centre were discussed. Also, the performance of a ground support system was examined by field observation monitoring systems for controlling and modifying
ground support elements. The important outcome of the research is that the proposed procedure of selecting ground support systems for static and dynamic
situations was applied in several deep underground mines in Western Australia. Ground behaviour modes and failure mechanism were identified and assessed
Ground demand for static and dynamic conditions was estimated and an appropriate ground support system was selected and evaluated in site-specific condition:
according to proposed method for ground support design at great depth. The stability of rock masses was confirmed, and the reliability of the design methodology
for great depth and hard rock conditions was also justified.

Keywords: ground management; support system design; sequential excavation; stress management; geotechnical monitoring; deep underground mines

1. Introduction have influences on the behaviour of hard rock and cause violent failures such
as rockburst, brittle failure, fault burst and spalling. Hazardous condition in the
Underground mine development in a cost-effective manner at great depthund may lead to a delay in production, high-cost in rehabilitation, damage
poses some challenges for ground control and maintenance of stabilitysugfport and mining equipment, loss of ore reserves, and injury and fatalities of
excavations. Distribution of field stresses and forces (static and dynanpejsonnel.
causes critically stressed rock, deformations and failures in the vicinity of the The geotechnical challenges in underground excavations can be evaluated
openings. The strength of rocks increases at great depth due to higtcollecting rock engineering data, considering site-specific conditions and
confinement and it is removed with underground excavation, resulting irdetermining uncertainty in parameters. Application of appropriate mining
considerable reduction in rock strength. Rapid change in rock strength, higgthods, sequential excavation and ground support system is needed in
field stress conditions, sources of static and dynamic loads and defectaniderground engineering projects (Morissette et al., 2014).
geological structures can cause complex ground behaviours from the Designs of ground support systems using traditional methods are mostly
microscale, such as microcracks in rocks, to the large scale like a suduBsed on restraining the gravity of rock blocks surrounding excavation face,
failure (Sharifzadeh et al., 2017a). Deep mining is associated with geotechridcilin modern design, support elements should endure static and/or dynamic
challenges related to sudden failure and large deformation in rock miassling and large deformations in rock mass structures during the whole life of
structures. The dominant factor of failure mechanism in deep mining is higtcavations (Rahimi and Sharifzadeh, 2017). Ground support demand for
induced stress/seismic events. Generally, depths more than 600 m are refstabilising rock mass structures in hard rock and high stresses requires an
to as deep mining. estimate of energy demand of the rock and energy dissipation of support
Stress concentration, seismicity, water pressure and temperature areléraents, especially in dynamic loading conditions (Feng and Hudson, 2011).
main hazards of fracturing in deep underground mines. These parameter€Grannd control and management deal with all geotechnical activities related to

hazard recognition, understanding of failure mechanisms, and design of ground
*Corresponding author. E-mail address: behrooz.rahimi@postgrad.curtin.edu.au



support systems to provide a safe environment economically in radck mass structures and then the failure mechanism is diagnosed based on in
underground engineering projects. situ rock stresses, hydrological and project conditions.

Serviceability is utilised for underground openings where are used for Fig. 1 presents a ground management strategy in deep underground
service purposes such as mine access, ore drives and ventilation, and usuallpg projects. The main steps of the scheme are design, construction and
have medium-long term life. The most effective ground control strategy in tB&rviceability. The design step of ground management is associated with input
stage is maintenance, rehabilitation and monitoring. geological and geotechnical data from site investigations, engineering

The purpose of this article is to propose a practical geotechnical stratggglogical mapping and results of laboratory/field tests. Design analysis of an
for ground management in deep and hard rock conditions during the designderground excavation is carried out based on ground behaviour, failure
construction and serviceability stages of underground mining projects. Critice@chanisms and project conditions, and results in location and project
geotechnical steps for mitigation of risks and stabilisation of rock masse®iiientation, excavation method, sequential excavation, extraction rate, and
deep underground excavations are as follows: selecting ground support systems. The practical approach of ground control

and management during the construction stage is determination of standard
(1) Optimise layout of openings based on major geological structures gamdcedures for geotechnical activities, provision of required equipment with
orientation of the principal stresses; competent personnel, quality control of materials, identification of
(2) Modify sequential excavation and extraction rate; geotechnical hazards, safety analysis before ground failure occurs, and
(3) Define ground control and management strategies for small/laigepection/monitoring of ground support performance. The appropriate
deformation based on potential failure modes; approach for the projects during serviceability is conducted by maintenance
(4) Design natural ground as a local support system, such as pillarsaimd rehabilitation of ground support failure, load deformation measurements
underground mining methods; and preparation of a contingency plan.
(5) Design and utilise backfilling methods as a regional support system in Deep underground mining projects are designed and developed in the
mines; and following stages:
(6) Design and apply surface and reinforcement support devices for unstable

rocks. (1) Strategic design: This is a type of primary design and preparing broad

plan for the mines site such as the location of access and underground

Additionally, a practical methodology for the design of ground support  stopes;
systems in deep, hard rock and high-stress conditions was proposed (&th Tactical design: Tactical object is to provide the detail design of projects
regard to geological structural conditions, loading conditions (static and/or for example stability analysis of rock mass in underground excavations
dynamic), loading factor (the ratio of rock mass strength to major field stress), and selecting ground support system before operational stage at the
and primary/secondary failure modes. Several deep underground mines in mines; and
Western Australia were used as case studies and some results were preg8yte®perational design: This is related to monitoring and updated design
in this paper. parameters through observational methods and monitoring system.

2. Governing factors in ground behaviour and its management strategy A wide range of parameters in rock mass compositions, ground
behaviours modes, failure mechanisms and in situ stresses make it complex
Ground control and management deal with techniques to sokwed uncertain in estimation of rock engineering properties, especially in
geotechnical problems of instability in underground mining operations. Teeismically-active mines at great depth. In design phase, visualisation,
techniques include plan, design and method of operations to avoid workplaterpretation, assessment of the real orientation and geometry of rock mass
injuries and equipment damage due to the risk of rock failure. Theuctures are difficult from direct observations to prepare geological and
geotechnical aims of a ground control and management plan in undergrageatechnical model. Therefore, uncertainty and confidence in characterising
mining stopes are listed below: rock mass structures, diagnosis of ground behaviour, failure mechanism, and
ground support design are assumed. The possible engineering disasters from
(1) To define a hazard control program by evaluating, designing adesign phase encountered in construction stage could be a complex failure
monitoring rock mass structures; mechanism such as sudden failure and large deformation, inadequate and
(2) To extract mineral resources in a safe and economical manner; and inappropriate ground support systems. Hence, ground control and management
(3) To develop a process for hazard identification and failure mechanistrategies should be accomplished in accordance with knowledge, experience
diagnosis supported by a training program for personnel. and management to address the problems in mining operations. In
serviceability stage, seismic events, stress concentration and corrosion of
Diagnosis of failure modes and their mechanism is fundamental in grogrdund support systems may lead to damage to support devices and rock
control planning. Collected data from site investigations, engineerifjlures. A contingency plan with a monitoring system is required for
geological survey and laboratory/field tests are used for characterisatiorewafluation of ground problems.
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Fig. 1.Ground management strategies in deep underground excavations.

The major steps for ground control and management at great depth(2)ye

listed as follows:

(1) Collect data from available evidences, observed features and seismic system;

events;

Identify potential geotechnical hazards;
(3) Analyse the hazards for ground management, and determine appropriate
strategies such as smooth blasting method and install ground support



(4) Evaluate the effectiveness of multi-factor on ground condition:

especially time;

(5) Implement ground management strategies in hazard area;
(6) Conduct geotechnical monitoring and review the ground responses; ar
(7) Update the strategies.

Geotechnical issues and ground control management should
considered during the whole lifetime of underground opening projects from 1

feasibility study stage to the final closure of a mine.
During the design phase of ground control and management, th

approaches, i.e. project location and orientation, sequent
excavation/excavation method/extraction rate, and ground support selec

method, can significantly affect the type of ground behaviours and failu

mechanisms in underground excavations. For example, suitable drill-and-b

design parameters can reduce damaged zones in rocks and result in satisfe

size fragmentation, cost-reduction in production and ground support equipm
(Szwedzicki, 2003). These approaches will be briefly discussed in t - pate
following sections.

Fig. 2. The influence of discontinuity orientations and dips with the axis of

2.1. Project location and orientation .
excavations.

The layout of project location and orientation is situated based on 515 Excavation method Sequences and extraction ratio
principal stress orientations, major structural defects in rock masses, ’

excavation geometry, location of mineral resources, availability and ) N . . .
Excavation method has a significant influence on the engineering

accessibility of equipment, objective and purpose of projects, and Iocatiorbgﬁlaviour of rock masses. For example, drill-and-blast methods can provide

mineral resources in mining projects. The angle between the orientation of ) . .
g proj 9 sg{-]e environments compared to mechanical excavation methods at great depth

opening and major structures of rock masses influences the type of failure and. - . L
P ¢ ! P anc?ln hard rock conditions, because of a destressing effect and dissipation of

mechanisms in underground mining activities (see Fig. 2). Theoretical resujts . . . ) .
g 9 ( 9.2 s!ress concentrations in a fractured rock mass following blasting (Mazaira and

and practical implementations indicate that the perpendicular and parallel . . -
P P perp P eHonlcek, 2015). Strain energy accumulation in rock masses can be released by

orientations of an opening with major structures are the most favourable and . . . . . . A
) pening ) .J ) i ] \ g{éstmg method in excavation boundaries, which assist to diminish occurrence
unfavourable in underground mining projects, respectively. Simple fallur? ) .
of sudden failure in hard rock.

mechanisms, like tensile fracturing and shear failure, may combine and . . .
Underground works require some access for stopes, extraction of mineral

produce complex ground behaviours at different orientations of excavations, .
resources, transport of ore and waste materials, water/power supply,

and the unfavourable orientation of discontinuities surrounds openings to .. .. . .
] ) ventilation of main and temporary accesses, drainage, transport of personnel
reduce the bearing capacity of rock blocks and may lead to ground fall_or . . - . -
o ) ] and equipment. Typical underground mining access is shown in Fig. 3.
sliding failure (Sharifzadeh et al., 2017a). . . - . - . )
) ) ) ) ~ Excavations in underground mining projects are divided into the following two
The axis of underground excavations also has influence on discontinuities
o i ] _parts (Brady and Brown, 2006):
inside rock masses and may affect fluid channels and flow rates in openings.
Fluid flow can cause different types of ground behaviours and failure modes, ) . ) .
) ) * " Underground excavations for service purposes include mine access, ore
for example, flowing and swelling phenomena. . _—
drives, ventilation, crusher chambers and spaces for underground

The appropriate layout of location and orientation of excavations with . )
pprop Y workshops. These types of openings have mostly a medium- to long-term

regard to the orientation of dominant structures and principal stresses can”fe_ and

reduce structural failure modes and consequently, the required ground SUpPorbnderground excavations for production purposes such as underground

system for stabilising. As a result, an underground mining project is forecast to . .
Y g 9 g proj stopes, stop access, and service ways. They have mostly a short-term life

run at a low cost and have a high performance in such a situation.
and are temporary.

Mining projects at great depth are developed using various excavations
such as vertical shafts, inclined ramps, horizontal drifts, fuel stores, explosive
magazines, mining stopes, fuel stores and pump houses. The type and
geometry of mining excavations have influences on the method and sequences
of openings. The excavations for production purposes are usually in highly
stress concentration areas, and they are typically a type of large span with
short-term lifetime. Excavations for service purposes are usually small-
medium span with medium- to long-term life. For example, the dimensions of
drifts and ramps are selected based on equipment, ventilation, walkways and
other facilities. The dimension can change from 2.2 m to 6 m, 6rt6 &% nf
(Atlas Copco, 2007). These excavations are generally far from mining-induced
zones. The challenges of excavation phase in openings for service purposes are
generally less than production purposes.



Excavation sequence in a mining operation is described by the extractiomund support methods. Natural ground support approaches like room-and-
of the orebody in an underground mining operation in order to achieve a hgtar methods are useful in medium-hard rock conditions, low-medium stress
extraction rate of the orebody with minimal ground problems. Post-excavatierels and short-medium term life in excavations. Artificial ground support
stress can be reduced by applying an appropriate excavation method, sequisviges are mainly divided into surface rock support and rock reinforcement
and extraction rate in underground openings (Sharifzadeh et al., 2013)léments. Surface support tools are applied on the surface and external parts of
series of individual stopes is excavated in a safe and economical mamoek mass structures. Rock reinforcements are installed in the internal part of
Sequences in underground operations can be divided into primary, secondarly masses. The usual surface and reinforcement devices used in underground
and third priorities. The first priority of sequential panels or stopes is usualiyning projects are rock bolts, cable bolts, shotcrete, concrete lining,
designed and extracted in high-grade regions of the orebody in considerattospping, mesh, timber sets, steel sets, hydraulic props, yielding sets and mesh
of target products in mine planning, field stresses, stability of rock masg8OSHAB, 1999). Backfiling material method is a practical technique for
dimension of stopes, and backfiling methods. The primary panels or stopessaldevel stopping as a local support system in large-scale openings in mining
excavated and then filled with backfill materials for two vertical lifts beforprojects. Stress level, density, particle size, porosity, strain level and
extracting secondary and third priorities of stopes. Fig. 4 shows a schematjgroportion of cementation are assessed to design backfill materials.
sequential excavations in underground stopping. The numbers on Fig. 4b and cinstability of rock masses is derived from geotechnical structural defects
show the sequences of excavations. According to the figure, sequemtialocks and static/dynamic loading conditions due to stress concentration,
excavations are used in sublevel stopping mining method as vertical miningeismic events and released energy, drilling and blasting, gravitation,
steeply inclined deposits. The method is more common in deep undergrogmmindwater and temperature. The stabilisation process for rock mass
mines in Western Australia. structures in underground openings is as follows:

. Determine project conditions and purposes;

. Identify major geotechnical defects and failure mechanisms in rocks;
. Identify main types of loading (static/dynamic) surrounding excavations
[T :[::Iucrivn and estimate their intensities;
Settling ‘H . Analyse ground condition and estimate rock mass deformations;

. Select the type of ground support approaches: natural ground support

and/or artificial ground support systems;
. Select the types of surface and reinforcement support devices; and

. Control the ground—support performance.

SHOTCRETE

backfilled

‘ﬁ | Cage

Producing H\ES
stopes ‘a ’Dhaf | [ISI&ip
W2 L Water basin

Developmant

P stati
oo stapes ump station

| | - Conveyor belt Lo - - - - .
e I . . . . . .
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Fig. 3. Typical underground mine infrastructures and accesses (Atlas Cog
2007).

Generally, the excavation sequence dimension varies between 5-3
width, 15-50 m length and 15-100 m height in Australia. Sequent
excavation in mining operations can be developed as top-down, bottom:

centre-out and abutment-centre (Ghasemi, 2012). The dimension of stope
sequential excavation affects mining operation costs, stability of rock mas Failure zone
and failure mechanisms.
(@) ®)
2.3. Ground supports in underground mines Fig. 5. Different types of ground support devices in a failure zone: (a) rock
bolting in small damaged zone; and (b) large damaged zone with (1) rock

Ground supports provide a strong zone in unstable rocks and reduggyang, (2) retaining by inner surface support devices, (3) cable bolting, and
certain amount of rock deformation to avoid immature failure. Stabilisation (gf) outer surface support devices (Li, 2017).

the ground in underground works can be accomplished by natural or artificial



The application of ground support and reinforcement systems hasstpport in static and dynamic conditions, and evaluation of rock support
provide stable conditions in rock mass structures through reinforcing, holdgygtem capacity based on the load, displacement and energy absorption factors.
and retaining functions (Kaiser et al., 1996). Fig. 5 shows the use of support Ground support design based on static loading conditions is used in
devices in different parts when encountering failure zones in an undergrounderground mining projects where the risk of seismic events is low. The
excavation. Installing rock bolts in a small damaged zone may provide stabiijfgical ground support devices for static loading conditions are fibre-
in excavation. Large-scale damaged zones require the use of different layersioforced shotcrete, rock bolts and cable bolts (Jacobsson et al., 2013).
support systems as described below (dependent on the loading conditionGnodnd support design in a ground with dynamic loading conditions should

failure modes) (Li, 2017): include an absorbing kinetic energy factor derived from seismic events (Kaiser
et al., 1996). The results of drop-weight tests indicate that about 25% and 75%
. Part 1: installing rock bolts to reinforce and strengthen fractured roskabsorption of energy demand, respectively, belong to surface support and
by forcing rock blocks together; rock bolt devices in hard rock conditions. In soft rock conditions, this
. Part 2: using inner support systems (shotcrete, mesh, etc.) for retaigiraportion is divided into 30% for rock bolts and 70% for surface support
function; systems (Louchnikov and Sandy, 2017). Transferring the load from the surface
. Part 3: cable bolting to provide an effective holding function ito reinforcement ground devices is not critical in static conditions, whilst this
loosened blocks; and point is a fundamental requirement in dynamic conditions to ensure the
. Part 4: implementation of outer surface support devices like steel ggsformance of ground support systems.

and casting concrete, which is more applicable for long-term life
excavations. 3.1. Ground demand in static conditions

Ground support systems at great depth and high-stress conditions are Ground support demand in static conditions is determined based on dead-
evaluated and designed by practical, numerical and observational methodsweight and stress concentration in rock masses surrounding excavations and is
estimated by Eq. (1) (Cai and Kaiser, 2018). Support elements increase the
3. Ground support analyses and design strategies frictional forces of rock blocks, resistance to deformation of the fractured rock
mass, and the support of the dead-weight surrounding an excavation.
The techniques for ground improvement by support elements are sewing
rock blocks together, unifying the zone of failure, avoiding fracturinground demand (static condition) = pgd €y
progression, controlling deformation and strengthening rock mass structures. A
number of factors including availability, capacity, simplicity, costWherep is the density of rock (t/f g is the gravitational acceleration (f)is
effectiveness, installation method, and energy absorption should be consid@Rélgh is the displacement of rock/depth of failure (m).
in the design.
Different loading conditions surrounding an excavation require different
types of ground support systems (Rahimi et al., 2014). In general, the effective
loads on an excavation surface are static, dynamic and a combination of them.
The origins of static loading are gravity, in situ/induced stress, tectonic
activities, groundwater, residual stresses, and temperature. Seismic events,
strain burst, fault slip, pillar slip, gravity collapse, loading/unloading rate, and
blasting are the main sources of dynamic loading in underground openings.
At great depth and high stress conditions, seismic hazard changes with
mining and excavation sequence. Assessment of seismic events and risks can
be carried out by collecting data from spatial seismic event clusters,
magnitude—frequency of events, history of apparent stress—time, focal
mechanism, estimating peak particle velocity, and decay rates of post firing
event methods (Knobben, 2017). These methods need plenty of knowledge,
experience and training in the seismic field. Table 1 presents a seismic hazard
scale (SHS) for mines of Western Australia. This parameter considers
quantification of seismic events recorded in geological structures, underground
stopes and mining operations like blasting, based on the rate of magnitude
events and-value parameter from the Gutenburg—Richter relation (Hudyma,
2004). SHS is applicable for reflected seismic events, up to about Richter
magnitude +3, from failures of rock structures at the mine site.
Support capacity depends on loading mode, loading rate, share of loads
between different support elements, displacement of support system, and
energy absorbing capacity (Kaiser and Cai, 2012). The capacity of ground
support system is evaluated with regard to availability and combination of
support elements to act as an integrated system, including the type and amount
of loads, displacements and energy demand, especially in dynamic loading
conditions (Cai and Kaiser, 2018). Fig. 6 shows the design procedure of
ground support system in deep underground mining projects. The main factors
in the design are an estimation of depth failure and fracturing, demand ground



Table 1.Seismic hazard scale (SHS) in the mines of Western Australia (Hudyma, 2004).

Mine seismicity frequency per day

Felt in a few parts of a mine, li

Often felt on surface, or like a

Detected by regional earthquake

Qualitative descriptior Felt locally Felt like a production mass bl
a secondary blast development blast network
Approx. Richter
itud M. >-2 M >-1 M. >0 M. > +1 M. > +2
magnitude
Seismic hazard scale and qualitative description
) Nil >0.001 0 0 0 0
- i
(once every few years) (has never occurred) (has never occurred) (has never occurred) (has never occurred)
N Very | >0.01 >0.001 0 0 0
- ery low
v (a few times per year) (once every few years) (has never occurred) (has never occurred) (has never occurred)
0 L >0.1 >0.01 >0.001 0 0
ow
(at least weekly) (a few times per year) (once every few years) (has never occurred) (has never occurred)
05 Lowt derat >0.3 >0.03 >0.003 <0.001 0
. ow to moderate
(a few times per week) (monthly) (yearly) (may have happened once] (has never occurred)
N Moderat >1 >0.1 >0.01 >0.001 0
oderate
(at least daily) (at least weekly) (a few times a year) (once every few years) (has never occurred)
15 Moderate to hidh >3 >0.3 >0.03 >0.003 <0.001
. oderate to hi
9 (a few a day) (a few times a week) (monthly) (yearly) (may have happened once)
) Hiah >10 >1 >0.1 >0.01 >0.001
i
g (more than 30 a day) (at least daily) (at least weekly) (a few times a year) (once every few years)
25 High t hioh >30 >3 >0.3 >0.03 >0.003
. igh to very hi
9 v g (more than 30 a day) (a few a day) (a few times a week) (monthly) (yearly)
3 verv high >100 >10 >1 >0.1 >0.01
ery hi
g (more than 100 a day) (more than 10 a day) (at least daily) (at least weekly) (a few times a year)
>300 >30 >3 >0.3 >0.03
3.5 Very high to extrem .
(more than 300 a day) (more than 30 a day) (a few a day) (a few times a week) (monthly)
>1000 >100 >10 >1 >0.1

4 Extreme

(more than 1000 a day

(more than 100 a day)

(more than 10 a day)

(at least daily)

(at least weekly)

Ground Support System Design

Static Loading

Dynamic Loading

Considering major geological
conditions, estimation of
loading factor, and identify
failure mechanism(s)

Strainburst / buckling
([.

| Ground motion/ shakedown / ejection I

©

I

Estimation of depth failure /

Interpretation of recorded seismic
events, considering major geological
structures, estimation of loading factor,
identify failure mechanism(s)

Interpretation of recorded local seismic and
remote seismic events, considering major
geological structures, estimation of loading

factor, identify failure mechanism(s)

fracturing / rock displacement

)

| I Estimation of depth of failure |
I Evaluation of ground demand I o

)

1 | Evaluation of ground demand I
I Selection of support system I T'

)

I
| calculation of Safety factor(SF) |
5

I
Verification & optimisation of
support system design

Determine ground support capacity
based on energy absorption, load,
and displacement factors

1
| Estimation of depth of failure |

1
| Evaluation of ground demand I

I
Detemmine ground support
capacity based on load
and displacement factors

1
tion of support system |

N o
v |

i
| Calculation of Safety Factor(SF) |

I
Verification & optimisation of
support system design

Fig. 6.Ground support design in deep underground mines.



3.2. Ground demand in dynamic conditions

Dynamic support demand stabilises a rock mass under dynamic loading
conditions and dynamic failure mechanisms, and is estimated by (Kaiser et al.,
1996):

Ground demand (dynamic condition) = %mv2 +gmgd @)

wherem is the mass of ejected rock materials\(tls the velocity (m/s)q is

the constant factor for the effect of gravity on the ejected rock materials (m/s)
(-1: floor, O: wall, and 1: back), ardlis the distance of ejected rock blocks
(m).

The velocity v (peak particle velocity, PPV) can be estimated from

numerical modelling or seismicity event data using Eq. (3) (Potvin et gtg 7. The estimation of depth failure in a dynamic loading condition

2010): (Diederichs and Martin, 2010).

sz(mLH 5)

v (PPV) = ——— (3) Table 2. The capacity for energy absorption of different surface support

R+Rg

elements (Louchnikov and Sandy, 2017).

Energy absorption Maximum displacement at

. . . . Surf t :
whereC is the parameter with value about 0.2-0.3 for design purfesethe uriace suppor (kJ/n) failure (mm)
. 1 . . FRS 60 mm, synthetic fib 0.8 60
distance to the sourcB, = a 103™*5) m, is the magnitude event, ands mm. synthetic IR
the parameter with value of 0.53-1.14. FRS 80 mm, synthetic fibre 22 80
Fig. 7 shows an estimation of failure depth in the dynamic ruptu'r"él-';' ldldO éﬂm steel fibre and weld mi, 120
embedae
mechanism based on empirical data from previous projects. In Fig. 7, Cl is the
crack initiation threshold stress in rocks and is determined from laborat dmn;fjvr;ri)oox Qmm 13 210
tests. Cl is about 0.4-0.5 UCS for crystalline rocks (Diederichs, 2017), and
RS 60 mm + weld mesh over 2.1 210
UCS is the uniaxial compressive stress.
The depth of failure where there is spalling behaviour and for a cuchRS SR + weld mesh over 35 210
tunnel is estimated by (Diederichs, 2017): M85/2.7 mesh (Minax high-tensile 200
chain-link)
G80/4 mesh (Tecco high-tensile cha|% 5 300
Depth of failure (Dy) = [1 + 0.4K 027 (22202 — 1)06sk®*| g @@ k)
FRS 60 mm + M85/2.7 3.2 200
FRS 60 mm + G80/4 7.3 300
whereK is the stress ratio; Cl is the crack initiation stress (for the case Wh',_,R% 80 mm + M85/2.7 46 200
there is no data available, aGtl = 0.8JCS); andR; is the radius or half-span
. FRS 80 mm + G80/4 8.7 300
of an underground excavation.
en mesh (6 mm wire) with welde
The capacity of energy absorption of various surfaces and relnforcengﬂ le-wire on perimeter 90 300
support devices is shown in Table 2 and Fig. 8, respectively. The implication is " 118 800
mes; .
that yielding support devices such as Durbar, Cone bolt, Garford bolt and D-
(10 mm wire) 225 600

bolt are effective in dynamic and tensile loading, rockburst, and squeeige" mesh

behaviour. Installing further rock bolts at an acute angle (less titano3the Note:FRS = fibre reinforced shotcrete; HEA = high energy absorption.

orientation of discontinuities is a solution to reducing shear failure (Stacev.

Capacity category
2016). : .
“apacity Low/Saiff | Medium | High Very high Extremely high
The factor of safety is a key for stability analysis and design of a groL ~ enemay <si | 15K | 1525k 25.35 K >35k)
. . R displacement dmm  S0mm 100 mm 150 mm 250 mm 350 mm
support surrounding a rock mass in underground structures. This paran — = f—0ua 4 ' f f f
estimates the load capacity of support devices under static and dyne — fesinkebar  |e===ma
. . . . Expansion shell | v
loading conditions. The factor of safeBg)is estimated by T Splitset —
;I Swellex eSS I EEEEEE
E
Loading capacity of ground support system % Roofex EE—— o R R
Total effective static loads on the ground surrounding excavation B, deLok N
or D-balt e ——
Critical discplacement (uy) Conc bolt EEEEE
FS = Rock displacement at equilibrium(ueq) >1 Garford P
or
min (nEab Umax  ule ) Fig. 8. Energy absorption capacity of various reinforcement devices (Masoudi
Eej = Ueq = Ueq and Sharifzadeh, 2018).

whereE,, = %mvz; n is the number of rock boltE,; is the kinetic energy

from ejected rocksueq is the rock displacement at equilibriumay is the
maximum allowable displacement; amg is the ultimate displacement.

The required long-term factor of safety is between 1.5 and 3. At high-
stress levels and soft-medium rock strength conditions, squeezing behaviour
may occur with high-stress deformation. Critical displacemegpts(a suitable
parameter to calculate the factor of safety where there is a squeezing
behaviour. In addition, under dynamic loading conditions, the capacity of



ground support devices for absorbing energy should be higher than the ejected

kinetic energy of rock masses. The ratio of energy absorption capacity by The ground support and reinforcement system should be selected with

ground support devices to the kinetic energy of ejected rocks in a dynaregard to durability and service life of underground excavations. Temporary

loading condition is used as the factor of safety in burst-prone rocks (Li, 20B0pport systems or natural ground are suitable for short-term service lifetime,
A factor of safety of more than one may provide stability under dynamaad permanent support systems are used in medium- or long-term.

loading conditions. However, ground control and management should be In deep and hard rock conditions where there is frequently changing

accompanied with field measurements to update ground support systems wétraviour, rapid variations of stress and deformation, energy accumulation in

any significant changes in the ground condition like the rate of seismic eventsck masses, and application of fibrecrete, yielding rock bolts, cable bolts and
Table 3 presents the design principles and a procedure for ground suppegh are necessary to stabilise openings. Seismic and deformation monitoring

and reinforcement in deep and hard rock conditions. The most effective stapdd be a useful strategy to control ground behaviour during mining

in the design of ground support systems are as follows: operations.
It should be mentioned that the proposed method in Table 3 is more
(1) Identification of the loading types: applicable for strategic and tactical design of underground mine projects.
» Static loading, and Verification and optimisation of design parameters should be accomplished in
* Dynamic loading. operational design stage.

(2) Determination of the main source of loading:
* Origin of static loading: Gravity, in situ/induced stress, tectonid. Underground mining and construction strategies
activities, groundwater, residual stresses and temperature; and
* Origin of dynamic loading: Seismic events, strain burst, fault slip, pillar Underground mining excavations entail excavation methods, sequential
burst, gravity collapse, loading/unloading rate, blasting and earthqualexcavation/extraction ratio, depressurisation, quality control of material, and
(3) Geological structural condition: installation of ground support systems. The main principles involved in the
» Description of the majority of the geological structure: Massive rockxcavation or extraction phase are construction time, project conditions such as
moderately jointed/blocky/folded rock, highly jointed/disintegrated rocttie geometry of stopes, and geological factors like faults and shear zones.
» Favourability and unfavourability of major structures in openings; Stress management and quality control of support elements considerably

* Estimation of the block size surrounding openings; and influence mining operations at great depth, which will be discussed in the
» Determination of continuity factor (CF) in the ground. following sections.
(4) Estimation of the loading fact@L.F = %m):
o LF > 2 (Low level), 4.1. Sress management
* 1 < LF < 2 (Medium level), and
* LF < 1 (High level). Depressurisation or destressing is a typical method to control rock failures
(5) Identification of potential failure based on loading type, loading sourd, deep and high-stress conditions. Ground stress and seismic events are
major geological structural condition and loading factor: inevitable in underground mining operations and may cause various failures at
* Primary failures, and great depth, such as rockburst (Rahimi and Sharifzadeh, 2017). Fig. 9 shows
* Secondary failures. different methods for reduction of rock failure due to excessive stresses.
(6) Use of appropriate analysis and design methods based on failure m&siress blasting is used for fracturing rock zones to dissipate stored strain
in static and/or dynamic conditions. energy from rock masses in mining operations and underground constructions.
(7) Selection of ground support systems (natural ground and/or artificille method is used to reduce the level of stress concentration, by creating
devices) in accordance with the required life term of excavations. fractures in the rock mass that cause a reduction in the elastic modulus of the

rock mass, and enable the rock to carry high-stress conditions. Fig. 10 shows a

The lifespan of underground openings can be divided into three grofi)9cation of stress concentration level by destress blasting method
based on their service purposes and uses: surrounding an excavation. The effect of the destress blasting method can be
evaluated by measuring some rock engineering parameters such as

(1) Short-service life (less than 6 months), for example, mine stopes &formation of rock mass, stress magnitude changes, seismic effects, and

temporary access; changes in the elastic modulus (Mazaira and Konicek, 2015). The technique is
(2) Medium-service life (more than 6 months and less than 3 years), suciiRidlied to manage rock hazards derived from high-stress conditions such as
ore drive access and exploration tunnel; and strain burst and rock ejection.

(3) Long-service life (more than 3 years) like decline, road tunnel and
underground cavern.



Table 3. Design principles and procedure of ground support and reinforcement systems in deep and hard rock conditions.

Potential failures

Loading Origin of loading Geol_o_g|cal structural Load factor Appropriate analysis and design methods | Suggested ground support system
types condition Preliminary Secondary
Oem/0y > 2 Stable Local block fall, sliding fall §1|g:)dryllm|t equilibrium method, key bloc Stable, sealing surface with spot bolting and mesh, if needed
Block fall, minor  slabbing| combination of Tt cqulbrum and snerd UniY zones of failure with mesh and boling in approprbe
Massive rock Stress induced failure spallin ’ bulkin failurg release method cgntinuity deformati spacing and length (at least 1/3 the span of excavagion),
1< Oan/0y <2 rogressive failure g ing’/shuckin gsmall rog analysis, failure ’a roach index anal deformation control with pre-tensioned rockbolts and retgned
GS >70 prog popping ng ySIS, p . Y3 with shotcrete, use D-bolts/Cone bolt/Garford dynamic Jolt,
fragments, strain burst energy release rate analysis, observati . ) ! N A
method face and pillars in ore drives retained with mesh
Q">40 Reduce stress concentration, using back fill as a regjonal
B (block size) > 10 fh support in mining sequences, Adjustment of pillar sizq in
Damage microseismic, bloq Energy release rate analysis, deformal underground mining methods, scale first and then irftall
CE<3 Stress induced failure, fracturin fall, brittle failure, tensile failure analysis, rock burst tendency index, lo| support elements, retain ejected rock with fibrecrete and pesh,
Oem/01 <1 and brittle failure, severit] popping/shucking rocl energy release rate analysis, contin| using yielding devices to absorb released energy, yieldingjsteel
sudden failure fragments, strain burst, pill; deformation analysis, observational methd sets, flexible devices to absorb shocks from seismic ey
burst expert system, integrated systems approac| split sets are good which are be able to slip under dyrfamic
loading, use D-bolt/Garford dynamic bolt/Kinloc bolt/Cdnhe
bolt/cable bolts, using steel sets, seismic monitoring
Flexible support, sewing layers to each other,tpnsile roch
.+ Gravitation Moderated bolts, application of split sets for small scale of failure, holding
o Continuity—discontinuity deformatio| rock mass with mechanical rock bolts, seal surface pvith
jointed/blocky/folded rock analysis, key block theory, rigid lim| shotcrete to prevent failure, support devices should be insfalled
« In sitwinduced stress Jo,>2 Structure induced failure, blod Toppling, block fall, sliding equilibrium method, analytical method before ground movement, fibrecrete and rockbolts/cable Bolts,
Tem/ 01 fall failure, wedge failure bending analysis, fracture mechanics analy the length of rockbolts should be at least 1/3 of the span, jising
Favourability and finite element methods, failure approach in¢ cement rebar/resin rebar/split set/swellex/friction bolt with p
« Tectonic activities analysis or less spacing with mesh and straps for unify zone of fajure,
unfavourability of major face bolted and meshed
. Groundwater structures (Fig. 2) Prestressed reinforced devices, unify zone of failure, scalg rock
Static mass surrounding excavation before installing support todls to
unify rock zone, use straps and wire mesh across befiding
. . Analytical methods, observational metho| planes and joints to prevent skin failure between rockiplts,
* Residual 45 <GS <70 gﬁﬂ; fzuyallg\:\?gg:i\slei nZEie shear stress analysis, expert system, fa| reinforce rock mass with rockbolts to limit displacement fand
Stress/structure induced failu brittle Yand shear failure. flakin approach index analysis, discontinu| buckling, grouted rock anchors, pre-tensioned rockiplts,
1 < 0cn/0y <2 | block fall, shear failure, rock  mass/splittin Yfailure deformation analysis, finite element analy§ sometimes need to use steel support to control ghear
+ Temperature tensile failure tensile failure pbuckﬁn failurd distinct element ‘methods, soft computati failure/plastic behaviourflarge deformation, shotcrete fuith
4<Q <40 topplin failuré bending failure neural networks, integrated approach syst¢ mesh and straps for permanent support system, stab
ppiing ! 9 fracture mechanics analysis pillars with mesh and rock bolts, leaving extra pillars, fricjon
bolt/cemented/grouted bolt/resin bolts/split sets/cable polts
with spacing less than 116, survive large rock deformatior
100 dni <B;< 10 i using back fill as regional support in mining sequences
Stiff support, unify zone of failure, scaling well and then ingtall
’ - } ) .| support devices, stiff support, full column ground r
Stress/structure induced failuf Crushing and splitting of roc Discontinuity de_formanon a_nalys_ls_, analytig anchors, thick steel fibre reinforced shotcrete, yielding gteel
- N - - | methods, bending analysis, finite elem( - . ; . 8
3<CF<35 shear failure, large deformatio| blocks, tensile failure, strai : ¥ . .1 ribs, cable bolts, provide maximum holding capacity, gplit
Oem/01 <1 ] .~ | analysis, fracture mechanics analysis, fail . X h . e
block fall burst, pillar burst, bucklin h ind vsi sets, using back fill as regional support in mining seque|
failure approach index analysis, expert syst expansion rebar/split set/Roofex/Yield-Lok/D-bolt th
observational methods, observation methos ] . A
spacing less than 1 m with mesh and straps, flexible steef sets,
survive ground movement and large deformation
Highl Discontinuity deformation analysis, shg Unify zone of failure, grouted ground for unify zone of failjre,
nighly Structure induced failure, grourl Cave in, block fall, wedg( stress analysis, failure approach ing pattern support with grouted rock bolts such as split pets,
jointed/disintegrated rock - : . y . - ; . o ) N
Oem/0y > 2 fall, wedge failure, failure, chimney failure, notc| analysis, finite element analysis, distif retaining rock mass with shotcrete and mesh, steel suppor§ with
failure, cave in element analysis, bending analysis, nef{ struts, swellex/roofex/d-bolt/hybrid bolts/friction bolts h
GS <45
networks spacing about 2 m, survive ground movements
Q<4 Ground fall, plastic failure Discontinuity deformation analysis, she Grouted ground for unify zone of failure, steel support yith
Structure/stress induced failuf chimney type failure, groun| stress analysis, expert system, observg pre-tensioned rock bolts, rockbolts or cable to contr@l a
B, < 100 dri 1< 0cm/0y <2 | large deformation failure, she| movement, shear failur¢ methods, failure approach index analysis, | separation, flexible steel sets, survive large scale displace|
failure buckling, tensile failure|] computing, finite element analysis, distif in rock masses, fibrecrete plus mesh and straps, frgtion

ravelling, flowing

element analysis, integrated approach syst

bolt/hybrid bolts/grouted bolts with spacing less than 4 m,




CF>35

approaches, expert system

reinforced pillars with fibrecrete and mesh, monitoring grd|
deformation

Grouted rock anchor, steel support with pre-tensioned fock
bolts, grouted highly ductile rock anchor and steel fjber
Discontinuity deformation analysis, shd reinforced shotcrete, for swelling condition: full-colughn
Stress/structure induced failuf Chimney type failure, groun stress analysis. expert s stemy ok;serva grouted rock anchors with fibre reinforced shotcrete,
large  deformation  failure fall, buckling failure, splitting ySIS, p 4 ’ - | For ravelling condition: steel support with struts, pre tensigned
. . e - methods, failure approach index analysis, A y -
Oem/0y < 1 ravelling and flowing ground it failure, shear failure, larg - i - .1 rock bolts with fiber reinforced shotcrete, steel setsjare
- 2 - . computing, finite element analysis, disti B y - > "
brecciated and disintegrat{ strains, floor heave and sidew: ) required for long-term support, using back fill as regi¢nal
ground closure element analysis, local energy release 1 support in mining sequences, reinforced pillars with fibregrete
integrated approach systems approaches and mesh, resin bolt/expansion shell/split sets/swellex/gr
cable bolts with spacing about 1 m, monitoring rock rjass
deformation
Block fall, sliding failure, brittle
Massive rock 0o )0y > 2 Seismicity damage, strain bur L?glé:i%n blastShg;mage,fa“lrj?: Retaining rock mass with wire mesh, reinforced with stpng
em/ 01 . ? , - ) h
GS >70 tensile failure, pooping/shucking rock, sudd¢ Observational methods, engineeri er?cl;?(l:rr]gtem(s:k?i?ltsset:nii gﬁ]ﬁﬂaﬁﬁ?z‘o:{;?ﬂe' f'r:)in; ﬁé%f; ed
failure, pillar burst judgment, finite element methods, disti cable bolfin pin high level of seismic eventsgflexigz)le steellsets
Q >40 Seismicity damage,  britt] Block fall, sliding failure,| element methods, fuzzy logic, energy rele| to absorb ?eleasgd eneray. stabilizin iII’ars with dyn:
1< 0./, <2 failure, spalling, slabbing bulking failure, blast damagerate analysis, rock burst tendency index, Ig bolts and mesh, leaving egt);:a pillars fit?regrete plus muI{i i yer
cm/ 91 i i itti i i i H ’ ’ a
B,>10 m pqppmg/shuckmg rock, suddg spllt_tlng fa||ur_e, tensile failure,energy release rate, _integrate  sys mesh and dynamic bolts (D-boltGarfod bolt/Cone balt Jith
failure strain burst, pillar burst approaches, soft computations spacing less than 1-2 m), face and ore-drive meshed an used
CF<3 Seismicity damage, _ britt] Block fall, brittle failure, sheay bglts/cgble bolts, survive Yseismic and displacement monitgring
o Oem/01 <1 failure, server rock burst, roq failure, blast damage, splitting, !
* Seismic events ejection pillar burst, strain burst
Moderated Toppling, block fall, sliding
« Strain burst jointed/blocky/folded rock N . failure, wedge failure, blag
Oem/0y > 2 fSt_rIucturk;el/seklsfn“cn)r/] fmlduce damage, shear failure, splittir
 Fault slip Favourability and allure, block tall, shear fallure failure, large deformation, pillg
unfavourability of major failure Retaining rock mass with fibrecrete plus chain link mgsh
< Pillar burst structures (Fig. 2) Block fall, progressive sheaiObservational methods, engineeri reinforce% with strong vieldin rockboﬁs and grouted r ar'
Dynamic Stress/structure/seismicit failure, brittle and shear failurejudgement, finite element methads, disti split sets in minor d r?al}“/nic Ioe?din high densitg cable bo| in’
Y + Gravity collapse 45<63 <70 1< /o, <2 |induced failure, block faIIy she tensile failure, buckling failure,element methods, fuzzy logic, failu inp high level of sei)s/mic events géxigle steel );ets to al “o?b
Teml 1 failure, tensile f’ailure ’ toppling failure, bending failure,approach index analysis , local energy relq relea%ed energy and control d;eformatiusing back fill ad I
« Loading/unloading ratq 4 <Q' <40 pillar failure, cave in, largerate, integrate system approaches, regional support, grouted rock bolts and cable bolts, Sefsmic

deformation

computations, discontinuities deformati

monitoring and deformation control, reinforced pillars vjith

Blasting 100 dnf <B< 10 n? Crushing and splitting of rockanalysis, distinct elements methods fibrecrete and mesh
3<CE<35 Stress/structure/seismicity 2|0Cks' tensilte . faill)ure,t bl.'it
Earthquake Oem/0y < 1 induced failure, shear failur bi?;taggﬁcklirfgr?glureurscévgliir
large deformation, block fall ravelling, flowing, pillar failure,
large scale collapse
Highly Cave in, ground fall, chimne Reinforced rock mass with resin bolt/expansion shell/gplit
jointed/disintegrated rock Oem/ 0y > 2 o failure ’notch failu’re blas _Observanongl_ methods, engineeri sets/swellv_ex/grouted_cable bolts with spacing about 1 m, teel
Structure/stress/seismicity damaée ! | judgment, finite element methods, distif support with pretensioned rock bolts, for swelling condm{
GS <45 induced failure, ground fall ground movement, shear failur element methods, energy integrate sys| full-column grouted rock anchors with fibre reinforged
Q<4 1< 0cn/0oy <2 |large deformation failure, she| splitting failure éhear failure approaches, soft computations, discontinj shotcrete, for ravelling condition: steel support with strutsfpre
failure large  strains %Ioor heave a deformation analysis, shear stress analy tensioned rock bolts with fiber reinforced shotcrete, steelfsets
B, < 100 dm ravelling, flowing sid%wall clbsure ravelling finite element methods, soft computin are required for long-term support, using back fill as regipnal
CF>35 Oem/01 < 1 flowing ! S failure approach index analysis support in mining sequences, reinforced pillars with fibregrete

and mesh, monitoring rock mass deformation

Note: GSI: geological strength indeg;

__ Dimension of underground excavation(m)

= R]Q—D X j—'; Continuity factor (CF) =

Dimension of rock block(m)



(4) Consideration, discussion and review of geotechnical record and input
4.2. Support elements quality control data on the design;

(5) Observation and monitoring of drilling, blasting, rock mass behaviour

Quality control and assessment of materials are determined by the and failure modes; and

necessary quality level and quality grade. The quality level is described as(é)e Discussion with supervisors and operators about the identified issues and
difference between the required geotechnical techniques including development activities.
specifications and actual implanting work. Quality grade is the difference
between standards and specifications required of companies and the quality ofThe common problems during the shotcreting process in underground
manufactured products. Quality control is assessed through a systenmatiing projects are difficulty in achieving correct consistency (especially
examination and quality assurance from geotechnical activities to achiexser/cement ratioW/C), sprayability, proper storage and utilisation of
planned objectives. Quality assurance of ground control managementadmixtures, and use of the correct nozzle distance by operators (Talbot and
underground mining projects includes verifying that the construction is beiBgrke, 2013). Training of operators and supervisors is required to address
done in accordance with the design, checking the availability of equipmehgse problems in projects. Also, there is a concern in using grouted rock bolts
personnel facilities and general resources, which can be summarised bytat# pores in rock zones where there is groundwater which would lower the
following tasks (Szwedzicki, 2003): rock bolts’ performance in the ground. Using recent technology, reflected

ultrasonic wave signals can indicate any voids, and the quality of rock bolt
(1) Discussion with managers about related activities for ground control; installations can be improved (Yokota et al., 2013). Geotechnical quality
(2) Inspection of geotechnical activities in underground mines; control should be undertaken before installation to ensure that they are in
(3) Review of procedures of operational activities, standards, documents aocbrdance with the design parameters.

critical tasks;

Mining with protective seams/ Backfill or stowing
veins or sacrifice galleries e
Rock reinforcement (Shotcrete,
'C Pilllarless mining bolting, wire mesh, steel support)

Stress Management | Atternative mining methods ]—l Graund preconditiohing ]-—rRock support ]

Strategles

Destress drilling
Destress blasting

Water infusion

Fig. 9.Excessive stress management methods in rock damaged zone around excavation (Modified after Saharan and Mitri, 2011).

(2) Failure warnings, such as major joints, weakness zones, blasting damage
zones, noise in rocks, seismic events and tectonised structures in ground;

(3) Ground movements, for example, fracturing, cracking, opening rock
bolts, and sliding rock blocks; and

(4) Rock failure, such as sudden failure, ground fall and spalling.

Rock mass behaviour and its change are not always recognisable as
warnings of failure. A procedure to recognise pre-failure of a rock mass can be

"}~ ~| aesiressing i : o ) i )
N L # useful for rock engineers in prediction of geotechnical failure and collapse, in
_ _ _ _Excavation _ _ p  order to avoid a fundamental loss. Geotechnical indicators such as faults and
. d Distance from face folds show that a rock mass has a potential for failure. Observational methods
i

< - and monitoring system at great depth should be accomplished by collection,
interpretation and analysis of this information to evaluate ground-support
performance.

The performances of the ground support system under static and dynamic
loadings, field stress conditions and seismic events are assessed by monitoring
Fig. 10. The effect of destress blasting method on rock zone surroundingsg8tems. A good monitoring system is using all available information from
excavation (Mazaira and Konicek, 2015). seismic event sources, seismic loading, and available data in rock mass

structures and induced stress in field measurements. Installing of different
5. Monitoring ground-support system performance types of instruments at great depth and high-stress levels, where there is a great
potential for damage of the devices due to seismic events, allows different

Rock mass structures in deep underground mines have conditions #igisurements like excavation deformation and seismic events, in order to
range from stabilisation to collapse in the following four steps: evaluate ground support performance (Zhang et al., 2016). The main

components of geotechnical observational methods are instrumentation,
(1) Stabilisation; monitoring and back analysis, as shown in Fig. 11. There are various types of



instrument devices, like extensometer, pressure cell and electrical piezomafgsroaches: deterministic and non-deterministic. Deterministic methods such
which can be used to measure the performances of support devices and gremitite direct approach, inverse approach and graphic method, are based on the
parameters. Measurement of deformations and forces are most commodifierence between system and model to minimise variability of the
monitoring systems. (deterministic) signal between them. Non-deterministic methods, like
The design of monitoring plan deals with project conditions armtobabilistic methods and genetic algorithms, are based on the discrepancy
geotechnical objectives. The mechanism of behaviour control of suppmetween model and systems, which is considered as a non-deterministic signal
elements and ground conditions determines the type of instrument devices(8hdrifzadeh et al., 2017b).
the location of their installation. The monitoring is performed by collecting Observation and monitoring methods can be used during the early stages
data, processing, interpretation and analysis. Collected data from monitoohgdevelopment of underground mining projects to acquire real ground
are used in two ways. In the first way, for abnormal status, for example,beaviour and modify design parameters. Some of the benefits of monitoring
excessive deformation, an immediate action may be required to prevent failanel site observations are control of design uncertainties, achieving value—
Secondly, data analysis and interpretation are undertaken to find reliadst/time, reducing hazard failure in rock mass structures, and improving
values of design parameters. ground support systems.
Back analysis methods are used for confirmation of field stress and rock
engineering parameters. Generally, back analysis techniques use two

Seismograph
Geophone
Concrete Stress cell
Borehole extensometer
Measuring anchor
Pressure cell | Deterministic approaches
Convergence tape extensometer
Inrex mobile extensometer
Angho; load cell 3 -
Embedment strain - gauge

é" Piezo-settlement column
5 Electrical piezometer 9‘3?
P e
g Smach accelerograph ; Non - deterministic approaches
/
o)
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g &

Geotechnical Monitoring
and Design Update

%
Q
Z

Z,

\  Define mining conditions

Q
2z \ Define geotechnical purposes for instrumentation and control

\ Select instruments devices and locations for installing

Establish the process for recording data

Plan for regular calibration and maintenance

\ Strategy for data collection, processing, interpretation and analysis

\ Evaluation deformation - stress changes trend

Schedule monitoring sequence

Define reading intervals

Fig. 11.Geotechnical monitoring and design update procedure in underground excavations (Modified after Sharifzadeh et al., 2017b).

6.2. MineB
6. Case examples from deep underground mines in Western Australia
The gold mine is hosted in Devonian carbonaceous metasediment units.
6.1. Mine A The mineralisation consists of pyrrhotite, arsenopyrite and chalcopyrite. The
orebody is mined using the underground long-hole open stoping method. The
The Mine A geology consists of mafic to volcanic and volcanoclastioain challenges associated with the mining operations are a high degree of
sedimentary, shale and conglomerate rocks. Major geological structuresja@rging in the rock mass, several existing shear zones, instability of the rock
western shear zone and eastern, horizontal fault and thrust fault. Sublmasds and dilution of the ore body in stopes. The record of seismic events
stopping method is used for the extraction of mineral resources. Stompdicates that the mine area is in low to moderate levels of seismicity. The
dimensions in the mine site are typically 30 m long and 20 m high. Pillarsnasst failure modes are structural and induced stress failure modes.
natural ground support are implemented in low grade and uneconomic zones.
Typical failure modes in the mine site are structural failures (ground fall a&&. Mine C
wedge failure) and stress-induced failure types (slabbing, pillar failure and
squeezing failure). The gold mine deposit is hosted in mafic stratigraphical units, which are
coarse grain and massive basalt units. Gold mineralisation is related to



sphalerite, galena and scheelite mineralisation, and it is mostly hostedhiee groups: structural failure, induced stress/seismic failure, and operational
laminated quartz veins. Three geotechnical domains at the mine site faitare mechanism. Ground fall (Fig. 12a) and wedge failure (Fig. 12c) are a
hanging wall basalt, the ore body (dolerite, basalts and shear zones) tgpel of structural failure mechanism that is associated with existence of
footwall basalts. Th&-value of the rock masses was estimated to be in te&uctures in rock masses. The failure occurs due to gravity and sliding rock
range of 4 to 30. Failure mechanisms in the rock masses include mirbfarks between discontinuities surfaces. Rockburst failure (Fig. 12b), blocky
induced stress, gravity and blasting, and cause wedge failure, ground tedtlercutting failure (Fig. 12d), bulking failure (Fig. 12e), and pillar burst
slabbing, shear slip and pillar failure. The seismicity of the mine site is lowfédlure (Fig. 12f) are a type of induced stress/seismic failure mechanism. High
moderate. stress concentration, seismic events and released stored energy from seismic
events lead to rockburst failure. High stress level in ground condition results in
6.4. MineD occurrence of buckling failure.
The design of ground support systems for the case studies is evaluated
Nickel ore as the main resource is hosted in nickel-rich lava rivers dvaked on the proposed method in Table 3. The main source of loading at the
nickel placer deposits. The nickel ore contains a band of massive sulphidiee site was identified as gravity, tectonic activities, seismic events, fault
overlain by matrix ore and disseminated ore. The main rock types are baskt, strain burst and blasting damage. The geological structural condition was
talc-chlorite ultramafic, antigorite ultramafic, porphyry-felsic and porphyrymainly of moderately jointed/blocky rocks, and the GSI &pdalue were
intermediate. Mineral resources at the mine site are extracted by the long esienated in the range of 30—-80 and 1-48, respectively. The results of the
and cut-and-fill mining methods. There are several faults, shear zones degign of ground support system at some deep underground mines in Western
porphyry dykes in the mine area. There is a low rate of groundwater inflow f&stralia are summarised in Table 6. The loading faetgf/z,), where o ,,
5 nt/d) from the ore surface and hanging walls during the rainy seasdssbetween 50 MPa and 120 MPa, ands about 40-70 MPa, is between 0.9
Seismic events caused a sudden fracture, creating new joints and failureséh2.3. Therefore, the rock mass structures have the potential to suddenly fail.
rock zones surrounding excavations. Strain burst, pillar burst, fault slip, sh®#e investigations and observations indicate that the primary failure modes are
failure, floor heave, stress-induced failure and squeezing failure occumedstly of block fall, wedge failure, induced stress failure, shear failure,
during engineering operations. slabbing and rockburst failure modes. In addition, during mining operation,
secondary failure modes like squeezing failure and pillar failure occurred due
6.5. MineE to seismic events, induced stresses and blasting damage in rock zones
surrounding excavations. Ground support elements were selected based on the
The gold deposit consists of multiple shallow dipping ore zones of galdtimation of static and dynamic ground support demands in each mine site.
mineralisation and is hosted by mafic and conglomerate. The main rock typ#secrete with mesh as a surface support system, friction bolt, split sets, and
are basalt, conglomerate, siltstone, sandstone and shale. Major structures gtdbéed rebars and cable bolts as reinforcement tools, were selected as ground
mine site are discontinuity sets, fault zones and weakness zones. The qualgyport systems for stabilising rock mass structures. Fig. 13 shows the results
rock mass, based on ti@@system, was estimated to be between 2 and 1& numerical modelling of the main decline access with 5.2 m width and 5.7 m
Rock noise was recorded in underground stopes in some cases beforddight in Mine C. Fig. 13b is the estimation of plastic zone (failure zone)
occurrence of rock failure. During mining operation, several rockfalls asdrrounding excavation, which is about 1.5 m. The numerical results
rockbursts occurred. Failure modes at the mine site were classified idéononstrate the reliability of failure depth estimation compared with empirical
gravity, induced stress, and seismicity types. In some cases, unravelfimghods (1-1.5 m) and observational methods (0.5-1.2 m). Also, the ratio of
occurred in rock zones with high degrees of jointing. Also, seismic eventdfety factor/loading factowy,/o,) is presented in Fig. 13c. The maximum
caused slabbing, strain bursts, rockbursts and ground falls. displacement of rocks surrounding excavation was estimated 2.2 cm after
The summary of geological information and geotechnical properties in thetalling ground support system (Fig. 13d). The numerical results demonstrate
mines sites are presented in Tables 4 and 5. Also, some typical failure matesility of rock masses surrounding excavation after installation of ground
that occurred in deep underground mines in Western Australia are showsupport systems.
Fig. 12. Typically, failure mechanisms at great depth could be classified into

Table 4. The summary of geological information of mine case studies.

Mine site Mineral resources Lithology Mining method Major geological structures
Mafic to felsic volcanic rocks, volcanoclastic sedimentary
Mine A Nickel rocks, conglomerate, ultramafic rocks, massive sulphide Downhole bench stopping methdthult, shear zone, discontinuity sets

mineralization
Pyrite, arsenopyrite, chalcopyrite, coarse crystalline iscrete striking and dipping fault

Mine B Gold Long hole open stopping metho

arsenopyrite tructures, shear zones
Mine C Gold Basalt, laminated quartz, sphalerite, galena, Sublevel stop mining method ?g:;l;ne, faults, ductile structures, foliated
Mine D Nickel Basalt, ta!c—chlorltg, ultramafic, antigorite, porphyry-felsic, drshg hole and cut and fill m'mngFauIt, shear zone, porphyry dykes, joint sets
porphyry intermediate method
Mine E Gold Basalt, conglomerate, siltstone, sandstone, and shale Long hole open stopping method  Discontinuity sets, faults, shear zones,
Table 5.Rock engineering properties at deep underground mine case studies in Western Australia.
Mine site Depth (m) UCS (MPa) E (GPa) v Dip/dip direction (7°) o1 (MPa) a,(MPa) a3(MPa)
Joint set 1 Joint set 2 Joint set 3
Mine A 650 120-160 50-70 0.3 65/85 80/175 51/263 40 32 7
Mine B 950 70-100 30-40 0.28 49/50 55/001 82/182 55 39 18
Mine C 1300 135-170 55-75 0.32 35/37 13/339 48/225 70 56 25

Mine D 800 130-220 45-80 0.34 67/304 74/140 83/86 56 37 21



Mine E

780 160-240

63-80 0.33 49/350 4/57

81/109 51

31

19

Table. 6. The results of design of ground support system in five deep underground mines in Western Australia.

Mine site Source of

Geological structuriLoad factor

Potential failures

Depth of failure/fracturind®PV Estimation of

Ground support System

loading condition (m) (m/s) ground support
demand
Primary Secondary Estimation Observation Statidynamic
(kN/m?) (kJ/nf)

Mine A Gravitation, Moderated 1 < 0c/0y < 1.3 Wedge failure,  Pillar failure, 0.6-0.9 0.5-1.5 11 41 11 50 mm fibrecrete with
field stress, jointed/blocky/foldt block fall, induced slabbing, brittle mesh, 2.4 m Friction
tectonic d rock stress failure, failure, unravelling, bolts (1.2 mx 1.2 m),
activities, 53 <GY <77 tensile failure squeezing failure 2.4 Resin bolts (1 m
seismic 45<Q <27 1 m), 6-9 m Cable
events, pillar0.5 <B, <9 bolts (2 m x2 m)
burst, blasting <CF < 10 (where required), face

meshed for drives

Mine B Gravitation, Moderated-Highly 0.6 < o.,,/0; <1 Shear failure, blocPlastic failure, 0.8-1.3 0.5-1.7 0.7 47 10.6 75-100 mm fibrecrete
induced jointec fall, tensile failure,squeezing failure, with mesh, 3 m Resin
stress, 30<GY <77 large deformation splitting failure, bolts (1.3 mx 1.3 m),
tectonic 1<Q <10 failure, unravellingchimney failure 2.4 m D-bolts (1.3 nx
activities, 0.1 <B,<7 pillar failure 1.3 m), 8 m Cable
fault slip, 6 <CF<19 bolts (where required),
pillar burst, applied mesh and
blasting fibrecrete for pillars

Mine C  Gravitation, Massive-Moderated).9 < o,,/0; < 1.2 Large wedge Pillar burst, brittle 1-1.5 0.5-1.2 15 36 115 2.4 m galvanised
induced jointed/blocky roc failure, shear slip, failure, ground fall, friction bolt (1.2 mx
stress, 58 <GH <83 slabbing, rock burgiopping rock 1.2 m), 2.4 m grouted
tectonic 14<Q <48 fragments, strain split sets (1-1.3 nx 1-
activities, 3.7 <Bs<12.5 burst 1.3 m), 9 m Garford
fault slip, 2<CF<6 cable (2 m X2 m) and
blasting mesh, face bolted and
damage, mesh
strain burst

Mine D  Strain burst, Moderated 1.1 < g¢y/0; < 2 Stress induced  Floor heave failure.7-1.1 0.3-1.4 18 39 14.4 2.4 m Grouted rebar
pillar burst, jointed/blocky roc failure, wedge squeezing failure, (1.5 mx 1.5 m), 50
seismic 47 <G9 <75 gravity failure, crown pillar failure mm fibrecrete with
events, 3<Q <27 strain burst, shearblast damage rock, mesh, 3mand 2.4 m
gravitation, 1<B;<9 failure, ground  fault slip Grouted Split sets (1.5
stress 5<CF<17 movement, m X 1.5 m), 6 m Cable
induced, bolts (1.5 mx1.5 m),
ground water mesh

Mine E  Seismic Moderated 1.5 < 0¢/0y < 2.3 Gravity driven Ground fall, 0.5-0.9 0.4-1.3 14 37 11.2 50-100mm fibrecrete,
events, stresgointed/blocky roc large wedge failuraunravelling, strain mesh, 2.4 m Resin
induced, 43 <GS < 65 shallow dipping  burst cracking, bolts (1.1 mx 1.1 m),
gravitation, 13<Q <35 wedge failure, seismically induced 2.4 m Friction bolt (1.5
tectonic 2<Bs<12 slabbing, rock ~ wedge failure, m X 1.5 m), 2.4 m spli
activities 3<CF<14 burst, buckling, blast set (1.4 mx 1.4 m)

damage

where required, 5-8m
Cable bolt (2 mx 2 m)
where required)




Fig. 12. Some typical failures in deep underground mines in Western Australia: (a) ground fall, (b) rockburst, (c) wedge failure, (d) blocky undercutting, (e)

bulking, and (f) pillar burst.
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Fig. 13. Numerical modelling of main decline of Mine C: (a) main decline access, (b) plastic zone, (c)loadingsfagtor ) and (d) total displacement after
installing ground support system.
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observational methods, empirical methods and numerical methods were
7. Discussion and conclusions estimated in the range of 0.3-1.7 m in the main decline access with 5.2 m
width and 5.7 m height. Static and dynamic ground support demands were
Deep rock underground excavations are usually associated with highlculated to be about 40 kNfrand 11 kJ/rf) respectively. Fibrecrete with
stress environments and seismic events. Severe damage in rock mass strupiests was selected as a surface support system, and cable bolt, split sets,
and ground support systems may occur due to large magnitude seismic evieiotion bolt and D-bolt were selected as reinforcement systems in the rock
defects in rock mass structures, stress concentration, blasting damagenasses. The applied ground support systems at the mine sites provide stable
tectonic activities such as strike-slip faults. Utilisation of proper ground controtk mass structures and a safe environment during mining operations.
and management strategy can avoid the risk of failure. A ground control and
amendment strategy of deep hard rock was proposed in regard to the degigRtlict of interest
construction and serviceability stages of works. Collecting comprehensive

data, diagnosis of hazard conditions and failure mechanisms, design analysi§he authors wish to confirm that there are no known conflicts of

and selecting stabilisation methods were conducted in the design phﬁ’ﬁgrest associated with this publication and there has been no significant

Determination of safe work procedures, training personnel, identification fmancial support for this work that could have influenced its outcome

hazard conditions, quality control and quality assurance of materials, and
safety analysis before ground failure are essential in construction staygknowledgments

Control of the ground condition during serviceability (short-, medium- and

long-term) is focused on monitoring (seismic events and Ioad—deformations)-,rhe research was supffGlted By Curtin International Postgraduate
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operations are required to control sudden failures. Sequential excavation for

L - Atlas Ci . Mini thods i d d mining-Atlas C Rock Dirills AB.
mining purposes utilises the top-down, bottom-up, centre-out and abutménge ©0Peo- Mining methods in- underground mining-Atlas -opco Rock Drills
tockholm: Atlas Copco; 2007. p.33-45.

centre methods to deal with stress concentration and instability in Iarge—sca?e

. Brady BHG, Brown ET. Rock mechanics for underground mining. 3rd ed. Springer; 2006.
mine stopes.

- I Caj M, Kaiser PK. Rockburst ph d 1t characteristics, MIRARCO-
In addition, a procedure for ground support design in deep and hard rock ' Caser OcKburst phenomenon and support. characterisiics,

) - ) Mining i tion. In: Rockburst S t Ref Book. Sudbury, Canada; 2018.
is presented. The main principles in the proposed method are as follows: ining Innovation. in: Rockburst SUpport Reference Sook. sudbury, Canada,

Diederichs MS, Martin CD. Measurement of spalling parameters from laboratory testing.
(1) Ground loading types and sources In: Proceedings of the ISRM International Symposium-EUROCK, Lausanne,
Switzerland. International Society for Rock Mechanics and Rock Engineering (ISRM);

2010.

(2) Characterisation of the major geological structural condition,

(3) Determination of ground load factor,

(4) Identification of primary and secondary potential failure Diederichs MS. Early assessment of dynamic rupture and rockburst hazard potential in

(5) Selection of appropriate design analysis for static and/or dynamigeep tunnelling. In: Proceedings of the ISRM AfriRock-Rock Mechanics for Africa,

. L. Cape Town, South Africa. ISRM; 2017.
loading conditions,

Feng XT, Hudson JA. Rock engineering design. Leiden, The Netherlands: CRC Press;
1.

(6) Estimation of static and/or dynamic support demand, and

(7) Selection of surface and reinforcement support elements based on thezltgl

capacity for energy absorption and safety factor. Ghasemi Y. Numerical studies of mining geometry and extraction sequencing in

Lappberget, Garpenberg. MSc Thesis. Lulea University of Technology; 2012.

. h . L Hudyma M, Potvin Y. Seismic hazard in Western Australian mines. Journal of the
At low-stress levels, the dominant loading source is the gravitational force,
uthern African Institute of Mining and Metallurgy 2004; 104(5):265-75.

and ground support elements should be selected based on their capacity ?'gr

N . . . Jacobsson L, Toyra J, Woldemedhin B, Krekula H. Rock support in the Kiirunavaara
energy dissipation. The behaviour of rock masses and failure mechanism are o oyra n s Y upport | firunav

L . . - Mine. In: P di f the 7th International S i Ground S tin Mini
complex in high rock stresses and dynamic loading conditions due to the " M Froceedings otthe ntermational Symposium on Ground Support in Mining

. L . . ..and Underground Construction. Perth: Australian Centre for Geomechanics; 2013.
released strain energy from seismic events, strain burst, fault slip and pillar

burst. The support elements are selected on the basis of their CapaCityK?IOSFr PK, MacCreath DR, Tannant DD. Canadian rockburst support handbook: prepared

for sponsors of the Canadian rockburst research program 1990-1995. Geomechanics
Research Centre; 1996.

energy absorption factor in rock mass structures.

Furthermore, field observational methods utilise instrumentation,

Lo . Kai PK, Cai M. Desi f rock t t d kburst dition. J | of
monitoring and back analysis to control the performance of the grounda—'s'er LAl esign of rock support system under rockburst condition. Journal o
Rock Mechanics and Geotechnical Engineering 2012; 4(3), 215-27.

support system in rock underground projects. The typical monitoring system in

- . I I no?ben, C. Seismic hazard at the Rosebery mine. In: Proceedings of the 8th International
deep underground mining methods is seismic monitoring and measurement 0O

. . . Conference on Deep and High Stress Mining. Perth: Australian Centre for
rock deformation surrounding excavations.

A number of deep underground mining projects in Western AustraliaGeomecnanlcs 2017.

were studied in this context. The mine sites have hard rock and high ﬁl_ellé:C. Parameters required for the design of rock support in high-stress masses. In:

. . P di f the ISRM AfriRock-Rock Mechanics for Africa, Cape Ti South
stress. For ground support design, the geological structures were characteriség c°0m9s o e riRock-Rock Mechanics for Alrica, Lape Town, Sou

and the potential failure modes were identified. Wedge failure, block fall,Amca' ISRM; 2017.

squeezing, rockburst, ravelling, pillar burst, slabbing and blast damage areL?thmkov V. Sandy M. Selecting an optimal ground support system for rockbursting

. . . . ditions. In: P di f the 8th Int tional Conf D d High St
common types of failure at the mine sites. Also, the depth of failure based grynattions. in- Proceedings ot the nternational L-onterence on Leep and High Stress

Mining. Perth: Australian Centre for Geomechanics; 2017.



Masoudi R, Sharifzadeh M. Reinforcement selection for deep and high-stress tunneBhang P, Dineva S, Nordlund E, Hansen-Haug J, Woldemedhin B, Toéyra J, Boskovic M,

preliminary design stages using ground demand and support capacity appro Nystrom A, Marklund PI, Mozaffari S. Establishment of

International Journal of Mining Science and Technology 2018; 28(4):573-82. experimental sites in three Swedish mines to monitor the

Mazaira A, Konicek P. Intense rockburst impacts in deep underground construction in-situ performance of ground support systems associated

their prevention. Canadian Geotechnical Journal 2015; 52(10):1426-39. with mining-induced seismicity. In: Proceeding of the 8th

Morissette P, Hadjigeorgiou J, Punkkinen AR, Chinnasane DR. The influence of chang International Symposium on Ground Support in Mining

mining and ground support practice on the frequency and severity of rockbursts. and Underground Construction, Lulea, Sweden. 2016.

Proceedings of the 7th International Conference on Deep and High Stress Min

Sudbury, Ontario, Canada. 2014. L . . .
Behrooz Rahimi is Geotechnical Engineer in a deep

underground gold mine in Evolution Mining—Australian

Gold Company. His research field in PhD is ground

support design in deep and hard rock underground mining excavations based on ground

Potvin Y, Wesseloo J, Heal D. An interpretation of ground support capacity submitted@haviour and failure mechanism. He has over 8 years’ experience in mining industry and

) ) o tunnelling projects in the field of mine design, ground support design, ground control and

dynamic loading. Mining Technology 2010; 119(4):233-45. management, stability analysis and numerical modelling. He obtained a demonstrated

Rahimi B, Shahriar K, Sharifzadeh M. Evaluation of rock mass engineering geologigégﬁgfgg‘?e‘;";g successful project work in a variety of team sizes including independent
properties using statistical analysis and selecting proper tunnel design approach in

MOSHAB. Surface rock support for underground mines code of practice. Westg

Australia: Mines Occupational Safety and Health Advisory Board; 1999.

Qazvin—Rasht railway tunnel. Tunnelling and Underground Space Technology 2014;
. Dr Mostafa Sharifzadeh is specialized in fundamental
41:206-22. and applied geotechnical and geomechanics engineering in
resource and civil engineering. He received his B.Sc. in
Mining Engineering in 1993, MSc. in Rock Mechanics
Engineering in 1996 and PhD in Geotechnical Engineering
in 2005. He has over 20 years of experience in
construction companies, consulting engineering and
academia. He has worked in over 30 mining, civil and
energy projects in Iran, Japan, Australia and China using
innovative approaches and contributed the outcome to
professional development through numerous publications
and invited presentations. Dr Sharifzadeh has produced
over 300 publications including books, book chapters,
refereed journal papers, peer-reviewed conference papers,
guidelines and engineering design reports. He has supervised over 12 doctoral students and
Sharifzadeh M, Feng XT, Zhang X, Zhang Y. Challenges in Multi-Scale Hard Ro8R master students. He is a member of the committee of design methodology in
International Society for Rock Mechanics (ISRM), editorial board member of Tunnelling
Rt Underground Space Technology Journal (TUST), Journal of Tunnelling and
Iranian and 3rd Regional Tunnelling Conference, Tunnelling and Climate Changlderground Space Engineering (TUSE), and reviewer for numerous international journals
and conferences on geomechanics, tunnelling and mining. Since 2013, he has worked on
Tehran, Iran. 2017a. geomechanical aspects of deep underground hard rock mining-related research at Western
Hatralian School of Mines (WASM), Curtin University.

Rahimi B, Sharifzadeh M. Evaluation of ground management in underground excavati
design. In: Proceedings of the 8th International Conference on Deep and High Str
Mining. Perth: Australian Centre for Geomechanics. 2017. p. 813-26.

Saharan MR, Mitri H. Destress blasting as a mines safety tool: some fundamen
challenges for successful applications. Procedia Engineering 2011; 26:37-47.

Sharifzadeh M, Kolivand F, Ghorbani M, Yasrobi S. Design of sequential excavati
method for large span urban tunnels in soft ground—Niayesh tunnel. Tunnelling a
Underground Space Technology 2013; 35:178-88.

Behavior Evaluation at Deep Underground Excavations. In: Proceedings of the

Sharifzadeh M, Ghorbani M, Yasrobi S. Observation-based design of geo-engineeﬁ‘

projects with emphasis on optimization of tunnel support systems and excava®#oof. Xia-Ting Feng received his PhD at Northeastern University of Technology (namely
Northeastern University since 1992), China in 1992 and then took the position of lecturer,
associate professor and professor at the same university. He joined Institute of Rock and
Excavation, Support and Monitoring. London, UK: CRC Press; 2017b. Soil Mechanics, Chinese Academy of Sciences (CAS) in 1998 as a Professor of Hundred
. X f » Talent Program of the CAS and as Deputy Director in Charge and Director in 2001-2005.
Stacey TR. Innovative and controversial support for rockbursting conditions. e has worked as Director of State Key Laboratory of Geomechanics and Geotechnical
Proceeding of the 8th International Symposium on Ground Support in Mining aﬁ_ggineering since 2007. He WOI’kS at Northeastern U_niversity, Chin_a as a Vice Preside_}nt
since September 2017. He is President of Federation of International Geo-engineering
Underground Construction, Lulea, Sweden. 2016. Societies—FedIGS, President of ISRM Commission on Design Methodology, member of
M Commission on Testing Methods, and President of Chinese Society for Rock
echanics and Engineering (CSRME). He was the past President of International Society
Journal of Rock Mechanics and Mining Sciences 2003; 40(4):565-72. for Rock Mechanics (ISRM) 2011-2015. He is also Editor-in-ChieCtuhese Journal of
k Mechanics and Engineering, Associate Editor-in-Chief ofChinese Journal of
retical and Applied Mechanics, and Associate Editor-in-Chief afournal of Rock
particular attention to the mix design and admixture usage. In: Proceedings of theMgghanics and Geotechnical Engineering (JRMGE). He is members of Editorial Board of
International Journal of Rock Mechanics and Mining Sciences (2003-present)Rock
International Symposium on Ground Support in Mining and Underground Constructifflechanics and Rock Engineering (2010-present)Geomechanics and Tunneling (2008-
present).

sequences. In: Feng XT, editor. Rock Mechanics and Engineering Volume

Szwedzicki T. Quality assurance in mine ground control management. Internatio]

Talbot JF, Burke J. Practical improvements to the shotcreting process at Lisheen Mine \Eﬂo

Perth: Australian Centre for Geomechanics; 2013.
Yokota Y, Yamamoto T, Date K, MORI T. Quality improvement of rockbolting. In:
Proceedings of the 7th International Symposium on Ground Support in Mining and

Underground Construction. Perth: Australian Centre for Geomechanics; 2013.

]



Highlight

Proposed an innovative analysis of ground behaviour and ground management strategies in
deep underground mining

Developed ground support system design in static and dynamic conditions

Evaluation of stress management and quality control and support elements during mining
operations

Analysis of ground — support system performance by geotechnical monitoring and design
update

Justified proposed approaches in Western Australian’s mines
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Main Failure mechanisms Structure controlled failure
1. Stress controlled failure in continuum medium:
Failure Mechanisms Spalling, popping and rock bursts ,
of rock caused by high in situ stresses. This type of &
failure is stress induced failure, occur in highly 1
stressed brittle rock. | |

2. Structure controlled failure in discontinuum ’
medium:

Failure Mechanisms Falling or sliding of wedges or
blocks released by intersecting discontinuities. This
type of failure is structurally controlled failure,
generally occur in hard rock at relatively shallow
depth.

5 After Villaescusa 2014 6
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Stress controlled failures Stress controlled failures
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Jointed Rock

Epoction of maserial dui b stneses oxcneding the strength of the rock 3t the boandary of an
excavation

gt o b gt Incident and reflocted selvmic waves

e et block
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Rock Reinforcement and Support

Two distinct techniques
Both can be used to control rock behaviour by
minimizing displacements at the excavated walls
Reinforcement is used to improve the overall
stability of the rock mass adjacent to an
excavation

— E.g. Rock bolts, cable bolts, ground

anchors

Support is used to provide a restraint at the

excavation surface

— E.g. Timber, fill, shotcrete, mesh or steel

Observed damage near the boundary of an excavation in hard rock under very high stress.
or concrete sefts or liners
After Villaescusa 2014 13 (After Kaiser et al, 2000) 14
| |

13 14
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How to prevent failure? Underground excavation Lifetime classification

1. Prevent stress concentration by suitable design of excavation size and Short-term excavations (less than 1 year to 3

orientation, year), such as: crosscuts, ore drive, temporary
openings, and exploration galleries.

2. Grouting in rock mass to increase cohesion between blocks,

Medium-term excavations (more that 3-10
3. Rock anchor installation to increase frictional strength between blocks, years), e.g. level accesses, ventilation drifts

4. Installing support system (steel arc, shotcrete, faceplate) to increase Long-term excavations (Life of the mine) (more

.. than 10 years), e.g. main accesses, decline
confining stresses of rock mass, years), e.g ) )

ramps, shaft.
5. Sealing, drainage, controlling water content and pressure,

« Civil projects could be categorised in long term

6. Installing energy absorbing rock bolt to damp the dynamic loading, excavations.

Therefore, support and reinforcement system design must be consistent with
excavation service life and utilisation

15 16

7. Combination of above methods.

— Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ____ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Presentation Outline Ground Control
® Internal Reinforcement
* Rock Bolts (typically less than 3 meters long)
® Cable Bolts (typically greater than 5 meters
o]

2) Introducing Reinforcement Systems long)
® Surface Support
* Plates
¢ Straps
* Mesh

® Sprayed Coatings
— Concrete (Shotcrete)
— Thin Sprayed Liners

17 18
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Load Transfer Mechanisms

Principles of (a) rock reinforcement and (b) rock

support
® Rock - Internal Fixture ® = 3 )
® Internal Fixture - Element M ﬁ
® Element - External | () { I
Fixture
® External Fixture - Rock ?:Eg:em

2 - Internal Fixture
3 - External Fixture

(a) rock reinforcement (b) rock support.

19 After Villaescusa 2014 20
- ——— = n—————————— - ——G,_~—TYNY¥N—————————
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Types of ground treatment systems:

Classification of Typical Reinfoocement Devices

1. Bolts reinforcement:
1. Rock bolts
2. Cable bolts

2. Concrete support:
1. Shotcrete

Type Deseription

MC  Fuell-cobume cemmen
deformed bar, thread

grouted bars (grouted CT balt

(FC  Friction stabilizers (split-set bolt, friction bo
DMFC  Mechanical anchoes (angrouted CT and HGB bolts, expansion

2. Concrete in place
shell, and st and wedge) casting
Single cemment  resin cartridge anchors (paddle balt, deformed 3. Precast concrete
bar, and debvnded Posimix) segments

3. Steel arc support:
1. Rigid steel arc
2. Flexible steel arc
3. Lattice girder

5, Westem Australian Schood of Mires, Kalgoodie,
Westem Australia, Australia

21 22
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The three primary effects of excavation on the rock mass environment ] The stabilization strategy: Basic categorization of rock reinforcement

I and support.

Intct sk
queered out

1. Displacement and rock

et : 1

Rock Stabilization |

Rock mass

failure 5

Effect : Sress ocation

Rock Reinforcement
Bars, rods or cables are inserted into the rock
mass, such that the mass is stiffened and
strengthened, with the result that it can
‘supportitself’

Rock Support

Structural elements are introduced into the
excavation to inhibit rock mass displacement
atthe excavation boundaries e.g. steel arches

2. Stress rotation such that N

Inthe rock
e

normal and shear stress

are zero at surface.

3. Water may cause failure [ e

or increased weathering

Discontinuiies

or surface deterioration

23
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Continuous
medium
Behaves as a reinforced
composite material,

analogous to reinforced
concrete or glass fibre

Discontinuous
medium

Behavesasa di

Continuous medium

Boundary conditions altered -
structural elements apply

medium that is stiffer and
stronger, because displacement
on is inhibited

forces or inhibit
displacements of the
continuum

Discontinuous
medium
Boundary conditions altered -
structural elements apply forces.

or stresses inhibiting
displacements of individual

TEITOTCed prastics

BIOCKS

(After Hudson & Harrison, 1997) 54
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Reinforcement system

Friction Anchor (Split set): CFC / CMC

(atter Stilborg, 1994)

CT Bolt: DMFC / CMC

(after Windsor & Thompson, 1998) »5
| S ————

25 26
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Rock bolt Function

27 28

Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Cable bolt Cable Bolting
e Used to stabilize large single blocks or wedges
formed in the (Roof) back and walls of the * Cables provide an alternative to leaving ore in
R pillars
excavations
* Twin cables that have an ultimate capacity of 50
e Provide effective reinforcement of very large tonnes are recommended for permanent back
spans where rock bolts geometrically inadequate reinforcement
) . ; * Single strand can be used for hanginwall
e Have a very high load bearing capacity (25 reinforcement
t/strand) as well as moderate corrosion ¢ Hole size (post grouted ): single (57mm), double
. (64mm) strand
resistance
* Critical embedment length (bulbed) ranges from
o Plain and modified geometry twin or single 1.0 to 2m
installations * Capacity partially depends on rock mass
confi stress ct )
e Plated provides a high retention capacity {
e Rely on good grouting practices
27 28
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Cable Bolts

Barrel and
Wedges

29 30
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Cablebolt Function

Cablebolt Function

o Reinforcement)

Gravity loading - Blocky ground
Plain sfrand OK. - Plating anda/or Stress fracturing and bulking
modified strand recommended Plain strand - Plating and

surface retention essential

Cabledolt
with Plate
ar

Slip Planes - Blocky ground (with screen)

Modified strand recommended

Holding
ention req.

Reinforcement

Laminated Ground - Foliation/Bedding
Plain strand with plates or modi
strand recommended. Blast to bedding. surface retention (shotcrete)

Very poor ground - Urravelling
Modified strand with mandatory
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Common Cablebolt Applications

Schematic of dynamic loading due to seismic event

Ground Support Scheme

Seismic Wave

Rock to be ejected

—dynamic rock failure ~ ;o
/N ~(
SN/ AN
/ / ™~
AN 7 Rock Mass
(a) ejection of unstable rock (b) pre-existing fracture opening
3 [Plaeretal, 2008] 32
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Table Evolution of energy-absorbing bolts Categorization of energy-absorbing rockbolts
Static Dynamic = - - Energy-absorbing
Year | Bolts type/specification L. Rockbolt
(k) | (mm) | (kN ‘""“' The existing bolts o
1987 Cone bolt(22mm) 200 | 200 196|118 . [ [ |
2001 Durabar(16mm) 120 | 600 | 80 [600 accommodate rock dilation and mode 1 mode IT mode I
2008 | Garford bolt(21.7mm) 215 | 500 | 100-125 | 400 pmr—— ——r— o
. . . - N N
2009 MCB38(17.2mm) 110 39%% 150 | 250 absorb energies via either ( ploughing 1 ( slippage
¥ ; 4

2009 D-bolt(22mm1500mm) 240 169 280 227

o utilizing plastic deformation of
2010 Yield-Loc(17.2mm) 110 200 102 177

the shank(mode I ) in response to
= 2010 Roofex(R20D,20mm) 200 | 150 80 275

800 . .
u‘ 2010 He-bolt(22mm) 160 | 00 168|925 E— dynamic load or ploughing
2013 | MP1bolt(20mm2700mm) | 229 | 170 | 285 |174

—_— (slippage) through the

2014 | PA1bolt(20mm2400mm) | 210 185 225 230

2005 | BHRB400(22mm2400mm) | 207 369 220 378

encapsulation medium at

2005 | BHRB500(22mm2400mm) | 270 308 NA NA

predefined load levels (mode I ).
2005 | BHRB600(22mm2400mm) | 285 255 NA NA

33 34
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Reinforcement Reinforcement
Cone bolt D-Bolt
Rebar Frictional bolt (Split set and Swellex) -

L= o e e S
ORI R
Debandng bgent (Mo st I 4 eeve | Wiggle anchor
-
pl,
35 36
-1 -1
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Reinforcement New Concept Mining (NCM) Yielding Rock Bolts
e ———
Yielding Roofbolts: Hybri
ielding Roofbolts: Hybr
- Vulcan )
$ - L= L - He bolt Yielding Roofbolts: Spin in R
Dﬁ::m - Parl Resin and Helix Yieldingi
% - YIELD-LOK
[::: —r Yielding Roofbolts: Pre-tensioned, post-grouted
A - MP1 (mechanised & handheld) and Par1 (handheld)
Garford bolt R —— ,:ml!;m = —
Duraset Roofex

37 38
37 38
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Surface Support Surface Support
"Plates
" Plates
* Flat, domed
® Flat, domed s
" Straps tTraps

® Flat, W-Section
® Steel Wire Mesh
® \Welded grid, woven
® Sprayed Coatings
® Shotcrete (sprayed concrete)
® Liners (sprayed thin coatings)

® Other support

* Flat, W-Section
"Steel Wire Mesh

* Welded grid, woven
"Sprayed Coatings

* Shotcrete (sprayed concrete)

* Liners (sprayed thin coatings)
"Other support

® Props, fill
R .
Props, fill
39 40
e
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How Surface Support Works

Retains rock by transferring loads to the reinforcement or
surrounding rock

H

Lt
]

Vi \ BN

41
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Objectives of support system design
1. To estimate energy accumulation in deep underground excavations

2. To assess the sudden failure potential, examine the critical energy,
rock failure depth using suitable rock behaviour models and

available analytical, numerical, and empirical methods
3. To determine ground energy demand

4. To select the suitable Rock support system to absorb ground energy.

42
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Presentation Outline Design Fundamentals
1. Failure Mechanisms / Depth of Damage
2. Ground Deformation — Ground Reaction

3) Ground stabilization (Treatment) Design Fundamentals

3. Dynamic Loading

43 44
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Stress path: changes of stress at different parts of Deformation - Ground Reaction Curves
tunnel

= Relaxation-driven faoilure
when o, is low

Relaxation

Wedge
™ . In-5y Stress
=
i
%' e \Sms Path

g3
Step 1: Pre-mining state — rock provides support pressure

Casar or

45 46
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Deformation - Ground Reaction Curves Deformation - Ground Reaction Curves

— N\ —  \

Step 2: Heading excavated Step 3: Support Installed — no load on support.

47 48
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Deformation - Ground Reaction Curves Deformation - Ground Reaction Curves

1]

Step 4: Support Installed — headin advanced — support loaded Step 4: Support Installed — more supported added - heading advanced — support loaded.

49 50
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Load — Deformation Characteristics Low stress lavels High stross lovels
28 %
Recommendati | £
on of
reinforcement
and support .
. 8
for different | 3
ground = _
conditions 2
I B ') H g
St H e
51 - 52
) —_—— |
51 52
ing Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ== Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Ground support principle according to failure Static Load Calculation a pproach for
mechanisms
Underground Exc.
. K ' y W = Khla*+abeb®)
1. In non-seismic support design 2. In seismically active support design Static Load : ] ! o
. . ) ] . x=058m
Static loading components must Static and Dynamic Loading factors Case ik b
. must be considered such as: ; T
be considered such as : Calculation :: ig:m
/ " ¢ Kinetic energy R
* Force / Weight G = ;
« Peak Particle Velocity (PPV), of Surface ::'.nf..q-;;rc‘\il.su- +150-0.35+0.359
* Length of embedment, '
*  Failure mode Support P =2,800kg/m*
¢ Yield / failure load «  Support dissipation capacity 22:5 EI;:-T ;;_I;-F;-;.m -2,300
¢ shear G=39.9kN
53 54
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Ground support principle according to failure Procedure for ground energy demand
mechanisms .
calculation:

=

3 S Identify seismic sources
Factor of Safety = Support Capacity
Energy Demand

. . 2. Assess seismic hazard of each source
z (Load Capacity x Displacement Cap;lcu_\')sw S

Factor of Safety

S 3. Calculate velocity (near-field & far-field)
mv,” +qmegd

Where: 2

4. Calculate energy demand

m = the mass of the ejected block (kg);
1. Intact Rock Property Approach

v.= the ejection velocity of the block (m/s);
2. Estimation of failure thickness and ejection velocity

3. Rockburst Damage Potential Method

g = acceleration due to gravity (m/s?);

o d=di the ejected block has travelled (m); and

* q=1,0or-1for ejection from the back, wall or floor respectively.

55 56

Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15t%, 2019 — Shahrood UT
Surface Support Energy Absorption Capacities Concept of the ideal bolt and definitions of strength,
ductile, and energy- absorbing rockbolts
2501
- Ideal bolt - Energy-absorbing bolt
200+
E -
< 150 SitepitH el
g —
S 1004
Ls -
0} L
2 0 1 1 T T T
- 0 20 40 60 80 100 120 140 160
\.‘ Displacement (mm)
Louchnikov and Sandy (2017)
57 58
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Load Displacement behaviour of different Rockbolt Demand — Capacity based support
—— Resin Grouted 22mm [5.7K] “—— Epansion shell 17.3mm rockbolt (3<J] “—— Swellex dowel [15K0] 1
e St setstaier ] R gt o st Rar 451 T Conemt gouten 2 stel e [55] selection
—— Conebolt[35k]] —— Conebolt 20)] —— Conebolt[50kJ]
—— Staic Performance for D-Eolt [20kJ] —e—Dynamic performance for D-Bolt[40k)] —— Cement Encapsulated threaded bar [5kJ]
~ = -Pain seel bar 20mm BSO0C [40KJ] ——Garford Bolt [50KJ) —e— Roofex [20KJ]
ol NP1 2022 526 K0 Rl Resin 2 m24m 87 Ground Demand
—— Vulcan 20 mm 2.0 m (481 1) —— Vulcan 20 mm 2.4 m (51.4 )
— Surface R
ecommended o
Energy (kJ/m2) Reinforcement Capacity Category
450 isplacement (mm)
400 Expansion shell Rockbolt, N
<50 <5 . Low / stiff
50 Resin/Cement steel Rebar, /
Split set, Swellex, Roofex, .
_ 300 W partfz 24m (587401 50-100 5-15 Y_e‘l’ T AT Medium
g f A ) i b ifi
s 250 [P rpm—— Vulcarf0-2.4m{61.4k)] Swellex, D-Bolt, Conebolt,
3 00 i Conctotbigon ¢ ! | conebolt [s0k] 100-200 15-25 Roofex, Yield-Lok, PAR1, High
9 st pero sl I Vulcan (20 mm, 2 m)
150 ik atic performance forD- . o
20 Vel 17k§ | Plain steel bar 20mm. 200-300 25-35 Roofex, Conebolt, Garford, Very high
100 o Vulcan (20 mm, 2.4 m), MP1
so 4 Spit st sabilser (2] e — 300 >3 Conebolt Garford Extremely hig
st Medium High Yieling Very High Yieling Extremely High Yieling
o s Yielin; i | —
0 50 100 150 200 250 300 350 400
DISPLACEMENT (MM)
R. Masoudi & M. Sharifzadeh, 2018 . R. Masoudi & M. Sharifzadeh, 2018

59 60
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Energy dissipation capacity category of different types
of reinforcement =TT G
160 MG-39 bolt sample Predicied P, 147 (kN) Statistical P, (1395 kN)
Capacity Category
Capacity High T Veryhigh Extremely high .
Energy 15-25kl 25-35 K 235kl - 120
Displacement 150mm 250mm__ 300mm 350 mm : 4 i MR T e e
Cement Rebar g | Constant resistance rone POt P ISON) g et p (1096 k8)
Resin Rebar E w0 |
Expansion Shell 3 w] Y
Split set —————EE a — Enperimental value for P of Po by statistics |
Swellex —— W R ay 0 imeeees Prodicied vabue for (o PasaOF P A
§ Roofex — » L o rm——— I
g
 Yield-Lok S \
2 D.Bolt of w0 20 w00 a0 S0 e Mo 80 w0 o 00
£ Cone Bolt I Displacement(mm)
— 16.26 mem
Garford i 5 999.47 mm (cffective ¢longation)
Modified Rebar e ._‘
PAR1 Bolt
MP1 Bolt Pull-out test result of sample MG-3-9 (M HE, 2014)
Vulcan Bolt —— W W
R. Masoudi & M. Sharifzadeh, 2018 0
| A, | e
Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019 — Shahrood UT ﬁ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Interpreting results of dynamic tests
Drypnamic erengy stroption snd def
PARL-DP0-L2.3-2.5 bolt
. 0
& MP1-2024 Laad-Displacement Curve ] =
- .. Inp Energy 17 410 mpacs vy 5.4 s ROT——
* Repeatability s i . ey
'
' %
of results ) Effect of the : :
Length of the ;
g = 411510 - 501
bolts on . &
r o owm om 2
) energy Longih of AR 820 b
: absorption Dinsmic enngy sbacption and detormation Capacity o the
| PAILL-DID- .5 bolt subected "
iy and »o
}f deformation . -
/’ capacity s f
] -]
=
New concept Mining,2018 63 ) ) Lnrigth of PARL- 64
e e

63 64
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Effect of the velocity of the drops on deformation capacity

Effect of the velocity of the drops on energy absorption capacity

65 66
_— _—

65 66
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Role of surface support system

s .;—g-cq:'_r
. #

* A surface support with high energy absorption
takes a portion of the load and ensure a good load
transfer to the reinforcing elements

67
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Potential savings in ground support costs

* Mesh instead of shotcrete

* Shorter rock bolts

¢ Larger spacing between rock bolts
* Rock bolts of lower capacity

¢ Customised cablebolting patterns

68

= Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

Underground mining and construction strategies- Stress Management

»Depressurisation or destressing is a typical method to
control rock failures in deep and high-stress conditions.
Ground stress and seismic events are inevitable in
underground mining operations and may cause various
failures such as rockburst.

»>Destress blasting is used for fracturing rock zones to
dissipate stored strain energy from rock masses in mining
operations and underground constructions. The method is
used to reduce the level of stress concentration, by creating
fractures in the rock mass that cause a reduction in the
elastic modulus of the rock mass, and enable the rock to
carry high-stress conditions.

69
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Excessive stress management methods in rock
damaged zone around excavation

[BackaiE or stowing

Rock reindorcement (Shotcrese,
Bollig, wire mesh, 16l SUPPONT

| Ansmatrve mining methods | { Ground precondtioning ] | Rock suppart |

Destress arilling
Destress biastng
Water infuséon

Rahimi, Sharifzadeh, Feng, 2019

(Modified after Saharan and Mitri (2011))

70
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Underground mlnlng and construction strategies-
Support elements quality control

QQuality control and assessment of materials are determined by the

necessary quality level and quality grade.

QQuality assurance of ground control management are:

1. Discussion with managers about related activities for ground control,

2. Inspection of geotechnical activities in underground mines,

3. Review of procedures of operational activities, standards, documents and
critical tasks,

4. Consideration, discussion and review of geotechnical record and input
data on the design,

5. Observation and monitoring of drilling, blasting, rock mass behaviour and
failure modes, and

6. Discussion with supervisors and operators about the identified issues and
development activities.

71
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Presentation Outline

4) Mine Opening Support Design Methods
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Ground Support Selection/ ‘Design’- Commonly used .
Analytical Approach
approaches
¢ Analytical Approach 1. Beam theory

* Empirical Schemes 2. Voussoir beam theory

¢ Block fall / slide analysis
3. Arching theory

¢ Numerical Approach
4. Kirsch theory

73 74
- ]
. Rock ing Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ: Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 - Shahrood UT
Stresses and displacements |nduct:;ir:ir:und a circular excavation in plane Stresses induced around a circular excavation
In rock mechanics, the
Kirsch equations are With ) c, =0
the most widely used - With assuming r=a : 9, = p:l(1+K) + 2(1-k)cos28]
suite of equations Twe0
from the theory of ol Tannertia e
elasticity. They allow - Maximum tangential stress: &, . =30,-0,= 3(k-1)5,
the determination of
stresses and

displacements around - Minimum tangentlal stress: &

a circular excavation.

:immz“‘r—%j =0,= 3(1 'f\']ﬂ_;

o, = p.A1 - (@)}

- IfK=1
o, =p.{l + (ﬂzl"g}}
75 76
S — L —
75 76
. Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁﬁ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Stress concentration due to the excavation Empirical Systems

e Tunneling Index (Q or Q" system)

* Geomechanics Classification or Rock Mass Rating

NS
VAN

{m)

System (RMR) (or MRMR)

77 (Hoek, E (2000) Rock Engineering) 78
L —

77 78
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Rock mass classification RMR system

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 Shahrood UT

Applications — Stand-up Time

ificat Their ratings

ot load iregih ide (MFa) 0
Uniaxial compressive streagth (MPa) | = 250
Rarimg. 15
RO} T Y
Raumg o r

Tal Five basie rock
I Sucagth of miact
rock materal

ted)

L  Application of RMR e

10 1
hour day

immediate
Collapse

il <o for estimation of
[T Condition of joints :

tunnel stand-up time.

Guidelines apply to a

o e 10t bemglh (1 . o e, =

[ Tr—— 128 .
Sk i povesaor 18 o ¢ o PN B L,
general conditions at excavation surface completely dry dump wet Towing 10m span hOI"SEShOE without support F
Racimg I 0 a 5
{0 ol oot for Jint stiowtatnt shaped tunnel, in a No Support
Stnke sl thp exsentstom of o very Lavenmrabie Farvinmshlc [ nlan irrable ery b ol Required
Hating turach, [ ] i 1 ] .
{ ol 0 : ; iE % rock mass subjected 1 % o 700 Too0
[ = 3 T3 % - Maximum Standup Time (unsupported) hours
- — to o, <25 MPa. Tunnels * U/G mine Roadways
Sinke perprrdacalar bo benoc] aun vl [
Derve wi Dheyve agamad dupy
hp 2% - 90 Dip 20 3% thp 2% -y D 207 - 4% Thp 2% - 90 Dhp 20748 | evespoctive of serike
wory Cavourable Eavinaable it unfsysurable wery unfavomrable (3 faw
79 80
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Applications — Stand-up Time RMR STOPE SPAN DESIGN CURVE
Rock mass Excavation Rock bots. Shotcrete Samel sty
class {20 mm diametes, fully Updated Span Design Curve
grouted) .
1= Very good Ful face, Ganerally no Suppon requred except spot bolting (292 obs) Y e
rock Im advance. e
RMR: 81:100
- Goodrock | Fullface Localy, bolts in crown | 50 mm in MNone
RMR. 6180 1.5 1 mobiance, Coialela Imiong, spaced 25 | crown where
ol m with occasicnal required
suppart 20 m from face. ke B
I - Fair rock. Top heading and bench Systematic bolts 4 m 50-100 mm None. ~
RMR: 4160 153 m advance in top heading, | 079, spaced 1.5+ 2m | in crown and H
in crown and walls 30 mm in S
Commence suppont after each | with wire mesh in ides 0
Blas! engram <
Complete suppart 10 m from B
e 8
W -Poorrock | Top heading and bench Systernatic botts 4-5 | 100-150 mm | Light to medium rios
RMR: 2140 10-1.5 m ach mlong, spaced 1-15 | incrownand | spaced 1.5 mwhere
s od e min crown and walls | 100mmin | requeed.
with wire mash wtos
Instad suppart concurrently with
axcavaton, 10 m from face .
Rock Mass Rating
W = Very poor Multiple drifts 0.5-1.5m Systernabe bolts 5-6 150-200 mm | Medium to heavy rids i )
rock advance in top heading m long, spaced 1-1.5 [ incrown, 150 | spaced 0.75 m with Unstable o EOIEﬂLlla“Y W Stable
RMR: < 20 e B m in crown and walls | mm in sides, | steel laggng ang nstable
e e concurterty wn | wih wire mesh, Bt | and50mm | feeepoding # requred
8 poviitie sher blasting wvent onface. Clote invern
81 82

81
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Excavation Support Analysis

Rock

Empirical Systems - Rock Tunneling Quality

Index, Q
A [ Temporary mine openings 3-5

* Q Index B

Barton et al (1974) (Updated by Potvin to include SRF)
— Via back analysis of large number of underground excavations

Excavation Category ESR

Permanent mine openings, water tunnels for | 1.6
hydro power excluding high pressure penstocks,
pilot tunnels, drifts and headings for large
excavations

C | Storage rooms, water treatment plants, minor 1.3

road and railway tunnels, surge chambers,
Q RQD X Jr X Jw access tunnels
- Jn Ja SRF D | Power stations, major road and railway tunnels, [ 1.0
civil defence chambers, portal excavations
— RQD - Rock Quality designation 100% E | Underground nuclear power stations, railway 0.8
— In-Joint set number 3setsIn=9 stations, sports and public facilities, factories

— Jr—Joint Roughness number smooth Planar Jr =1.0

— Ja~-Joint alteration number

— Jw - Joint water reduction Number
— SRF — Stress reduction Factor

— Gives Q=16

83
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slightly altered Ja =2
no water Jw =1
SRF=1
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Excavation Support Analysis Q Application
Rock classes
| o | _F [ E [ oJclial
Q SYSTEM ROCK RENFORCEMENTDESIGN CHART e e
ROCK CLASSS poar poar poar
F E D c | B ] A 0o
Exceptionally | Extremely Very Foor | Fair | Good | Ve Ext. | Bxc.
poor poor lgood| good |good| 50 o
o i B RS = E E 2
E e = :
g i e u £l 20 g
Sk g i) 7 =
r L.om L _6
ﬁ’ ﬁ Tt sz & 0 E
8) 2) ) 3 € 5
10 D s 3 %. 5 £
: 2 §
s il Bt 2 , :
I et &
O
g 15 1
P LTI T11] el e s
1 N
0.001  0.004 0.01 004 0.1 04 1 410 40 100 400 1000 Q Fock Thise gilly 0 e
. ROD X.Lr Jw RENFORCEMENT CATEGORIES:
Rock massquality Q= ~jn Ja == 1) Unmspporied 8) Fibrs rentorced shoterete and boltes), 5-Scm, St
Spot boltng. sb ) Fiore reinforced sholcrale and boitng. 9-12em, Sir-B
3} Systemaltic ] 7] Fibee rendorced sholcrele and boltng, 12-150m. SieB
4} Systamatic bolling. ] reintorced sholorete >15cm, renforced s of
and unreiriorced shotorete, ‘shoficroto and bolting, -8
85 4 8 Casl concrels inng. GCA 86
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Q Classification Scheme
Class of rock mass Class of minismeen ground support
Light suppert
\/T \/T .y Clans [ - Bolrs
1 0.2 o
Roof pressure: P oot :( 3 ]Q Y P = {WJQ ’
" ' Medium light sspport
Taasy 24 - Bodlts + sk Clans 28 - Bodis + shadcrote
. 015x H 015 x H od
Length of the bolts: (roof)=2+ SR (walls) —r—
Regular suppart
. . -1 Class 3« Bolts +welded mesh +shotcrete
Bhasin & Grimstad (1996): P oot ] : s
Heavy smpport
’, . — 3
Young's modulus: E =10"3/Q [MPa ] i Clls 4~ Bl + welidd mesh + shoscree
thrvond Bars
Seismic wave velocity: V,=35+log Q R, [km /5]
ty: p 100 Extra heavy support
very per Clans § = Balty + wedded mesh (o
daryerai+ ahtenete (e fayers +theead fars
87 88

87 88

in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT

and
Correlation between Q - RMR

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 ~ Shahrood UT

Geological Strength Index: GSI

Rock Engineering Design

| CEOLOGICAL STRENGTH INDEX 03:51) s
| [ ————— E } $ 3§ §§
o0 oo reck mass, o8 e, nobect B B t | i gE
N e L chat x| 3 HIES g B3¢
Strength of jointed rockmass depends on:  [fmam ™™ 3 i gg ﬂi Ei% ‘!
« properties of intact rock pieces, and H gi ?5 3; §§ égi
+ upon the freedom of these pieces to slide HE %3 | EE; & i
. " | FocK wasE BTRUCTURE > >
and rotate under different stress conditions, PP ———— R I )
. e o b tocks | /
« controlled by the geometrical shape of the Ko iy e e ot g . / / i
intact rock pieces as well as the condition of ST vorouocey o, |4 k .,f // / /
. P . . W - fecer argata blocks |3 !
the discontinuities separating the pieces k] | 1/ / /
1 BLOCKIFOLDED - tkded and g /
] Vabet -9 | -7 T » - '-ijmmm
ik Moo iy | Ve good | Ged | Vi | o | ez poms | (5000 ook £ y 7/ /
Hoek, 2000 F7e] CRUSMED - poony inertocked E /17 f{
ety Drcha Fech s o &
mintan of nrguiee ant scrcest | U X
ey / ‘.:u
89 90

89 90

Mostafa Sharifzadeh 15



CEME Workshop - Shahrood University of
Technology

CEME - 15 Dec. 2019

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

Hoek — Brown failure criterion

Intact rock r o3
Gl =03+ G | mi— +1
D V™

_7 Rock mass

o3 e
Gi =03+ |m— 45
Cei

GSI = 100)

my = mi exp( %—14D

GSI— 100
k=T

e (,J—Gsm _F_zm)
2 6

91
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GSI

GSI -100

m,=m;exp| ———
28 —-14 D
For GSI > 25 : For GSI < 25 :
(GSI —100] @
s=exp| ————
9-3D and

and GSI
a=0.5 a=08 -7

92
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= Intact rock strength:
L
i T
Lo
it _ Rock mass
~ strength
hok

93
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Block fall/slide analysis (Structurally controlled)

Structurally-controlled
instability means that blocks
formed by discontinuities
either fall or slide from the
excavation periphery as a
result of the body forces
(usually gravity) enabled by
the process of excavation. To
assess the likelihood of such
failures, an analysis of the
kinematic admissibility of
potential wedges or planes
that intersect the excavation
face(s) can be performed.

r=C+o,tang

94

94
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Block analysis using limit equilibrium method
(Unwedge)

Mostafa Sharifzadeh
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Block analysis using limit equilibrium method
(Unwedge)
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Numerical methods Numerical methods

e Software:

« FEM (Finite Element Method) === ¢ PHASE? « Continuum analVere >« Phases, Examine,
. o w=mp * FLAC2D and 3D
FDM (Finite Difference Method) « Discoptintim analcic Mab3d
* BEM (Boundery Element Method)  m)
e MAP 3D, Examine

e DEM (Distinct Element Method) o UDEC

L]
3DEC Continuum Discontinuum Continuum

97 98
L —
97 98
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Numerical methods Stress concentration due to excavation — Numerical
analysis

i

Desizn of Support System in FE Analysis (o0 Yield in Tepsion, x: Yield in Compression)

99 100
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EMPIRICAL DESIGN METHOD
EMPIRICAL

Empirical derivations have gained acceptance over
the last thirty years largely due to their predictive
capability since conventional methods of assessment
have the difficulty of identifyving the jointed nature
of the rock matenal, assigning properties thereto and
sstablishing mput p s for subsequent numer-
ical evaluation. The process that the author has
found to be of greatest value is to employ numerical
codes, analytical tools and observational approaches
15 tools to the overall design process which will in-
corporate an empirical component towards the de-
sign. Individually each is only a tool that requires
the designer to address the factors most critical 1o
the stability of the overall underground structure
which includes stress, structure and the rock mass as
shown in Figure 1

DESIGN METHOD

Y
STRUCTURE

Fig. DESIGN METHODOLOGY INCORPORATING STRESS, STRUCTURE AND THE ROCK MASS

Rimas Pakalnis, 2014 101 Rimas Pakalnis, 2014 102
L —

101 102
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. . o Stope stability assessment methods
Design Methodology Pakalnis (2008) i
r | e, [UETSI S—

[Compmsans | [Foacmg |

v neayhee
(|
— Ch—— p— I [ Vpta D imrnaa

Combination of input
from and relaticnships  =——
batween all categaries 1o
come up with a reliatile
comelation to stability

|

‘Sane Miskace ata Calestion
103 L | G, Capes 2009 104
|

103 104

et 2

Tt b vy poc ok
vy o ek g

== 00800
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Empirical Method of Design in Mining The stability number: N

- . The value of N is given by the followi tion:
A frequently used empirical method is one initially developed by € value of TS glven by the following equation

Mathews et al. to the. in 1981, later modified by Potvin (1988) N=Q’'xAxBxC
and Milne (1989). Where:

Q' is the modified rock quality index where Jw/SRF = 1.

The Mathews Stability Graph is a plot of Stability Number (N) Q@ =(RQD/In) (ir/la)

against Shape Factor or a Hydraulic Radius (RH).
g p \ ( ) — Alis the rock stress factor. It replaces the SRF and varies from 0.1 and 1

— B is the joint orientation factor. Varies between 0.3 /0.2 upto 1

The hydraUhC RADIUS is Equal to the ratio of the area of a — Cis the factor of gravity , is related to the failure process by the rock block

excavation face to the perimeter. own weight. Varies from 2to 8
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Factor A, B, C Stability
index (N’)
versus the
stope
o hydraulic
: [ o radius.
£
§ I
H Various
" O o 20 30 authors,
o Corrrrva e Bt . .
R e Cangoeio Srvts e clock-wise
from top
left:
o e Hydraulic radius =
FER = area/perimeter: Mathews et al,,
i, \ e/ 1981, Potvi
§ f A , Potvin,
+ )
$ T A Q\”(/ i XY/(ZX 2Y) 1988, Nickson,
& oz o e
i . e o 7 s 1992 and
10 20 3 40 %0 60 7 8 Stewart and
T Forsyth, 1993,
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AN EXPLANATION OF ESR(see left axis)

Equvaient Spang 50
f

Exiremely Poor | Fair Ext. |Exc.
] good |good

100[PO%r poor

] =)
2 E )
E E
£ §
:
§ K]
@ 5
" 3
§ 10 3
H T
g s §
a i
E
H
g 2
hid
. N hi q 1
The Potvin, 1988 and Nickson, 1992 data base of pported 0001 001 o1 0 100 100 1000
case records. The ‘cubes’ correspond to caverns in civil works (added by RQD Jr w
Rock Mass Quality Q= == X~ X gor
NB). The red curve corresponds to an ESR of about 4. Ja

109

109 110

110

Lins® drzl0 Jas)0 bw=10SRFs25

Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT
oy i~ (T T | Fe | e || e
i IR
Type of Excavation ESR
o
A | Temporary mine openings, erc. ca2-5 { ® F =
= - =
B | Permanent mine openings, water tunnels for hydropower 1.6-2.0 i s 4 T
lude hi ks), pilot tunnels, drifts and - SME
headings for large openmgs. surge chambers |
15 g —H
C | Storage caverns, water treatment plants, minor road and 1.2-1.3 H . I[ 1
railway tunnels, access tunnels L i |
D | Power stations, major road and railway tunnels, civil 0.9-1.1 L i
defence chambers, portals, intersections | PERMANENTLY UNSUPPORTED TUNNELS AND ;
. " 3 AVERNS, AND THE WORKINGS OF THE ’
E | Underground nuclear power stations, railway stations, sports | 0.5-0.8 | ESR. idegrec-of-safiry) NUMBER. 3
and public facilities, factories, major gas pipeline tunnels | Gomerss for pervacnentty '
..

B BRAR 26w, aheuld have 2, £ 4 ant L)

Note that the ESR = 1.6 line is closest to the ‘envelope’ drawn in the left-
hand figure. This is too conservative for temporary-stope mining use.
Some ‘cross-plotting’ cubes are shown: civil contra mining.
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An attempt to relate civil (ESR) to mining
(Left: combined Potvin, 1988 and Nickson, 1992 data: Capes)
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ty Nermbe

Moditied Stab

The ‘cubes’ showing 10 m increasing to 20 m, and 20 m increasing to
50 m span (approx.) in order to reach the red envelope.

113

113 114

114

Mostafa Sharifzadeh 19



CEME Workshop - Shahrood University of
Technology

CEME - 15 Dec. 2019

ﬁr: Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT

A simple
definition of
(average)
dilution, beyond
the planned and
inevitable
dilution.

Mining Line
Unplanned
Dilution

Planned
Ditution

Ore Body

Figure based on
Scoble and Moss,
1995, but
reproduced from
Capes, 2009
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DESIGN REQUIRES INTERPOLATION NOT
EXTRAPOLATION!

¢ Use of empirical methods inherently made these
systems more reliable as they are

refined/verified.

¢ Empirical methods are evolving and application a
t times confusing

¢ Methods in this talk have a strong analytical foun
dation coupled with extensive field
observation to arrive at a calibrated empirical ap
proach towards the solution to a given problem.
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The 255 cases assembled by Capes,
2009, showing: a) the stableand
caved Modified Stability Graph
curves, and b) ELOS Dilution
Graph curve.

LI
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Three stability zones of original Mathews Stability graph.
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ﬁ== Rock Engineering Design and
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Face Hydauic Padluu&, AWU“EI'SW tm)
Database Potvin 1988 and
Nickson 1992 Unsupported
stopes

Face Hyaeuic Racus UeaPerimetsn. m

Design Zones for open stopes
using Stability Graphs
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The Stability Graph Method

The Stability Graph Method for open stope design
was initially proposed by Mathews et al. (1980) and
subsequently modified by Potvin (1988) and Nick-
son (1992) to arrive at the Modified Stability Graph
Stability was qualitatively assessed as either being
stable, potentially unstable or caved. Research at the
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Rock mass condition at depth SURFACE ASSESSMENT FOR IRREGULAR GEOMETRY

‘GENERALLY FOR OPEN STOPE WALL SURFACES THE RADIUS
FACTOR IS 1.1 TIMES THE HYDRAULIC RADIUS IN MAGNITUDE
FOR SPANS LESS THAN THREE TIMES THE HEIGHT.

122
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Equivalent Linear Overbreak Slough ELOS
mase LSRR ’
s Inun
RMR=25%, Q=0.1 N=QX1XBXC=0.1X1X0.2X8=0.16
Rel OPEN BTOPE MANGAGWALL D S:GR BASED ON GENERAL e S = L X W /2Lo 2} L X BOm/L2Lo60m), Lom, EL0S 0.5m-1m
:rkuncwﬂc’"mm“ :'I‘."m HRed Om = L XH /{2Le2H}s L X J0m/[2L+60m), L7 Sm, ELOS 0.5m
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EMPIRICAL ESTIMATION OF WALL SLOUGH (ELOS)
AFTER CLARK (1988).

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 - Shahrood UT

22 Span Design - Entry Methods
EMPIRICAL ESTIMATION OF WALL SLOUGH (ELOS) The Critical Span Curve (Lang, 1994) has been "

= 102abs augmented to nclude 292 case histones of stable

z e ble entry-type stope backs from six (6) dif-
mines by Wang (2000). It expands on the ‘-
onginal database fo incorporate lower rock muass rat-
ings. This is shown in Figure 3. The critical span is
defined as the diameter of the largest curcle that can

be drawn within the boundaries of the exposed back
as viewed m plan and shown i Figure 3. This ex-

i e
il -iy:{.":"."‘

Design Span (m)

£,
[ 4 " . g
e y o
? posed span is then related to the prevailing rock M . i = E' T 1 —?jj 1 = STABLE
-2 mass of the immediate back to amive at a stability . L& | -.‘ﬂ i‘ !-l PN S
z condition. The design span refers to spans which > § T 1% s .
E. o have used no support andor spans winch include E » @ ®» @ N .
=) patiem bolting (1.8m long bolts on 1.2m x 1.2m) for Rock Mass Rating
RELAXED HW 2 local support ]:II( rock mass rating s mv!mwd by A Umutle O Fravrad @ Sable
A=l 5 ?Iﬂlm“‘}d ( wf:;:a;l‘ employed \;{I;: u‘l:nt.\lliu:hfol
the presence of jow joints (u 30°) by reduc- Figure 3. Critical span curve for mine entry methods employ-
:::?:I;EL Ehiich e ing the RMR by “10”. The stability of the excava-  ing local support only.
A ; a . 3 tion is classified into three categories
C=8-4COS d) HYDRAULIC RADIUS (m)
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Empirical methods of design support systems PILLAR DESIGN

Denign Span jm)

SPAN DESIGN

Stable Excavation
o uncontraled fls of ground.
o movement of back observed

Unstable Excavation

failure above the back s approximately 0.5 x span in the

Potentially Unstable Excavation absence of major structu

prevent potentia alls of ground
movement within back
increased frequency of ground working.

CRITICAL SPAN CURVE FOR MINE ENTRY METHODS EMPLOYING LOCAL SUPPORT ONLY
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Graph for assessment of stability and geometry of pillars in mines Outline of support properties in underground excavation
(Pakalnis, 2014) (Pakalnis, 2014)
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133

SUPPORT DESIGN

LNy

i

B) SLIDING WEDGE

A) GRAMITY FALL

'CONDITIONS FOR A) GRAVITY FALL AND B) SLIDING INSTABILITY FOR WEDGE WITHIN BACK OF TUNNEL

133
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Support design

$TOP 2 $30 ACCESS 1 SOUTH (7580E RAD)
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Rock
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SUPPORT PROPERTIES

“DEAD WEIGHT ANALYSIS: WEDGEHEIGHT = 0.5X SPAN
SUPPORT PATTERH: 2.4m LONG #6 REBAR OH 1m X 1m PATTERN

SUPPORT CAPACITY.
Y <0+ 0amH1aum 10t s S0

s

P8 =CAPAGITTIOEAD. WEIGHT
P

FACTOR OF SAFETY ANALYSIS “DEAD WEIGHT”
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SUPPORT PROPERTIES

INTERSECTION SUPPORT DESIGN

OO T A AR T ERMATER. 3 T

TR e 18 TR

CAITENA ) PO BTRERGTH PAST CORE +
WHDOLT PAST CONE BOWNDARY »0 5% BOLT SPACHG

Y LOMD 5 CABLE BCLTS £ Bm ¥ Bm PATTERR.

5 = ETINING1 § + 1D MR COMMEIED OF
el o 2.4 LOMG, #6 EEAR OH 13 X 8 B PATTERG

INTERSECTION SUPPORT “DEAD WEIGHT”
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SCHEMATIC SHOWING TRANSITION OF WEAK ROCK MASS TO STRONGER AND EXISTING DATABASE.

WALL STABILITY GRAPH AS DEVELOPED FOR
VIVAGA WEAR ROCK MASS WAL STARLITY SRAPS - WEAK ROCK MASSES (PAKALNIS, 2007)
[

[ LT
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Cable Bolt Design Presentation Outline

Design Chart for Cable Bolt Density

(Anar Potvin and Milne 1002)

1) Introduction

2) Introducing Reinforcement Systems

. 3) Ground stabilization (Treatment) Design Fundamentals
a Unstable

4 Failed

4) Mine Opening Support Design Methods

(RQD/Jn)/Hydrauliec Radius

6) References
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THE OBJECTIVES OF GROUND STABLIZATION IN MINING Main References:
ZHAO )., ROJASR. truction Technology, C: 008, EPFL
« Safe and economical excavation of ore Barton, N. 2002 i i  tunnel design. Int Il Rock Mech Min Sc, 39, pp185-216

Barton, N, Lien, R, Lunde, J., 1974. Engineering classification of rock masses for the design of rock support. Rock Mech. 6, pp189-236.

Barton, N and Grimstad, € (1994). The Q:Sys e of in Felsbau 12(6):428-436.

o s W oo

¢ Maximum recovery with minimum dilution

Bieniawski, 2.1.1988 The rock Mass Rating (RMR system (Geomechanics classification in Engineering Practice, in Rock Classification for Engineering
Purposes, Kirkaldie L (Ed)

¢ For this purpose it is necessary to understand the:

. Grimstad, E and Barton, N (1993). Updating of the Q:system for NMT, in Proceedings of the International Symposium on Sprayed Concrete, 46-66.

Norwegian Concrete Association, Oslo.

Hudson A & Harrison P (1997) Engineering Rock Mechanics, An Introduction to the principles, Pergamon.

¢ Ground condition consisting: Intact rock, discontinuities and rock

Hutchinson, D.J., & Diederichs, M.S., 1996 C: Publishers, Richmond

. Hoek, E; Kaiser,P.K., and Bawden, W.F., 1995 Support of underground excavations in hard rock. Balkema, Rotterdam

mass behavior, geological structure, seismicity,...

]

Hoek, E. Rock Engineering. Course Notes. www.rocscience.com

. Palmstrom, A, Milne, D & Peck, W. 2000. The reliability of rock mass dlassification used in underground excavation and support design. GeoEng Workshop

* Ground behavior and probable failure mechanisms due to mining e ausriin.comau
12, peck, W. 2000 Reduction Factr inHighlySresse Jonted Rock 35720 !
activities 13. Stille H. & Palmstrom A. 2002 Classification as a tool for rock engineering, Tunnelling and Underground Space Technology, 18, pp331-345,
14. Villaescusa, Ernesto, (2014). Geotechnical Design for Sublevel Open Stoping, CRC. Press, I1SBN:9781482211887.
* Reasonable countermeasure to control excavation instability and sk o contm e /ol us alephOD1 I MA73
failure.
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Presentation Outline Presentation Outline
1) Introduction 1) Introduction
2) Introducing Reinforcement Systems 2) Introducing Reinforcement Systems
3) Ground stabilization (Treatment) Design Fundamentals 3) Ground stabilization (Treatment) Design Fundamentals
4) Mine Opening Support Design Methods 4) Mine Opening Support Design Methods
5) Summary 5) Summary
6) References 6) References
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Introduction and motivation

v'Depleting surface resources and a tendency to use underground mines at
great depth,

v'Development of urbanization construction of utilities such as power plant,
gas storage and waste disposal in underground structures,

v'Great depth causes a growth potential of rock mass instabilities and risk of
failures,

v'Application of appropriate design methodology is critical to overcome

relevant challenges and problems and manage ground control.
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End of presentation:
Diagnosis of problem and selecting right tools to solve
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Underground mining is going to be deeper gradually because near surface resources are going to be
depleted. Therefore, risk of seismic events in underground mines is escalating. Additionally, existence
of the large ratio of horizontal to vertical stress, could be a potential reason for high-stress condition
and occurrence of dynamic activities. Depending on various parameters such as the level of induced
stress, rock properties, etc., ground demand changes and it is difficult to estimate. On the other hand,
under seismic condition, energy dissipation and deformation capacity of supports is the most important
factors, however, rock support performance factors in dynamic conditions are still under investigation.
Expanding the knowledge of reinforcement behaviour and capacity, specifically that of the rockbolt as
a primary element in seismic conditions, would help to develop a suitable, safe and economic support
design. This paper contains various methods to estimate ground demand including the intact rock prop-
erties approach, failure thickness and ejection velocity estimation, and rockburst damage potential
method. It also covers measurement methods of rockbolts energy dissipation capacities such as drop test,
blasting simulating, back calculation and momentum transfer measurement methods. A large-scale
dynamic test rig is also explained. Based on the findings, a table and a graph to show the applicable range
of each type of rockbolts were presented. Suitable rockbolt types for various ground energy demand and
deformation capacity range were categorised in the table and the graph. The presented support selection
method facilitates the selection of a suitable reinforcement system at the preliminary stages of design
and guides the designer to adjust the support reinforcement system based on observed ground and sup-
port reaction.
© 2018 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Deeper underground mining exploitation is increasing world-
wide because near surface mineral resources become gradually
depleted. In-situ stress increasing in rock is the main difference
between rock stresses at depth compared to the rock near the sur-
face, and dynamic activities are direct consequences of such a con-
dition. Seismic events such as the rockburst might occur below
600-800 m depth and more likely passing 1000 m depth. Such
phenomena are not limited only to deep mines as many shallow
mines in Australia experience such events due to the presence of
high horizontal to vertical stress ratios.

Hard rock mining is experienced at a depth of about 2 km in
Australia, more than 3 km in Canada, and a depth of about 4 km
in South Africa highlight the importance of ground stability at such
depths. Finding a practical support design requires determining the
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https://doi.org/10.1016/j.ijmst.2018.01.004

rockmass energy demand and rock support energy dissipation
capacity. Numerous unknowns, uncertainties in geomechanical
parameters and randomness occurrence of seismic events increase
the complexity of the rock demand determination and conse-
quently extend the complication of an effective support design.

Though a significant amount of work has been done to estimate
energy dissipation capacity of support elements, this subject is not
much known. Additionally, the role played by other mechanisms of
loading, like dynamic shear loading, in the support system is also
not clearly understood.

To achieve stability and safety at deep and rockburst prone con-
ditions, appropriate support and reinforcement design is neces-
sary. The support system should not only be able to tolerate the
static rock load and potential dynamic load due to induced stress,
but it should also not lose strength over a wide range of deforma-
tion. It could be concluded that the energy dissipation capacity of
support elements individually, as well as the ground support as
an integrated system, needs to be found. Ground energy demand
cannot accurately be determined or calculated, but some
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estimation might be achieved to help engineering judgment. Some
of the methods, based on intact rock properties, have attempted to
find a relationship between rockmass properties and their poten-
tial to burst, and the real condition of rockmass under stress
[1,2]. Some other methods are based on the estimation of probable
failure volume, ejection velocity and the travelling distance of
ejected materials [3]. Another recent method relies on the defini-
tion of the effective parameters on the potential of rockburst and
its likely damage [4]. On the other hand, some researchers believe
that there is not a precise method to determine rockmass demand
with any degree of confidence [5].

Along with ground demand during dynamic events, much effort
has been expended in determining the rock support energy dissi-
pation capacity. Rockbolt as the primary element to transfer the
energy of the displaced volume of surface rock to the ground in
depth has been the focus. Several approaches including the drop
test, blast simulation, back calculation and momentum transfer
method have been developed in order to examine rockbolt perfor-
mance [4,6-10]. Another so-called large-scale dynamic test rig has
been constructed in 2012 by Geobrugg in Switzerland in order to
investigate the whole support system as an integrated system
[11,12]. Despite several research studies on different ground types,
support systems in a wide range of loading, rockbolt types, etc.,
there are limited comprehensive studies on this subject.

In this research, at first, a short explanation of different mecha-
nisms of rockburst and rock ejection and various methods of
ground demand estimation and rockbolt energy dissipation capac-
ity, are illustrated. Then, suitable rockbolt type selection is recom-
mended for different ground demand levels. The method is simply
presented by table and graph which is easy to use in practice. The
presented methods can assist the selection of appropriate rockbolt
type at the preliminary stages of mine design. Additional to the
rockbolt selection, some further considerations for the selection
of other support elements is given as well.

2. Deep underground and high-stress mining

Seismically active underground mines are those which are
prone to dynamic rockmass failure. As mining progresses, the nat-
ural stress equilibrium of the rockmass is disturbed. Stresses con-
centrate around the edges of an excavation or in pillars of rock
between excavations left unmined for support, due to low grade
or other reasons. Stress may also be increased or relaxed on pre-
existing planes of weakness such as faults, shears or lithological
contacts. These stress changes cause the accumulation of potential
energy in the unmined rock. This energy may be gradually dissi-
pated, or it may be released suddenly during the process of inelas-
tic deformation and radiates detectable seismic waves.

2.1. Ground behaviour in seismic conditions

Rockmass varies from massive, layered and jointed to heavily
crushed conditions. In addition, dynamic loading has a broad range
of frequency, amplitude, and wavelength. Therefore, ground beha-
viour varies widely considering the rockmass and dynamic loading
conditions. The most common types of strain burst and seismic
failure mechanisms in different ground types are categorised into
four primary ejection types based on various factors as shown in
Fig. 1.

Fig. 1a shows the mechanism of strain burst during ejection of a
volume of rock due to stress concentrations or induced stresses. In
this condition, discontinuities have a minor effect on ejection, so it
is difficult to predict the volume of rock to be ejected and even
sometimes the likelihood of an ejection.

Fig. 1b shows the ejection of a volume of rock by the mecha-
nism of sudden buckling or spalling of rock in the wall or even in
the face due to induced or concentrated stress on the boundaries
of the opening where foliation of the rockmass is nearby vertical.
This mechanism applies to strong to extremely strong rocks.

Fig. 1c shows the ejection of a volume of rock in the wall due to
a seismic event near the boundaries of a stope or a tunnel which is
due to slip or energy transfer on an adjacent discontinuity. Initial
or secondary discontinuities can bound the volume of ejection so
it can be estimated if the location of such an event is known.

Fig. 1d depicts the mechanism of instability in the back due to a
combination of the effect of loosening of discontinuous blocks,
gravity, and/or a seismic event. Loosening of the blocks in the back
could be a result of the lack of enough confining stress or previous
blasting. The seismic event can accelerate the phenomenon under
the effect of available gravity.

Therefore, considering the wide range of rockmass and dynamic
load conditions, various types of failures such as spalling, rock ejec-
tion and block fall can be expected.

2.2. Ground seismic energy demand

When a dynamic load propagates in the excavation, rock defor-
mation occurs and cause an energy release. Estimating the magni-
tude of released energy is important to design a suitable
reinforcement system. Although several methods have been devel-
oped to estimate the ground energy demand, they can be cate-
gorised into three groups namely, Intact rock property approach
(IRPA), Estimation of failure volume and ejection velocity, Rock-
burst damage potential. A brief illustration of each method is given
in the following subsections.

2.2.1. Intact rock property approach (IRPA)

When a volume of energy that should be tolerated within the
rockmass exceeds its capacity (Strength), sudden failure happens,
and energy is quickly released. Although all factors such as discon-
tinuities and their infilling material properties, and the presence of
underground water and its effects are important, intact rock prop-
erties have significant roles in this phenomenon. As a matter of
fact, the intact rock energy absorption capacity could determine
the upper limit of energy absorption capacity or in other words,
the potential releasable energy of the rockmass. Some criteria have
been defined to estimate the potential of rockburst based on intact
rock properties including Index of strain energy, Potential energy
of elastic strain [1,13], rock brittleness [14], and ratio of tangential
stress to compressive strength [15].

An excess of energy during the post-peak deformation stage
conclude in violent rock fracturing [16]. Energy release rate (ERR)
has been developed as a basis for mining exploitation pattern
design. Rock subjected to the compression process experiences
elastic and plastic deformation. Elastic deformation (strain) of the
rock can be recovered if unloading occurs before peak strength.
At brittle failure, the elastic strain releases suddenly and causes a
rockburst. Therefore, by applying a cyclic compressive strength
test, the energy storage capacity of rock can be estimated. As it is
shown in Fig. 2a, &ds is the portion of energy which is dissipated
due to initiation and propagation of micro-cracks in the rock sam-
ple (plastic deformation). ®el is the portion of energy which is con-
sumed for elastic deformation and stored in the rock. This portion
of energy stored during the loading process up to point A could be
released gradually by unloading or suddenly by failure. The ratio
between elastic strain energy and dissipated energy (index of
strain energy) could be used as a criterion or an indicator of rock-
burst potential.

F = del/dds (1)
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Kwasniewski, Szutkowski) (a) [13] and calculation of potential elastic strain energy

(b) [2].

Investigations demonstrate that the potential energy of elastic
strain (PES), in other words, the elastic strain energy which is
stored in a unit volume of rockmass, is another criterion that could
scale the shock and rockburst occurrence [13]. As it is depicted in
Fig. 2b, the maximum elastic strain energy which could be stored
in a sample of rock before the peak strength is given by:

PES = &y = 2 /2E (2)

where o is the uniaxial compressive strength (MPa), and E; is the
unloading tangential modulus (MPa).

The third criterion is the index of rock brittleness which is
defined as following:

B=o./0r (3)

In which o, is the uniaxial compressive strength (MPa), and o1
is the tensile strength of the rock (MPa). Based on this criterion, the
lesser index indicates the probability of the more violent rockburst.

The fourth criterion considers both the state of in-situ stress in
the rockmass and the mechanical property of rock is expressed by:

T, =0y/0¢ (4)

In Eq. (4), o, is the tangential stress in the rockmass surround-
ing the openings or stopes (MPa), and ¢, is the uniaxial compres-
sive strength of rock (MPa). A larger Ts indicates a more violent
probable rockburst [14].

A summary of these criteria is shown in Table 1.

Four indexes are available in this table indicating whether a
rockburst event will be low, strong or violent based on estimated
or calculated amount of each index. The indexes on the left side
of the range indicate low potential, and on the right side of the
range indicate strong or violent potential of rockburst.

2.2.2. Estimation of failure volume and ejection velocity

Estimation of failure thickness and ejection velocity will allow
the estimation of ground demand by calculating the potential
energy release (stored energy in flying rock) by the prospective
volume of ejected rock and the estimated velocity of ejection.

The energy demand on ground support due to a block ejected
from the backs, wall or floor could be calculated by the following
Eq. [3]:

Energy Demand = 1/2muv? + qmgd (5)

In this equation: m = the mass of the ejected block (kg); v, = the
ejection velocity of the block (m/s); g = acceleration due to gravity
(m/s?); d = distance the ejected block has travelled (m); and g=1,0
or —1 for ejection from the backs, wall or floor respectively.

The second term in Eq. (5) contributing to the energy demand
(gmgd) represents the influence of gravity. Gravity adds potential
energy to rocks ejected from the backs and reduces the energy of
a block ejected from the floor, while not contributing to ejection
from the wall [3].
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Table 1
Rockburst potential based on intact rock property.

Description Index Potential of rockburst
Low Strong Violent
1 Index of strain energy® [13] F = &g/ Pys 2 5
2 Potential energy of elastic strain (kJ/m*) [13] PES = 6 %/2E; 50.0 100 150.0 200 250.0
3 Rock brittleness [14] B=ador 40.0 26.7 14.5
4 Ratio of tangential to compressive strength [15] Ts=a4/oc 0.3 0.5 0.7

¢ Based on tests on coal specimens to provide the intensity of shocks or coal bombs.

If we consider the energy demand per square meter of excava-
tion surface and substituting tp for m, the equation becomes [3]:

Energy Demand per m* = %tpvg +qtpgd (6)

In which: t = thickness of failed rock at the excavation surface (m);
and p = rock density (kg/m?>).

Therefore, the critical factors required for energy demand are:
peak particle velocity, which is assumed to equal the velocity of
ejection (V,); excavation closure or ejection distance (d), and the
mass of ejected material, which is a function of the failure thick-
ness (t) and the rock density (p).

The excavation closure (or ejection distance) “d” is used in the
gravity component of the energy demand equation and is only
applicable when the design is being undertaken for the backs. It
represents the work done by the support system to halt the down-
ward movement of the rockmass. An approach is to use the dis-
placement capacity of the ground support elements in the backs
as a guide. In practice, the displacement capacities of the support
element that fails first in a rockburst can be used for “d”. The
results of drop weight dynamic testing of support elements can
be used to assist in determining appropriate “d” values.

The fracturing due to induced stress, blast damage, geological
structure or a combination of all these three factors can form the
failure volume or mass of ejected rock which loads the support sys-
tem. Failure volume can be estimated by various methods in an
excavation. A borehole camera survey can help to find the potential
discontinuities for ejection and hence the probable volume of rock.
Numerical modelling also can be used for the estimation of the fail-
ure mass by measuring the overstressed zone surrounding an exca-
vation, in other words, the zone around an excavation in which the
stress exceeds the rock strength. Empirical estimation methods are
also available.

Table 2 summarises the methods of estimating the failure vol-
ume for use in design calculations. The thickness should be calcu-
lated via as many possible as the mentioned methods in the table,
and the maximum thickness should be used in the calculation.

2.2.3. Rockburst damage potential

Heal [4] has established a method for assessing the likelihood of
rockburst damage occurring at particular excavations in seismi-
cally active underground mines. In this approach, five factors are
combined into a single index for determining the potential for
rockburst damage at a given location in an underground mine.

Excavation vulnerability potential (EVP) is proposed as an index
to empirically quantify the effect of local site conditions on rock-
burst damage. It makes use of four of the five mentioned factors,
those not related to the source of the seismic event:

e E1: The stress conditions (a,7/UCS);

e E2: The energy capacity of the installed ground support system
(in kJ/m?);

e E3: The excavation span (in m); and

e F4: The presence of seismically active major geological
structure.

The empirical EVP index proposed makes use of these two
components:

EVP = (damage initiation factor)

x (depth of failure factor) = (E1/E2) x (E3/E4) (10)

In order to consider the distance and magnitude of the seismic
event involved in each case history, the EVP data was compared to
the fifth factor, peak particle velocity (PPV) to create a single index
called rockburst damage potential (RDP), as shown here:

Rockburst damage potential(RDP) = EVP x PPV (11)

The respective distributions of these factors show that, in gen-
eral, an increasing level of rockburst damage is associated with:

e Increasing stress conditions (E1);

e Decreasing ground support system capacity (E2);
e Increasing excavation span (E3);

e Decreasing geology factor (E4); and

e Increasing peak particle velocity (PPV).

The above-explained procedure can be used to predict the level
of rockburst potential. This method needs more experiments and
practical feedback to prove or modify.

In most cases, it is difficult to carry out a specific design because
the rockmass factors that define demand cannot be dependably
evaluated. Therefore, the rockmass demand can be described qual-
itatively. As explained in Table 3, qualitative demand categories of
rockmass could be defined in terms of low, medium, high, very
high, and extremely high energy demand per square meter as well
as surface displacement and reaction pressure. Similarly, such a
rating can classify the reinforcement system in order to satisfy
the rock demand [19].

3. Dynamic rock support and reinforcement classes and tests

The reinforcement and support system is a critical measure to
prepare a safe workplace as well as increase the longevity of a
stable opening. An effective support system influences the safety
of workforces and equipment along with the economical mine
extraction. Different sorts of reinforcement and support systems
are required for a particular application rely on a few elements
including: the geometry of the excavation, the strength of the rock-
mass, stresses present in the rock, corrosion and weathering pro-
cesses, and blasting practices.

The primary method to lighten the impacts of mine seismicity is
the design of a practical geometry and appropriate mining
sequence. A rock support plan would be a complementary step
intending to mitigate the rockburst impact. A ground demand-
energy dissipation capacity approach is a vital step in such circum-
stances. Therefore, acquiring the knowledge of energy dissipation
capabilities of elements of a support system including the rein-
forcement, surface support, connecting elements and faceplate &
nut is necessary as well as a whole support system as an integrated
system.
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Table 2
Failure thickness estimation [17,18] (after Heal [4]).

Failure volume or thickness (¢) can be estimated as the maximum of:

The potential volume of instability or probable active discontinuities can be observed at

intersections around the site of interest

The volume surrounding the excavation, based on a calibrated numerical model, where

the strength factor (SF) is less than 1[17]:

(UCS+qo3)

g1

Where q = tan?(45 + 0/2)

SF =

(M

Using the following empirical relationship to find the

distance (R~-a) [18]:

__ h(orw)

V2

% = 1.34 mex 4 043

Oc

®) -

)

In which:g,,4,=301-03; 0. is the unconfined compressive strength of the host rock; and the

other terms in the equation are represented in the diagram

4 0.1 m for conventional blasting

5 0.05 m for controlled blasting

The volume of potential ejected mass based on pre-existing structural weaknesses in the

rockmass up to 4/2

Table 3

Typical rockmass demand for ground support design [19].
Demand category Reaction pressure Surface displacement Energy

(kPa) (mm) (kJ/m?)

Low <100 <50 <5
Medium 100-150 50-100 5-15
High 150-200 100-200 15-25
Very high 200-400 200-300 25-35
Extremely high >400 >300 >35

3.1. Dynamic capacity of rockbolts

Implementation of a dynamic resistance support system is the
most common method of stabilising an underground opening in
mines. Rockbolts along with surface support comprised of mesh
and shotcrete, play a crucial role as one of the main elements of
a support system. A tunnel that experiences seismic activities like
a rockburst needs to be supported by appropriate elements, cap-
able of tolerating dynamic loading. This area in geotechnical engi-
neering is still under development. In other words, the dynamic

capacity or energy dissipation capacity of the rock support is under
investigation by researchers [20]. The primary challenge in mea-
suring the dynamic capacity of the ground support including the
rockbolt is to prepare repeatable loading conditions similar to
what is experienced at a supported face during a seismic event.
Providing a good monitoring system and qualified data acquisition
apparatus along with well-controlled equipment are requirements
of a dynamic testing facility in order to acquire reliable data and
meaningful analysis.

“Drop testing” has been under the attention of researchers to
convey kinematic energy to ground support elements in order to
measure energy dissipation capacity [3,9,21-27]. The momentum
transfer concept has been utilised by some other researchers [6].
In this method, deceleration of a dropped reinforcement sample
attached to a mass is measured and the amount of energy con-
sumed particularly for deformation and failure of sample is calcu-
lated. Employing a simulated controlled blasting process as the
dynamic load applied on a completely supported area along with
a well-instrumented system is another category of measurement
of dynamic performance of a support system as an integrated sys-
tem [7,28]. In addition, back calculation of support capacity has
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also been performed by Heal [4] which can be assumed as another
method to estimate the dynamic support capacity.

3.1.1. The ‘drop test’

The drop test rig is a controlled laboratory facility to investigate
the dynamic behaviour of ground support elements submitted to a
seismic event simulated by sudden loading of a dropping mass
from a predetermined height [3,9,21-27,29,30]. This test has expe-
rienced numerous amendments and has turned into a standard
testing technique for laboratory assurance of rockbolt energy
absorption or dissipation capacity. There are also various difficul-
ties required with this test including slow instrumentation reac-
tion, uncontrolled vibrations in the loading system, and other
sources of unmeasured energy losses [31]. The advantage of this
test facility is its repeatability and cost effectiveness as soon as it
is assembled. A number of drop testing equipment has been con-
structed during the last twenty years in Canada, South Africa and
recently in Australia to be able to perform dynamic performance
assessment of ground support elements. Although a standard
method of testing has been available, these rigs have been con-
structed with considerable dissimilarities which make the exami-
nation of their outcomes to some degree complicated or not
comparable [20].

A rockbolt or cable bolt, cement or resin encapsulated in thick-
wall steel pipe to replicate the rockmass, is frequently used in the
drop testing experiments. Despite the fact that a specific thickness
and measurement of steel tube were given to provide similar con-
finement of the in-situ rockmass with the same magnitude, the
steel pipe cannot completely replicate the rockmass which may
introduce an error of some degree into the estimation [8].

In spite of the fact that there have been critical enhancements
made to the drop testing mechanical assembly, it is still not illus-
trative of in-situ conditions. The drop test technique has numerous
presumptions that would influence the performance of the support
elements contrasted with their genuine performance in the field.
Moreover, the drop tests deliver results of individual support ele-
ments that need to be compiled and consolidated to design the
support system. It is helpful to take the outcomes from the differ-
ent reinforcement elements and the surface support and assemble
them together. However, providing a cost effective, controlled and
repeatable procedure for estimating the support elements’ proper-
ties in a laboratory is its outstanding advantage.

3.1.2. Blast simulation

Blast simulation experiments have been performed in-situ try-
ing to recreate the seismic event via the blasting to measure the
consequences on most common ground support systems [7,32-
37]. In-situ simulated blasting testing to investigate the rock sup-
port behaviour and performance was innovated by Ortlepp [38].
In comparison to drop testing, the simulation of rockbursts by
blasting has a large level of difficulty. Performing such a destruc-
tive test in active mines during operation of other activities needs
sophisticated coordination with operative units while the logistic
of setting up and carrying out the tests is not straightforward,
and the cost is also high. The positive points of the method is the
testing of the support system as an integrated system which is
completely installed in place as opposed to individual support ele-
ments. Issues, for example, installation procedures and the interac-
tion with the rockmass were also investigated, and shortcomings
of the whole system were underscored [20].

It is worth mentioning that the movement of ground in blasting
is not similar to that of a rockburst because of seismic events. The
gas pressure is not available in the rockburst condition while in
blasting it is accompanied by the shock wave, as sometimes the
generated gases quickly expand and may conclude to unpre-
dictable results at the test location. On the other hand, the wave

characteristics, including wavelength, amplitude and frequency
created by blasting are different to those produced by large seismic
events. Normally, the wavelengths in the seismic events are longer
and frequencies are lower in comparison to those in blasting.

Obviously, to investigate and understand the behaviour of rock-
mass and ground support elements, a reproducible or repeatable
simulated dynamic event would be a great success. Many research-
ers have tried to employ the blasting method for simulation of a
rockburst, but there are few or small number of successful exper-
iments. Distortion by gases and not enough generated energy to
produce premeditated destruction have been the main reasons of
ineffective experiments. Nevertheless, the behaviour of the whole
support system as an integrated system can be investigated with
this method.

3.1.3. Momentum transfer method

The momentum transfer concept has been employed by the
Western Australian School of Mines (WASM) via a dynamic loading
system in order to find out the energy dissipation capability of the
ground support elements or system. This equipment utilises a sam-
ple of reinforcement attached to a mass to apply a dynamic impact
to the sample by dropping them from a certain height and mea-
surement of deceleration after impact. The testing facility is cap-
able of testing different types of rockbolts, cable bolts, or
reinforcement systems, prepared sample of surface support or a
mixture of both, to be able to assess the mechanism of dissipation
of the energy by a ground support system and interaction between
the surface support and reinforcement and the mechanism of the
transfer of the dynamic load [6].

The concept of this facility is illustrated in Fig. 3. Using a
dropped mass of 2000 kg as the simulated ejected rock with an
impact velocity of 6 m/s is a standard arrangement for testing of
rock reinforcement. This arrangement provides a kinetic energy
of 36 k] applied to the test sample and must be dissipated by the
support element. The buffers have to absorb the energy of the
beam as well as a portion of the energy of the dropping mass.
The excess energy is applied to the test sample following the
impact because of the change in potential energy of the dropping
mass. Making a radial cut artificially in steel pipe simulates the dis-
continuity in the rockmass typically situated 1.0 m beneath the
bearing plate [39].

Characteristically, the investigation of a sample of reinforce-
ment or support system has to be based on first impact loading
that can be a single large dynamic impact. Therefore, the testing
equipment has to have sufficient energy or enough capacity to be
able to exceed the strength of the sample with a single impact.

==
Drop beam
(simulated as rock which is
not ejected)
Simulated
discontinuity Loading mass as
——

simulated ejected rock

Ultrasonic sensor to
record beam

Computer and movement during
data I T compression and
acquisition T recovering the buffer
system (22 |

channel 25 -

kHz sampling g

rate of each) Buffers X

Camera 250 fps

_,

Fig. 3. Dynamic testing facility with momentum transfer concept (after player,
Thompson [39]).
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Based on previous experiments, it has been proved that the multi-
ple loading cause the measured result to overestimate the capacity
in comparison to the results of a single large impact. The WASM
testing equipment is capable of applying 120 k] of kinetic energy
to the sample [39] which is more than the capacity of most com-
mon rock bolts.

It is practical to calculate the dynamic force-displacement dia-
gram of the support element via a well instrumented and moni-
tored system. The portion of the applied kinetic energy, which is
dissipated by the prepared sample of support, would be deter-
mined by calculation of the area under the force-displacement
graph. Another portion of energy that is absorbed by buffers can
be calculated separately for every test. The accelerometers assist
in evaluating and computing the deceleration response of the sys-
tem. Alternatively, it can be calculated by a fast computerised
video camera, measuring the relative displacement of a target by
object tracking software.

Finally, the underground ejection velocity is considered as the
relative velocity between the loading mass and the dropping beam.
The ejection phenomenon happens and a block of rock, which was
at rest or stationary under the stress at the wall or vault of the tun-
nel, quickly accelerates and reaches a peak velocity. The velocity
returns to zero if the ground support system tolerates the dynamic
impact. Compared to a strong ground support system, a weak or
soft support system would be a reason for larger displacement
and greater ejection velocity. The most important aspects of the
ground support design that has to be considered in a mining oper-
ation is the maximum permissible deformation of the reinforce-
ment system and ensuring that the surface support has enough
toughness to tolerate the displacement [39].

3.1.4. Back-calculation

Back analyses of the actual rock ejection and the associated sup-
port system is potentially a way of estimation of the dynamic
capacity of the ground support. The problem is predicting the loca-
tion of an ejection due to its randomness and other uncertainties,
and consequently lack of sufficient monitoring to collect enough
data regarding the event, for example, velocity of the ejected mass.
Therefore, back analyses of driven events like blasting would be an
appropriate method to address this issue.

A comparison between the test results of simulated rockbursts
with back analyses of absorbed energy in some case studies has
been performed by Heal [4]. A correlation has been found between
the back calculation of case studies and the simulated rockburst
results, but the method has not been proved yet nor used by other
researchers. It seems that this method with some modification can
be an approach to calculating rock support dynamic dissipation

capacity at the real scale.

3.1.5. Large-scale dynamic test rig for ground support

In order to examine the ground support as an integrated sys-
tem, Geobrugg Company has constructed a dynamic test rig. Using
this rig, it is possible to apply a dynamic load to a sample of a com-
plete support system containing a 3.6 m x 3.6 m sample of surface
support combined with four dynamic rockbolts. Because the large
sample includes all support elements, it is capable of demonstrat-
ing the performance of the surface support and the reinforcement
in combination together as well as the connecting and terminating
elements [11,12]. Fig. 4 shows the test setup.

As it can be seen in the figure, a horizontal chain link mesh is
connected to the main steel frame using lacing wire ropes, while
the mesh is held by four dynamic rockbolts. Surface support simu-
lated by shotcrete or concrete slab could be poured over the wire
mesh engaged with the four rockbolts via terminating and con-
necting elements. Some natural rock boulders and gravel are
placed on top of the slab sample to simulate broken rocks during
a rockburst event contained by surface support. An impact plat-
form made of steel is placed over the gravel to distribute and trans-
fer the impact of a dropped block to the gravel layer, natural rock
boulders, and simulated surface support. The mass of the dropped
block is 6280 kg and it can be lifted and dropped from a maximum
height of 3.25 m limited by a guiding rail. One of the four bolts is
instrumented by two load cells at both ends. Two high-speed cam-
eras are installed in front of the main frame, the upper one for the
filming of the test block movement and impact and the lower one
to monitor the support with several measuring targets on the mesh
and bolts with a computer tracking program to evaluate the dis-
placement, velocity and acceleration of the targets. Dissipated
energy can be calculated by the difference in potential energy of
the test block before and after the impact [11,12].

Testing a large scale of the support sample as an integrated
system submitted to a dynamic impact is the strong point of this
testing rig. Engineers, to some extent, can evaluate energy dissi-
pation capability of a ground support system exposed to dynamic
impact and compare the compatibility of the elements in the pre-
pared sample. The result would help the designer to avoid leaving
a weak link in a support system because the weakest link in a
support system affects and limits the maximum capacity of the
whole system.

One weak point of the system is that a single drop would not
cause the support system to fail under test and multiple drops
can conclude in an overestimation of the energy dissipation capac-
ity of the rockbolts or even the whole support system.

There are not many published results of this testing facility
and perhaps this is due to a limited number of support systems
tested. Therefore, the performance of it can only be evaluated
after publication of more test results and comparison to real case

{. Crane with hook
e

: Concrete block
| ‘i | 6280 kg

Impact platform
Load cell

Rock bolts
Rock blocks

Concrete layer

Fig. 4. The large-scale dynamic testing rig of geobrugg [11].
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studies. On the other hand, it seems that the monitoring data is
not enough to calculate the portion of energy dissipated by a sup-
port sample because the steel frame absorbs a part of the poten-
tial energy of the testing block by deflection and vibration that
cannot be measured or calculated by the predicted monitoring
system. It is also worth mentioning that the testing facility does
not completely replicate the seismic phenomenon that happens
in the ground.

3.2. Rockbolts energy dissipation capacity

In this part, the most common types of rockbolts are discussed
and divided into different capacity categories. It is assumed that
the surface support system (including shotcrete, mesh and nut)
are acting appropriately and transfer the load to the rockbolt. Then
the rockbolt would be the central element absorbing and dissipat-
ing energy.

Typical load-deformation behaviours of different rockbolts
under the loading test are collected and illustrated in Fig. 5.
According to the load-deformation capacity, the rockbolts are
classified into five groups namely, stiff, medium yielding, high
yielding, very high yielding, and extremely high yielding rock-
bolts. As shown in the figure, a category of rockbolts, such as
expansion shell and resin/grout encapsulated rebars, are concen-
trated on the left side of the plot and represent stiff rockbolts
with less than 50 mm deformation capacity and less than 5 K]
energy absorption capacity. The second category such as Split
set, Swellex, Roofex and Yield-Lok are the rockbolts which can
tolerate deformations between 50 mm and 100 mm with an
energy absorption capacity between 5kJ and 15 k]. The D-Bolt,
Conebolt, Swellex, Roofex and Yield-Lok which are high yielding
rockbolts could lie in the next category. For deformation capacity
greater than 200 mm, Conebolt, Garford and Roofex (possibly
with small spacing) fall into the very high yielding category,
and just Conebolt and Garford are suitable for the extremely high
yielding category.

An important fact related to high yielding rockbolts is that they
show different behaviour depending on loading conditions and
other environmental circumstances. Loading velocity is one factor
that can change the load and deformation capacity of yielding bolts

—— Resin grouted 22 mm (5.7 kJ) — Epansion shell 17.3 mm

rockbolt (3 kJ
__ Cement grouted 20 mm steel
Rebar (6.5 kJ)
—— Static performance for D-bolt
(20 kJ)

—— Garford bolt (50 kJ)

—— Resin grouted 22 mm steel —h
Rebar (4.5 kJ)

—— Conebolt (60 kJ)

Plain steel bar 20 mm B500C
| 7" (40kJ)

and the quality of installation is another important factor. As it can
be seen in the graph, one of the Conebolts tolerates more than 300
mm deformation and absorbs or dissipates 60 k] of the ground
released energy. In comparison, two other Conebolts tolerate less
than 150 mm and less than 300 mm and can dissipate 20 k] and
35 K], respectively. Grout quality is a major factor for Conebolts
because a strong cement grout could lead to higher initial loading
and early rupture while soft cement grout leads the rockbolt to
early sliding and not reaching its maximum load capacity. In both
cases, energy absorption capacity of a rockbolt dramatically drops.
So before starting to implement a ground support scheme, it would
be necessary to plan a test program to determine the conditions for
optimum performance of the rockbolts. Examples of influencing
parameters include grout mix design, curing time and preloading.
The result of the test program should be used to develop a quality
control plan.

Considering rockbolts’ energy absorption as shown in Fig. 5 and
discussed above, suitable rockbolt type selection for various
ground demand categories are proposed in Table 4. This table could
be an initial guideline to narrow the choices, and it is evident that
complementary studies such as dynamic tests are required for
detail design. Although there are some newer types of rockbolt like
Dynamic Omega-Bolt which can absorb 22-35Kk] in static and

Table 4
Demand-capacity based support selection.

Ground demand Reinforcement selection

Surface Energy Recommended reinforcement Capacity

displacement  (kJ/m?) category

(mm)

<50 <5 Expansion shell rockbolt, Resin/ Low/stiff
cement steel rebar,

50-100 5-15 Split set, Swellex, Roofex, Yield- Medium
Lok

100-200 15-25 Swellex, D-Bolt, Conebolt, Roofex, High
Yield-Lok

200-300 25-35 Roofex, Conebolt, Garford Very high

>300 >35 Conebolt, Garford Extremely

high

—— Swellex dowel (15 kJ) —=— Split set stabiliser (7 kJ)

—— Conebolt (35 kJ)

Dynamic performance for
D-bolt (40 kJ)

== Roofex (20 kJ)

Conebolt (20 kJ)

Cement encapsulated
threaded bar (5 kJ)

—— Yield-Lok (17 kJ)

300
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mentencapsulated thrgaded bar (5 kJ)

Conebolty(20 kJ)

250 |
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S
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Fig. 5. Load-deformation behaviour of different rockbolts (modified after [29,30,39-41]).
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Fig. 6.

dynamic conditions [42], they need more laboratory and industrial
experimentation.

Fig. 6 shows the energy dissipation capacity of different types of
reinforcement. Choosing a specific type of rock reinforcement, the
figure shows the range of energy dissipation and deformation
capacity under each named capacity category.

Based on the expectation of the deformation and energy
demand of a location, the ground demand relates to the relevant
categories in this table. The range of suitable reinforcement for
the category is proposed in the “Rock Bolt Types” column. The
expected deformation and ground demand are complicated though
and come from the methods explained in Section 2.2 as well as pre-
vious experiences and engineering judgments.

3.3. Considerations of linking and terminating arrangements of
reinforcements

The reinforcement connects to the surface support by linking
and terminating arrangements like nuts and bearing plates, split
set rings, or the sealing weld and soft ferrule on Swellex. The
ejected mass applies the dynamic load to the surface support or
containment support. The load needs to be passed via the linking
and terminating arrangements and transferred to the ground
through the reinforcement. Everyone of these elements have to
be able to tolerate the applied dynamic load independently and if
any of them failed, the load would no longer transmit to the
ground and ejection would occur from in-between the rockbolts
[3,4].

Some experiments show that the capacity of the bearing plate
under a dynamic loading condition is much less than their nominal
load capacity [43,44]. Therefore, in designating each ground sup-
port system, it is critical to be sure that the linking and terminating
elements have adequate impact loading capacity to transfer the
load to the reinforcement and avoid of local failure of the surface
support.

4. Discussion

Ground support system design in a seismically active ground or
rockburst prone area needs specific consideration regarding evalu-
ation or estimation of the released or transferred energy to the sur-
face of the opening on one hand, and knowing the energy
absorption or dissipation capacity of the support system on the
other hand. Design of a support system at a certain location under-
ground requires an evaluation of both ground demand and support
capacity, in order to design a reliable support system. The pre-
sented methods in the evaluation of ground demand have a large
degree of uncertainty while the testing methods of the support sys-

Energy dissipation capacity category of different types of reinforcement.

tem are not entirely capable of simulating the real conditions
occurring in the ground.

Having an estimation of both factors, the ground demand and
the support capacity, is essential, therefore, even with a large
amount of uncertainty, designers can compare these two factors
to define a factor of safety. In addition, the methods could be mod-
ified and calibrated in a certain area by the probable occurrence of
seismic activities similar to observational methods. Comparison of
the support systems tested by multiple facilities assists with pro-
moting the design for the next step.

5. Conclusions

Under seismic conditions in mines, the idea of improving, con-
serving, and mobilising the inherent strength of the ground to be
self-supported is not valid enough while energy dissipation capa-
bility and large deformation capacity of support system is the pri-
mary objective. In this research, the ground demand and likelihood
of a dynamic event have been estimated using different methods.
Despite the low accuracy of these estimation methods due to many
assumptions, they can assist in the selection of a relatively appro-
priate support system at preliminary design stages. The design can
be modified with observations during construction progress.

Stiff behaviour at the beginning of the loading, along with high
strength and yielding capability by increasing deformation, are
essential qualities of the support components under dynamic load-
ing conditions in order to dissipate a sudden release of energy. To
estimate the capacity of rock support systems exposed to seismic
events, a number of estimation methods including laboratory drop
tests, simulated rockbursts, back calculation, momentum transfer
concept and large-scale dynamic test were discussed. Although
various assumptions and interpretations are needed to employ
the results of dynamic tests, more dynamic capacity measurement
of support elements is required to cover the wide range of possible
energy released and resulting deformation. On the other hand,
ground support reacts in different ways under different circum-
stances. The velocity of ejection (dynamic loading velocity), quality
of grouting of rockbolts and appropriate linking between all ele-
ments are some of the known factors that affect the performance
of the ground support system. The arrangement of a test program
before finalising the design is vital to ensure a successful design.

Ground demand is estimated using the methods discussed
along with an associated degree of uncertainty. However, to begin
with, the potential for rockburst could be assessed through labora-
tory tests on intact rocks. Estimation of failure thickness and veloc-
ity of ejection could support the assumptions and results of the
laboratory tests. Using rockburst damage potential, the previous
result could be cross-checked, and this could also be summarised
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into a qualitative description. Using ground demand - support
energy dissipation capacity (Table 4 and Fig. 6), the rockbolt type
selection was introduced. The selected rockbolt can be tested, ver-
ified, and modified by proper dynamic testing or observation of
progress during construction. The reliability of the support ele-
ments would be monitored and back calculated after initial instal-
lation and following excavation progress. This will allow the
support selection and details to be modified based on monitoring
and back calculation, progressively and continuously.
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Back analysis as a modern observational method is a helpful technique for evaluation of soil and rock
mass parameters and prediction of their mechanical behavior. Most back analysis techniques in geotech-
nical engineering problems are based on the methods that utilize the monitored data of stresses, strain
and displacements. This technique is one of the prominent processes in design and evaluation of the sta-
bility of caverns that reveals the shortcoming of supports design and in fact is essential for evaluation of
design parameters. Siah Bisheh pumped storage project with complex geometry, changeable geological
formations and diverse geotechnical properties of rocks, is under construction on the Chalus River at
the north of Iran. The underground complex consists of three main caverns placed near each other. In this
study displacement based direct back analysis using continuum and discontinuum numerical modeling
were applied and geomechanical properties of rocks, stress ratio and joints parameters were identified
and then calculated parameters were compared with the initial design parameters. Both continuum
and discontinuum modeling results were in a good agreement with measured displacements which con-
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Geomechanical parameters
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firm the numerical modelings correctness and back analysis results.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Siah Bisheh Pumped Storage project is located in 125 km north
of Tehran, in the vicinity of Siah Bisheh village. This plant is
designed to produce a rated capacity of 1040 MW peak energy.
In this project, two concrete face rock fill dams are under construc-
tion in Chalus valley for the water storage. Siah Bisheh powerhouse
cavern (PHC) with 24.5 m width, 46.5 m height and 131 m length is
one of the largest underground power plants of its kind in Iran.
Transformer cavern (TRC) with 16.1 m width, 28.4 m height and
160 m length and guard gate cavern (GGC) with 5.5 m width,
10.5 m height and 90.7 m length are the other main underground
openings in this project. The powerhouse cavern was excavated
at a depth of about 260 m (Fig. 1).

Back analysis techniques as a practical engineering tool are now-
adays often used in geotechnical engineering problems for deter-
mining the unknown geomechanical parameters, system geometry
and boundary or initial conditions using field measurements of

* Corresponding authors. Addresses: Geotechnical Engineering Group, Civil
Engineering Department, Tarbiat Modares University, Tehran, Iran. Tel./fax:+98
82883343 (M. Yazdani), Department of Mining and Metallurgical Engineering,
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21 6454 2952; fax: +98 21 6640 5846 (M. Sharifzadeh).

E-mail addresses: myazdani@modares.ac.ir (M. Yazdani), sharifzadeh@aut.ac.ir,
Most.sharif@gmail.com (M. Sharifzadeh).

0886-7798/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tust.2011.09.002

displacements, strains or stresses performed during excavation or
construction works.

From the mathematical point of view, displacement measure-
ments are not greatly influenced by typical local effects. By com-
parison, stresses and strains are differential quantities, whose
validity is limited to local regions (scale effect). Therefore, the
observation at several successive points will be necessary to obtain
a distribution over a sufficiently large area (Oreste, 2005). On the
other hand, displacements of rock masses induced by excavation
can be measured easily and reliably. Therefore, extensive studies
have been conducted to develop different models of displace-
ment-based back analysis (Sakurai and Takeuchi, 1983; Gioda
and Locatelli, 1999; Swoboda et al., 1999; Feng et al., 2004; Zhang
et al., 2006; Akutagawa et al., 2000; Sakurai, 2003). Back analysis
techniques also have been used based on field measurements of
strains or stresses (Kaiser et al., 1990; Zou and Kaiser, 1990).

The main purpose of this study is to use displacement-based
direct back analysis approach in order to evaluate the geomechan-
ical parameters of rock masses in Siah Bisheh PHC and compare
them with adopted design parameters. The instruments used are
inclusive extensometers, load cells, convergency pins and geodetic
points. Rock mass parameters selected for design of powerhouse
cavern have been based on laboratory tests and conventional rock
mass classification methods (Lahmeyer Co., 2005a,b).
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Surge Shaft
—
Headrace Tunnel

Displacement Chamber

Fig. 1. A 3-D model of Siah Bisheh underground openings.

2. Project description
2.1. Geology and engineering geology

The Siah Bisheh pumped storage project is located at the Alborz
Mountains, mainly folded and formed during the Alpine orogenic
phase. Geomorphologically, Alborz is a young Mountain with deep
and narrow valleys and active tectonics. The most important tec-
tonic phenomenon of Siah Bisheh area are the fault called as the
Main Thrust Fault (MTF), with a dip/dip direction of 78/028 and
an almost E-W trend and the reverse fault of Chalus, which is par-
allel to the Chalus River in Siah Bisheh area, which must be taking
into consideration in terms of seismicity. Powerhouse and trans-
former caverns are generally under construction at the Permian
Formation. In this area, Permian formations mainly consist of
quartzitic sandstone, siltstone and shaly siltstone, dark and red
shale and igneous rocks. Thickness of these layers varies from some
centimeters to 3.5 m (Lahmeyer Co., 2005a,b).

The influence of groundwater on the behavior of rock mass sur-
rounding a tunnel is very important and has to be taken into
account in the estimation of potential tunneling problems. When
the water is not drained, it reduces the effective stresses and thus
the shear strength along discontinuities and finally, in all cases, the
strength of the rock mass. In addition, it is particularly important
when dealing with shales, siltstones and similar rocks in which
they are susceptible to changes in moisture content, which directly
affect their strength.

There are uniform bedding layers throughout the powerhouse
area with deep and dip direction of 55/195. It is noteworthy that dur-
ing excavation of the powerhouse pilot at chain ages 40, 81 and 89 of
the right wall, three shear zones, with an almost 40-50 cm thickness
were encountered. All of these features are parallel to the bedding
planes. The azimuth of powerhouse cavern is N152°E and all of the
existing faults in the powerhouse area have an appropriate distance
from cavern walls and without any intersection.

Rock mass consists of Bedding planes and 5 main joint sets in
powerhouse area (Table 1). Based on surveying along the pilot tun-
nel at the center of powerhouse crown, the rock joints have different

Table 1

Discontinuities’ orientations at powerhouse cavern [10].
Discontinuity Dip direction (°) Dip (°)
Bedding 191 55
Joint J1 030 56
Joint J1-1 018 81
Joint J1-2 009 66
Joint J1-3 305 80
Joint J2 078 82

lengths of almost 3-10 m and their spacing is between 200 and
600 mm (Lahmeyer Co., 2005a,b).

2.2. Geotechnical parameters

Considering the large length of powerhouse cavern, various
types of geological properties are present. Due to the fact that most
of the geological properties could not be directly measured for this
site, they had to be estimated by empirical and theoretical meth-
ods. For this purpose, generalized Hoek-Brown failure criterion
was utilized. The results showed various geological zones at the
power house cavern region and therefore, the area were initially
divided into two zones. Likewise to determine the strength charac-
teristics of the rock masses, the uniaxial compressive strength tests
were carried out. Moreover, the large flat jack tests and dilatometer
tests were performed to determine the deformability characteris-
tics of the rock masses. Also using the field surveys, the RMR value
at the related zones was obtained 45 with fair rock class IV. Table 2
shows the mechanical characteristics of different rock types
adopted from rock mass classifications and in situ experiments
(Lahmeyer Co., 2005a b).

A joint mapping program with 414 measurements was con-
ducted in the exploratory vault adit indicating five major joint sets
and one bedding plane.

The shear parameters of ¢ = 25° and ¢ = 0 were assumed on bed-
ding planes. Also, based on the assumption of 10 cm thick shear
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Ezlc)l](errzlass shear strength according to Hoek and Brown, 2002 and flat jack tests.
Disturbance factor = 0 Disturbance factor = 0.7 Flat jack test
Rock Type GSI UCS (MPa) m; E (GPa) ocm (MPa) C (MPa) ® (°) E (GPa) Oem (MPa) C (MPa) ® (°) E (GPa) v
Quartzitic sandstone 53 85 20 11 22 1.6 53 7.1 14 1.1 46 15 0.2
Red shale 48 50 9 6.3 7.9 0.98 41 4.7 0.66 0.66 32 7.5 0.25

UPSTREAM

~_—" DOWNSTREAM

ROCK BOLT 140 kN, L = 3, 5 and 8 m

e DRAIN HOLES 48 mm /856 mm
»——— TENDCN BSO kN, L = 22 m

—————= TENDON 890 kN, L = 15 and 20 m

i/

L —
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M

Fig. 2. Typical support system installed in the powerhouse cavern and excavation stages with drainage holes at roof and sidewalls.

i
VAULT ADIT | ‘i
4-FOLD ROCK EXTENSOMETER (2-5-10-15, 20, 25 and 30 m)
—— EXTENSOMETER HEAD WITH GEODETIC SURVEY POINT
UPSTREAM | DOWNSTREAM
PIEZOMETER, PRESSURE RANGE UP TO 500 kN/m2 ——e

] — CONVERGENCY PN +

Fig. 3. Typical instrumentation array installed in the powerhouse cavern (chainage 67, Section 3).

MONITORING SECTION &
MONITORING SECTION 5
MONITORING SECTION 4
MONITORING SECTION 3
MONITORING SECTION 2
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INSTRUMENTATION ROOM

L
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.
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4-FOLD ROCK EXTENSOMETER (2-5-10-20 m)

Fig. 4. A longitudinal section of monitoring system with rock extensometers in powerhouse cavern.
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bands and the Young's Modulus of 2000 MP, the normal and shear
stiffness parameters of rock joints were estimated 20,000 and
7692 MPa/m, respectively.

The value of stress ratio (k) was determined based on field
investigation equals to 1.1.

2.3. Excavation, Support system and monitoring system

All caverns excavated using NATM method. For excavation of
powerhouse cavern, at first a pilot was drilled at the center of
crown and then slashing the crown were carried out. After that,
benching was performed with 3 m depth in each stage toward
powerhouse floor.

The support system in powerhouse cavern consists of shotcrete
with wire mesh (20 cm in side walls and 25 cm in roof), grouted
rock bolts (temporary support system) and double corrosion pro-
tection tendons (permanent support system). After each cycle of
blasting, the exposed roof and walls were immediately shotcreted.
Bolt installation had sometimes delay. Many drainage holes with
4 m length in a 4 x 4 m pattern have been performed at roof and
side walls of powerhouse cavern (Fig. 2).

Monitoring is the systematic collection of the information as the
project progresses. It is aimed at improving the efficiency and
effectiveness of a project which can be an invaluable tool if done
properly to provide a useful base for evaluation of parameters.
Six instrumentation arrays were set up along the axis of the pow-
erhouse cavern at chainages of 26, 49, 67, 87,105 and 121. These
arrays consist of grouted rod extensometer in the roof and side-
walls, convergency pins, piezometer as well as cable anchor load
cells on selected cables. Due to delay in installation of extensome-
ters, some displacement data has been lost. The behavior of PHC
and recorded values by instrumentations are largely depending
on excavation sequence in the powerhouse cavern and adjacent
underground openings (Lahmeyer Co., 2005a,b; Tablieh Constrac-

tion Co., 2008). A typical instrumentation section and schematic
presentation of monitoring system in powerhouse cavern are illus-
trated in Figs. 3 and 4.

3. Numerical modeling of powerhouse cavern

There are two different approaches available in modeling of
jointed rock, one is continuum and the other is discontinuum ap-
proach. When considering a given rock mechanics problem, some
regions of the rock mass could be treated as continuous, whilst dis-
continuum analysis would explicitly apply to other elements like
discontinuities (Fakhimi, 2009). A continuum model would reflect
mainly material deformation of the system, whilst a discontinuum
model would reflect the component movement of the system. The
concepts of continuum and discontinuum are, however, not abso-
lute but relative and problem specific, depending on the problem
scale (Elmo, 2006; Bobet, 2010). The use of continuum modeling in
tunnel engineering makes it essential to simulate the rock mass re-
sponse to excavation by introducing an equivalent continuum. The
most common way to solve this problem is to scale the intact rock
properties down to the rock mass properties by using empirically
defined relationships such as those given by Hoek and Brown (1997).

Rock joints and discontinuities in a rock mass play a key role in
the response of a tunnel to excavation, i.e. joints can create loose
blocks near the tunnel profile and cause local instability; joints
weaken the rock and enlarge the displacement zone caused by
excavation; joints change the water flow system in the vicinity of
excavation. The use of discontinuum modeling has been gaining
progressive attention in tunnel engineering mainly through the
use of UDEC and 3DEC codes, for 2D and 3D discontinuum model-
ing, respectively.

Siah Bisheh powerhouse cavern is located in discontinues med-
ia and due to low level in situ stress, the failure of rock mass is
mainly controlled by the discontinuity distribution. In this study,

Model setup:

(1) Model geometry and geological structures, (2) Define constitutive behavior and

materia properties, (3) Specify boundary and initial condition

[ Step to equilibrium state ]

Field measurements

—_—

Back analysis ]

Measured and computed values are in good
agreement with together and error islow

Assigning geomechanical parameters, stress ratio and joints parameters ]

Fig. 5. Flowchart of back analysis under natural condition (Ghorbani and Sharifzadeh, 2009).
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Table 3
Mechanical and physical properties of intact rocks (Lahmeyer Co., 2005a,b).
Parameters Quartzitic sandstone Red shale Melaphyr
Dry density (kg/m?) 2810 2630 2900
Saturated density (kg/m?) 2970 2750 2920
Bulk modulus (GPa) 8.33 5 16.67
Shear modulus (GPa) 6.25 3 12,5
Compressive strength (MPa) 85 50 100
Tensile strength (MPa) 6 3 6
Friction angle (°) 50 40 50
GSI 53 48 55
mi 20 9 25
Table 4
Mechanical properties of rock joints (Lahmeyer Co., 2005a,b).
Item Value
Normal stiffness (MPa/m) 20,000
Shear stiffness (MPa/m) 7692
Cohesion (MPa) 0.5
Friction angle (°) 30
Tensile strength (MPa) 0

considering blocks size, pattern and spacing of discontinuities, 3
dimensional distinct element analysis was performed. On the other
hand, considering 5 joint sets, with joint spacing 12, 14 and 17 cm
plus bedding planes, low overburden (maximum 250 m), unifor-
mity of monitoring data and various lithology and also weak rock
type in mostly monitoring sections, continuum function is likely
to be more relevant. Therefore, it seems modeling in both contin-
uum and discontinuum is essential. In order to numerical modeling
of Siah Bisheh underground openings, PHASE? and 3DEC codes
were utilized. At first, two 2-D models were prepared in the chai-
nages, 49 m and 105 m of the powerhouse cavern using PHASE?.
Then, a 3D model was constructed through the 3DEC code. Fig. 5
shows the flowchart of back analysis of powerhouse cavern under
natural condition.

Mechanical and physical properties assigned to both continuous
and discontinuous models were determined from laboratory and
field test (Table 3). Mechanical properties of rock joints are pre-
sented in Table 4. Physical properties of shotcrete and interface
with the rock are presented in Table 5 and parameters of tendons
are presented in Table 6.

The Mohr-Coulomb perfect plasticity model was assigned as
constitutive model for both continuous and discontinuous analyses.

3.1. Continuum modeling

Due to the various geological conditions along the caverns an
as-built geology model were made for two separate monitoring
sections of the PHC. The model includes the final shape of caverns,
the as-built excavation sequence, as-built support measures

Table 5

Physical properties of the shotcrete and the interface with the

rock.
Shotcrete
Density (kg/m?®) 2400
Elastic modulus (GPa) 21
Poisson’s ratio 0.2
Compressive strength (MPa) 40
Tensile strength (MPa) 20
Interface between the shotcrete and the rock
Cohesion (MPa) 2.5
Friction angle (°) 35
Dilation angle (°) 10
Normal stiffness (GPa/m) 10
Shear stiffness (GPa/m) 10

Table 6

Properties of tendons used in modeling.
Support  Diameter  Young's Ultimate Kbond Sbond
type (mm) modulus yield load (GN/m/ (MN/m)

(GPa) (KN) m)

Tendon  26.5 200 300 6.41 2.01
Tendon 47 200 890 6.03 3.77
Tendon  63.5 200 1540 6.79 4,59

including their respective time of installation and installation time
of monitoring equipments. In addition geological model had to be
simplified, since a large number of thin layers, which changed par-
tially in the decimeter range could not be taken over into the
numerical model. Also, the contacts between different lithological
units are assumed as joints (Yazdani and Kamrani, 2009), (Fig. 6).

3.2. Discontinuum modeling

For modeling of powerhouse complex, a block model with210 m
length, 220 m height and 270 m width including powerhouse,
transformer and guard gate caverns were constructed (Fig. 7). Also,
stages of excavation and support systems of underground openings
were modeled based on real condition of construction. Critical
joints and bedding planes were considered in the model.

Siah Bisheh underground openings are excavated in quartzite
sandstone, red shale and igneous rocks (mainly classified as hard
and competent rocks). Powerhouse cavern was constructed beneath
underground water table. Therefore, for long term stability analysis,
the effect of water was considered on these rocks and underground
water table was applied in the discontinuum model. Water effect on
such rocks is mainly mechanical and hence pore pressure in intact
rock and uplift pressure in discontinuities should be considered.
Water absorption in hard rocks does not change largely the strength
parameters (cohesive strength and intrinsic friction angle). For these
types of rocks, in all rock strength criteria, total stress should be
replaced by effective stress and in rock joints, uplift pressure (u) is
exerted to the joint surfaces, and uplift pressure subtracted from
total normal stress (Ghorbani and Sharifzadeh, 2009).

After model setup and steps to equilibrium state, direct back
analysis of powerhouse cavern using extensometers results was
carried out and geomechanical properties of rocks, stress ratio
and joints parameters were identified.

4. Back analysis of rock mass

In this study, displacement based direct back analysis using uni-
variate optimization algorithm were applied. The direct approach
employs the trial values of the unknown parameters as input data
in the stress analysis algorithm, until the discrepancy between
measurements and corresponding quantities obtained from a
numerical analysis is minimized (Cividini et al., 1981). Direct for-
mulation is very flexible and applying such a procedure for com-
plex constitutive models is easier. Furthermore, development of
the direct back analysis code is much less difficult than develop-
ment of the code based on an inverse algorithm. The only work
is appending an existing program with a module. For this reason
a Fish function was written which minimizes the errors between
measured and computed values as follows:

i) = |5 3 (1Y 1)

i=1

where u; and u"(P),i = 1,2,...,n are the measured and correspond-
ing numerical results, respectively. Obviously, u]" (P) depends on the
unknown model parameters collected in the vector P.
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Fig. 7. (a) 3D Model geometry with discontinuities, bedding planes and underground water table; and (b) location of powerhouse, transformer and guard gate caverns in

discontinuum model-3DEC.

Here, we used a normalized error function to decrease the effect
of measurements error.

In univariate method, only one variable is changed at a time and
the values of other n — 1 variables are fixed. After optimization of
one variable, in the next step the value of one variable which
was fixed in previous step is changed and the values of other vari-
ables are fixed. This procedure is continued until the optimized
values of all variables are determined.

About 40-50 m of the end of powerhouse cavern is igneous rock
(Melaphyr) and the remaining is bedding part which is sequence of
Quartzite Sandstone, Red Shale, mylonite and Melaphyr. For this
reason, in order to back analysis of geomechanical properties of
these parts, two different error functions based on formula (1)
were developed in discontinuum model using the results of
extensometers installed in each part. But, in continuum method,
two different models in the chainages of 49 m (bedding part) and
105 m (melaphyry section) of the powerhouse cavern were pre-
pared to perform back analysis separately for these two models.

It is better to process the measurements results before they can
be used in back analysis. Wrong displacements due to reading error
or inaccurate performance of instruments must be eliminating.
Therefore, after the assessment of extensometers results, finally
150 points among 208 points of recorded displacements were
selected for back analysis.

The minimization of the error function alone, does not always
guarantee a correct back analysis. The qualitative trend of the

displacements on the cavern walls should be the same in the calcu-
lation as in reality, as a confirmation of the validity of the calcula-
tion model and of the simplified assumed hypotheses.

In Table 7, final results of back analysis for Melaphyry section
and bedding part are presented for both continuum and discontin-
uum models. The results of both models show that elastic modulus
has highest effect and Poisson’s ratio, friction angle and cohesion
have respectively least effects on error function and thus on dis-
placement values.

Relationship between the horizontal and vertical stresses in the
rock mass (K) is difficult to be estimated from the preliminary inves-
tigations and hence rely heavily on back analysis results. For this rea-
son, after geomechanical properties identified for Melaphyry section
and bedding part in both models, the back analysis for stress ratio
were carried out (Table 7). The results show that the stress ratio
has a great effect on error function and by increasing it, the values
of displacements in powerhouse walls have been increased.

In addition, back analysis were carried out to find joints
strength and stiffness properties in both continuum and discontin-
uum models (Table 7). The results in continuum models indicate
that friction angle have a major impact on deformations of the
power house cavern. However, in discontinuum model it was
obtained that joints parameters especially joints normal and shear
stiffnesses have remarkable influences on error function values.

In Table 7, results of back analysis for geomechanical properties
of melaphyry section and bedding part, stress ratio and joints
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Table 7

47

Back analysis results for Siah Bisheh powerhouse cavern in continuum and discontinuum approach.

Geomechanical properties Continuum approach

Discontinuum approach

Melaphyry section

Bedding part

Melaphyry section Bedding part

Young’s modulus (MPa) 10+ 0.5
Cohesion (MPa) 2+0.25
Friction angle (°) 44 +0.5
Poisson’s ratio -

Stress ratio (k) 1.2
Joints parameters

Normal stiffness (GPa/m) 20

Shear stiffness (GPa/m) 7.69
Cohesion (MPa) 0.1 £0.05
Friction angle (°) 15+2.5

9+0.5 16 £0.5 9+0.5
1.5+0.125 3+0.25 1.75+0.125
40+0.5 41+05 3805
0.23 - 0.24
1.1 1.1
30 30
10 10
0.2 +0.05 0.4+.05
20+25 30+25

Table 8

Comparison between computed values in both continuum and discontinuum models and measured values in 2rd instrumentation array.

Position of extensometers

Measured values
using extensometers

Computed values
in continuum

Computed values
in discontinuum

(mm) approach (mm) approach (mm)

Upstream wall EL. 1866 (EXT.1) 46.63 376 43.2

EL. 1858 (EXT.2) 40.1 36.9 58.3

EL. 1847 (EXT.3) 21.54 17.8 23.1
Roof Upstream roof (EXT.4) 11.95 14.8 15.24

Roof center (EXT.5) 36.78 36.4 18.23

Downstream roof (EXT.6) 17.25 213 14.6
Downstream wall EL. 1866 (EXT.7) 25.24 26.4 27.62

EL. 1858 (EXT.8) 34.13 28.6 42.6

EL. 1847 (EXT.9) 7.76 6.5 17.32

Table 9

Comparison between least square values of continuum and discontinuum models in 2rd instrumentation array.

Measured values using Least square method Computed values in discontinuum

Least square method in discontinuum  Computed values in continuum

Extensometers (mm)  in continuum approach (mm) (dg) approach approach (mm)
approach (dc) A=Y (d. — dw)in LSM = /A A=Y (d. - dw)in LSM = VA

46.63 37.6 43.2 3.48 11.58 1.31 9.87
40.1 36.9 58.3 50.88 36.8
21.54 17.8 23.1 3.12 0.27
11.95 14.8 15.24 0.02 1.2
36.78 36.4 18.23 36.68 38.23
17.25 213 14.6 4.99 0.78
25.24 26.4 27.62 0.17 0.63
34.13 28.6 42.6 21.78 7.97

7.76 6.5 17.32 13.01 10.15

parameters in continuum and discontinuum approaches are pre-
sented. The best way to present final results of back analysis is to
introduce them as a mean value and its amplitude.

In order to compare the results of continuum and discontinuum
analysis with measured values, deformations are obtained in sev-
eral locations of the powerhouse cavern where the extensometers
of 2rd instrumentation array are installed (Table 8). This array is
very important because there are many shear zones in this area.
Instrumentation shows large values of displacement and load in
this array. As seen in Table 8, computed values are in a good agree-
ment with measured values in both models. Because of delay in the
installation and reading of extensometers, the first part of defor-
mations were lost, therefore in 3DEC model measured data exhib-
its the values lower than the analyzed results. However, in PHASE?
model since as-built monitoring instruments, including their
respective time of installation were considered, therefore, the ana-
lyzed results show lower values in comparison with measured
data. Generally, numerical modeling results are close to reality.
In the following, least square values of each approach were calcu-
lated and it became clear that results of both continuum and

discontinuum approaches suits well with measured data. Table 9
provides a summary of the calculation results.

5. Discussion and conclusion

Back analysis is a practical engineering tool to evaluate geome-
chanical parameters of underground and surface structures based
on field measurements of some key variables such as displace-
ments, strains and stresses. These parameters are necessary for sta-
bility analysis and design of support system for geostructures.

Back analysis of Siah Bisheh powerhouse cavern during con-
struction using the finite element method and distinct element
method were carried out in the computer codes PHASE? and
3DEC. Initial values of input parameters required in the both mod-
els were based on results of geological and geotechnical investiga-
tions and estimated by empirical and theoretical methods.

The parametric studies were indicated that cavern response is
strongly dependent on the rock mass modulus, horizontal to verti-
cal stresses ratio and friction angle of joints. Based on results
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presented in Table 7, almost all rock mass parameters obtained
from back analyses in both models are in good agreement with
each other but the elasticity modulus of melaphyry section and
friction angle of joint parameters in both models show discrep-
ancy. This major difference between Young's modulus can be
explained by adjacent excavation openings, shear zones and non-
interference effect of rock layers in discontinuum model. It also
seems that the difference between the values of friction angle of
joint parameters is based on performance of softwares. This study
clarifies that the back analyzed value of Young’s modulus is more
representative for mechanical behavior of rock masses in a large
domain. Meanwhile, the results demonstrate very clearly that the
default assumed rock mass parameters for design powerhouse cav-
ern seem to be high. Finally, the least square values of each
approach were calculated and it became clear that results of both
continuum and discontinuum approaches suits well with mea-
sured data. 3 dimensional discontinuum modeling using 3DED
software were difficult and time consuming, therefore we propose
equivalent 2 dimensional continuum modeling using PHASE? soft-
ware for numerical modeling of Siah Bisheh powerhouse complex.
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Presentation Layout Why monitoring?

Introduction

1. To record the real values of and variation in geotechnical parameters
Mine seismic source mechanisms
2. To ensure safety during construction and operation
Seismic monitoring instruments and systems
3. To check the validity of assumptions & conceptual models; and ground
Seismic monitoring procedure
response.
Monitoring data analysis techniques
4. To control and implementation of ground treatment and remedial
Monitoring data interpretation
works
Real time design using seismic monitoring results
5. Provide feedback to the design loop and regular design updates to
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Summary
optimise the project.

3 Brady and Brown (2004) 4
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Real time Monitoring Conventional monitoring systems

¢ Traditional monitoring
— Piezometer
— Tiltmeters

— Extensometers
— Etc.

* Seismic monitoring

— Sensors

— Data acquisition instruments,

— Data transfer units (cable,
optical fiber, or wireless),

— Centre server with processing
software,

— IMS, SINOSEISM

SENOSEISM

Underground Instrumentation tools

© Mostafa Sharifzadeh 1
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How seismic monitoring assists mine design Observational method procedure

v Exploration

1. Exploring whether the mine is seismically active, ¥
v Most probable conditions and most unfavourable

2. Geo-structural investigation to detect seismic source mechanisms, conceivable deviations
3. selection of seismic monitoring instruments and design of seismic v Design based on a “working hypothesis”
monitoring network, anticipated under most probable conditions

¥ Selection of quantities to be observed
v Calculation of values under most unfavourable

4. Seismic activity monitoring, acquisition, processing,

5. Prediction of ground behaviour based on seismic data analysis, and

conditions
warning prior to rock burst. N i
&P v Selection in advance of course of action for every
6. Mitigation measures to prevent, reduce or manage seismic event forseeable deviation
consequence v' Measurement
7. Documentation of the event ¥ Modification of design .
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L L
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Factors to be considered in designing an Seismically originated backs of ore drive
instrumentation project failure
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Number of mine-wide microseismic monitoring
systems implemented in Australia since 1994

Number of Mine-Wide Seismic Monitoring Systems in Australia

3

-
o

NUMBER OF SYSTEMS
@

S | II

1994 1995 1096 18907 1998 1900 2000 2001 2002 2003 2004 2005 2006 2007
YEAR
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The advantages of applying monitoring and
observational methods in underground mining

Diminish design uncertainties
Flexablity-if change anticipated

Reduce control hazards
Benefits of Monitoring and
-_-{ Observational Methods
MANAZEmENt Strategies

Improve grouand suppart svstem

Modified after Rahimi and Sharifzadeh, 2017 14

14

___ Rock ing Design and
b=
Geotechnical monitoring and design update
procedure in underground excavations

{

i

Modified after Rahimi and Sharifzadeh, 2017
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Geatechnical Manitoring in
Underground Mines
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Introduction

Mine seismic source mechanisms

Seismic monitoring instruments and systems
Seismic monitoring procedure

Monitoring data analysis techniques
Monitoring data interpretation

Real time design using seismic monitoring results
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Rock Bursts associated with geological discontinuities

Stress redistribution from larger scale mining can lead to
reactivation of faults in the area or violent formation of
new fractures through intact rock.

¢ The most common type of large-scale seismic event is
fault slip.

¢ The damage caused by these events can be very severe.

* They can affect a large area and even be felt on the
surface

18
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Source Mechanisms of Seismicity

® Fault Slip
Or the movement of a pre-existing
geological structure, such as faults,
shears, joints and even tight
foliation

® Strain bursting (violent ejection)

local stresses exceeds the rock Strain burst',
mass strength and the rock mass ! f
deforms instantaneously A
® Pillar bursting
The load of a pillar exceeds the
strength of the pillar and the pillar
fails in an unstable and violent
manner
® Gravity collapse
Sudden collapse of a large volume of
rock material e.g. North Parkes

19
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Source Mechanisms
* Rockburst flow chart, after Ortlepp, 1997.
2l | Postulated source First motion from | Richter magnitude
Seismic event i (N
mechanism | seismic record | M
; . Superficial spalling with g ‘
Strain-bursting violent ejection of Usmafly u1.1de1e|..|.c.|i 0200
could be implosive
fragments
Outward expulsion of pre-
Buckling existing larger slabs Implosive Dto 15
parallel to opening |
Face erush Vel expulswn‘ot R | Implosive 10025
from tunnel face
Violent propagation of
Shear rupture shear fracture through Double-couple shear 20035
intact rock mass
Fautstp | Viotent enewed movement | Doublecoupleshear | 25050
on existing fault | 20
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Typical Local Rockmass Failure Mechanisms

(b) stress change
causing rockmass
fracturing near
excavations

(c) stope
overbreak

(d) contrast in
rockmass material
properties causing
strainbursting

eformation

e) crushing of mine pillars

after Hudyma, 2007).
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f) stress increase
ausing rockmass
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a) fault movement
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Five Mechanisms of Damaging Rock Bursts

Seismic sour'ce Mechanism ‘

Sfram- Face-crush Shear -

[ Magnitude M, | | -ozmo om 15 | [1.51025] [2.0103.5] [2.5105.0]
Instability ‘ ‘ Spallmg ‘ Euler ~type Slabbing, “stick-slip” release of
. : s crushing energy from strained rock
‘ Process buckling instability dilation around slip surface

Implosive "
Double couple fault slip

Required Failure very Free surface Stress > Shear stress exceeds:
Condition close to free > lamina strength in Shear Resistance to
surface thickness destroyed strength of Siding
volume rock

Seismic event 2
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Factors [ amcumi af |
d e |enery available|

intensity of
seismic

[rate of Bberation]
impulse ]

]

geological stnire or
major
Eervening to cause
reflection, shielding.
channeling or focusing of
stress transient

source frasticle motion: shew
distance ar

source [Ty path properties
dinemsicn

excavation
e
shape

Factors
mfluencing
site

s of rock: strengtli. britt] . ftwic,
structuire. intensity of induced frachuring

DAMAGE MECHANISM

response ite anplafication] characteristics of existing support: length. strength. density,
Frabizrd; sarwin vieldability, qualiry of comasmment ¢ladding
ety
disanbution
DAMAGE i cection | Im.--.-nu.. u.dl ' ummwu o | I “hake-out |
TYPE | displacemsent |
busckling graviey fall of ground associated with large. distant
enhancemnsent seisenic event

(Rockburst flow chart, after Ortlepp, 1997.)
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Classification according to damage caused by
seismic event

Author Amount of damage
_ Small seisuc events Large seismic events
f, :
. bups | hods | smnbut | enshbut
Microseisiue events Rockbursts
Suottetal. 1997 . :
stain burst ‘ enush bust ‘ slip burst
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Principles of seismic monitoring Presentation Layout

When the stress is redistributed in the rock mass due to human activities such as 1. Introduction
mining, sudden slip or shear may occur along pre-existing zones of weakness, such 2. Mine seismic source mechanisms
as along faults or within fracturing networks. This movement or failure results in .. . ..
3. Seismic monitoring instruments and systems
the release of energy in the form of seismic waves and is known as a seismic
event. P- and S-waves (compressional and shear stress waves) radiate away from 4. Seismic monitoring procedure
the rock mass fracturing source and, as these waves pass each sensor, a 5. Monitoring data analysis techniques
seismogram is recorded. N N R R
6. Monitoring data interpretation
isition and sl isplaying and . . . . . . .
Fachire so0tcn diton gt slgrls| | o ansemasion e e - 7. Real time design using seismic monitoring results
{2 —— - ! g
fi%r Data transfer units -
Sensors z 8. Summary
Dara acquisition Center server/ §
instruments processing software
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| |
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Instrumentation - Key questions Geotechnical Monitoring in tunnels

Tunnelling Instrumentation

® Which parameters will be the most appropriate
indicators of excavation performance?

® What are the inherent complications during
measurement of such parameters?

® What techniques and equipment are most appropriate

for measuring such parameters?

® Where and when do we monitor?

(CORE UsA 1997, Product
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Geotechnical Monitoring in tunnels Auto-Warning Telltale Single Height Version —
1 Model TTAW1
o » The Auto-Warning Telltale is based on a single height version of

Geotechnical instrumentation

3-D deformation monitoring Golder RMT’s standard TTWO1S water diverting rockbolting telltale.

»>It has four bright Light Emitting Diodes fitted to the underside of
Extensometer the drip tray. The LEDs are configured to begin to flash if the
5 movement on the visual indicator shows total roof dilation exceeding
5mm (or other factory set trigger value).

Safety
The Auto-Warning Telltale has been designed and approved to be
intrinsically safe to both IECEx and ATEX standards.

omm Warning Limits of Auta-warning T.T at Pinoura Mine

s €M Section
mm
Shotcrete strain ) ;: mm Smm : Setting of Roof dilation(Flashing LED Light)
Measuring anchor meter Pressure cells » :: 15mm: Alert of all workmen at working place
25mm 20mm: Withdrawal of Men and Machinery
30mm
2 P —— 2
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Tell Tale Extensometer
Tell-tales are a low cost, easily installed
monitoring device which will provide a
Continuous Visual Indication of the roof
Conditions
For monitoring
» Immediate Roof convergence
» Bed separation between layers
» Progressive failure height of the strata

» Ensure efficacy of bolting and influence of
extraction or development

> Fixed only in the roof of the gallery
» Mechanical type
> Manual reading of deformation

» Maximum height can be fixed is 10 m or
longer

31
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Developed Device for Monitoring & Communication

1

1
ZigBee node 1
sensing !
environment |
and router

Wireless
network

Surface ZigBee
gateway 'é
£
3
&
S d 2
ending an - =
| receiving messages i Underground S
ONIOFF swiches i ZigBee devices =

for ventilation fans

Ventilation fan

w
8
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Real-time monitoring system development
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System integration outputs

Moridi, Sharifzadeh, 2017

w
@
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Special Drone monitoring for underground exvations

ing Design and
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Seismic monitoring system components

1. sensors,

2. data acquisition instruments,

3. data transfer units (cable, optical fiber, or wireless),
4. centre server with processing software,

Senson
2
=
&
=
" T
GS Center server H
Data transfer unit £
Data scquhition instrument 35
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Micro-seismic monitoring systems:

IMS

SINOSEISM

Sensor

Data acquisition Data transfer unit Center sever

instrument

Fengetal 2017) 36
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Seismic monitoring process

b=

1. seismic waves (P- and S-waves) radiate from seismic sources,

2. seismic waves pass each sensor and recorded in seismogram sensor.

3. The recorded analog signals by sensors are sent to a data acquisition instrument for
amplifying and digitizing.

4. the electric signals are transmitted to the centre server through a data transfer unit.

5. The electric signals shown through display software; also, the source parameters of the
seismic event, such as origin time, three-dimensional location, radiated energy, and seismic

moment, can be calculated and shown.

6. The space-time seismicity in the source mechanism process can be established and

analyzed.
Fricmire o Acquisition and Data transmiss Displaying and §
digitization of signals | | time synchronizati processing =
— f b
Data transfer units ©
Sensors v 8
<
Data acquisition Center server/
instruments processing software 37
= =
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Selection of Seismic Monitoring System

¢ seismic monitoring systems are being developed for
different purposes, e.g., stability assessment of large
underground caverns, rockburst warning in tunnels and
mines, and mapping of hydraulic fracturing.

* The microseismic monitoring system should be chosen

with regard to the monitoring objective.

Xiao et al., 2016

w
&
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Monitoring systems
* Geophone
— R
— Transforms seismic energy into electrical
voltage _
— Moving coil or moving magnet type e > =]
— Moving coil: e i

— Coil suspended in a magnetic field using
springs.

— Magnet fixed & integral with case.

— Seismic wave causes magnet to move
whilst the coil stationary

— Relative movement of components
generates a voltage.

— Moving magnet:
— Same principal - opposite components
moving and stationary

39

ock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering ~ Dec. 15", 2019 - Shahrood UT

1- Sensors types

¢ The seismic sensors are the elements that can detect the elastic waves
caused by rock mass fracturing and can convert the elastic wave into an
analog signal.

* The types of sensors are divided into two main categories: namely,
geophone and accelerometer. sensors can then be further divided into
sub-categories for uniaxial and triaxial wave recording according to the
number of sensing axes.

g

&

. . 3

(@) () (€ H

Sensors for seismic monitoring: a surface type, b borehole type of uniaxial =
geophone, and c borehole type of triaxial accelerometer 2
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Monitoring systems

® Accelerometer

— Sensor output @ acceleration of the rock
mass

— Mass mounted on top of piezoelectric
crystal element coupled to a supporting
base

— Seismic waves cause the mass to exert
inertial force on the crystal
proportional electric charge.

— Charge @ acceleration @ measure
acceleration of rock mass

© Mostafa Sharifzadeh

® Velocity record of rock movement by integrating

® Velocity record of rock movement by [ |

® Geophones better suited to low frequency, high

® Accelerometers better suited to low amplitude,

Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 ~ Shahrood UT

Monitoring systems

accelerometer results
differentiating geophone results l ]
amplitude seismic waveforms

high frequency waveforms

Both sensitive to ground motion in a single

direction.

Require 3 mutually perpendicular (example in

image)
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1- Sensors types selection 2. Data Acquisition Instruments

The types of sensors to be used are mainly determined by the scale of the
monitoring project, the monitored objects, rock lithology, and the
monitoring purpose. Table shows the project type, the monitored area, the
linear dimension of the area, the type and number of sensors used, the
frequency width of the sensors, and the moment magnitude range.

¢ The data acquisition instrument, which encompasses devices
responsible for the conversion of amplified analog signals into
a digital format, is the core component of a seismic
monitoring system.

* data acquisition instrument can be divided into three parts:
Table: Sensor selection referred to in the literature where seismic monitoring has 1. the preamplifier: to amplify the analog electrical signals recorded by
been performed in tunnels, rock slopes, and caverns the triggered sensor,

2. the analog—digital converter (A/D converter):transforms the
continuous analog signal into a discrete digital signal.

3. the embedded data acquisition computer (DAC) which provides time
stamp marks for the recorded signals. It could be between 3 and 24,
or even 48 channels.

In order to avoid frequency aliasing, the sampling rate should

be 5-10 times the maximum in the main frequency range of

rock mass fracturing events.

[rre— Prewitipe  Wsssd Aire

Xiao et al., 2016
.
Xiao et al., 2016
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2. Data Acquisition Instruments 3. Data Transfer Units
In order to avoid frequency aliasing, the sampling rate should be 5-10 times The data transfer units transmit the seismic data to a centre computer for storage

and processing and provide time synchronization for each data acquisition
instrument. The data transfer units can be divided into three parts: sensor to data
ple of a freq y spectrum analysis for rock mass fracturing event acquisition instrument, data acquisition instrument to centre server, and centre
server to departments of decision making and data processing. Typical data transfer
units are shown in Figure.

the maximum in the main frequency range of rock mass fracturing events.

Main frequency band [f. £2]

Example of typical
(0,707 Agnans 1) data transfer units in
a seismic monitoring
system: a the data
transfer units
between each
component; and b the
main form of data
transfer units

Diata relay stasion in fickl

Cable or optieal fibre

Ampitude( 107 m/s)

| s scquisitien i

Xiao et al., 2016
Xiao et al., 2016

0 100 200 300 400 500 00 TOH Sy SHMY 1600

Frequency(He)
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4 - Centre Server and Processing Software Seismic monitoring system layout
The center server for setting and mastering the seismic monitoring system is
needed for recording the seismogram data from the data acquisition
instruments. The server must be adapted to work long hours, or even for
several years. Therefore, the center server should be placed in a region which
is dry, safe, and has a guaranteed power supply.

the center server should have a double network card: one is for updating the
monitoring data to the analysis location through the internet; the other is the
communication interface of the monitoring system. System monitoring
software is required for displaying the working condition of every device or
component of the seismic monitoring system in real time.

Some hardware filter rules are established as:

trigger threshold to execute event detection by seismogram processing
software, such as signal-to-noise ratio (SNR).

* recorded frequency width and minimum signal amplitude. ;
« Short Time Average/Long é
¢ Time Average (STA/LTA), which is a measure of the SNR function,
47 Chen etal. 2011 *®
= _______________________________| = |
47 48
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Monitoring systems

i)

® Guidelines for a minewide seismic monitoring

® Number of sensors required

—A function of the volume of ground to be monitored

— Intersensor spacing = 150 to 300m

—Small array = 8 sensors; large array = 12 or more sensors
® Surround the volume of interest
® Not all sensor are used for each event
® Source Location
® Sensor configurations:

—Uniaxial sensors: Location of seismic events

—Triaxial sensors (3 uniaxial orthogonally mounted): for
estimating parameters such as seismic energy, seismic
moment and event magnitude

® $40 to $400K (Turner and Beck, 2002)

49
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Presentation Layout

4. Seismic monitoring procedure

50

Design and in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT

Seismic monitoring procedure

1. Preparatory Investigations
2. Array Design for the Sensors
3. Installation

4. Calibration

5. Monitoring

51
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Array Design for the Sensors

Three types of spatial relations between seismic source and sensor array:

b

a. source a inside the sensor array,
b. at the edge of the sensor array, and
c. outside the sensor array

# Microseismic source I sensor

Xiao et al., 2016

@
Y
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Principles of sensor array layout design:

1. The sensor array should surround the monitoring objects as far as possible to ensure the
accuracy of source location.

2. sensor spacing will depend on sensor performance and required monitoring sensitivity;
each position in the monitoring region should be covered effectively to satisfy the
demand of event location accuracy.

3. For the critical locations and those with fi ble potential i ility, the density of
layout sensors should be increased by increasing the number of sensors and reducing
the sensor spacing.

4. The data transfer units depend on the sensors’ layout and their convenience and
security should be considered when designing the sensors layout to ensure continuous
and accurate monitoring data.

5. During the entire monitoring process, the sensors should be supplemented in areas of
adverse geological conditions and those regions with a risk of rock instability.

6. The influence of noise (such as from blasting, electrics, drilling, and construction
vehicles) on the seismic signal should be reduced as far as possible.

7. The whole sensor network should have good ‘self tolerance’: when the sensors in a
certain region do not work, sensors in other areas should still guarantee the basic
monitoring in that region.

Xiao et al., 2016

n
&

53
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Approaches to sensor layout design

1. Semi-empirical method, such as the optimal design methods of C-optimality and
D-optimality (Kijko 1977; Mendecki 1997). Firstly, a series of sensor layout
schemes are prepared according to expertise. Then based on the spatial
positions and minimum resolutions of peak particle velocity of sensors, the
standard location error and monitoring sensitivity at each seismic source position
can be evaluated.

2. Intelligent optimization algorithms, such as the DETMAX algorithm and genetic
algorithms (GA) (Rabinowitz and Steinberg 1990; Gong et al. 2010; Maurer et al.
2010). The objective function should fit the demand of location accuracy and
sensitivity. Then based on the given optimization algorithm and objective

function, the optimal scheme can be determined through continuous search.

Xiao et al., 2016 54

54




CEME Workshop - Shahrood University

CEME - 15 Dec. 2019

ﬁ____ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Sensor layouts in tunnelling
e For tunnelling the sensors, in the form of 2—3 rows, are
often placed behind the working face at a certain distance
back and are moved forward repeatedly following the
excavation process as shown in Figure.
¢ a) D&B construction and b) TBM construction

Excavation direction

Working face

Xiao et al., 2016

(a) (b)

w
&
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Sensor layouts to monitor brittle sudden failure at

Face and along excavation
Potential rockbunt

A .
o = Potantial rockburst W
& . - s working face [ nest warking lace

Several groups of micraselymic
sonsees were 3t up just

Groups of microieimic
sansors were moving with the

S4IOC behind the warking face $ENSOF  orking face
o L
P Workng face
> Endure banic monitoring
%Grnum of microseismic sensors Foed for
potential rockburst far from working face
(Modified after Feng etal. 2017) 56

56
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sensor layouts for seismic monitoring of rock mass
fracturing in a large carven

) Pro-existed openings - Embedded sensor

Example of sensor layouts

for seismic monitoring of v A . i

. i Tobeaxaated
rock mass fracturing in a - RS e
large carven complex: .
sensors a located using pre-  w Enbedced sensors botore excaation
L. . O Added sensors during excavation process

existing openings before

b}
excavation and b .o e

/ LRt

dynamically added via the Ce. A

excavated region during the i g S P

Xiao et al., 2016

excavation process .

w
<
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Sensor layouts in Mining

» For mining engineering, the sensor layout for largescale mining areas
can be used for overall monitoring and local stope monitoring.

» For large-scale mining areas monitoring, sensors are arranged using pre-
existing tunnels in each sub-levels.

» As the scale of mining areas can usually reach thousands of meters, the
sensor array should cover the whole mining areas as far as possible.

» Therefore, enough sensors need to be arranged at each side of the
stoped and caved volumes to meet the demand of event location

accuracy.

Xiao et al,, 2016 58

58
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Sensor layouts for seismic monitoring of a mine:
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® Schematic of typical seismic
monitoring system

® Sensors distributed in boreholes
in 3D array throughout mine

® Sensors linked by digital or
analog connection to central
processing computer

Hudyma et al, 2003 59

59
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Typical ESG seismic monitoring system setup

In a typical ESG (Engineering
Seismology Group) seismic
network, sensors record the
ground motion radiated by
rock mass failure and it is
transferred across copper
cable to Paladins (digital
seismic recorders). The signal
is digitized and relayed to
computers on surface
through a fibre optic
network. Figure 8 is an
example of a typical ESG
seismic monitoring system
(Collins et al., 2014).

BrownL.G., 2015 60

60
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Sensor layouts for seismic monitoring of a mine:

Pre-eisted tunnehi

Orebody  Stope

\.

)

Vein
a-located using pre- s

existing tunnels in each

{ 1Y
sub-level for large-scale

monitoring;

b-located for a typical

Bre-caisted turnels Mining direction: from middle to the two sides

stope before mining

and

c-dynamically added in

ﬁ: Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT

Seismic Network system

* Figure Top: Plan view of the Inter-

Mountain Seismic Network
broadband stations and
accelerometers/short period

stations (triangles) as well as the
areal extents of the active stopes

(rectangle).

further tunnels during § * Figure Top: a section view of the in-
the mining process :: mine  seismic network  (red
°
W Embedded sensoes bedore mining 03 Adsed sensors during mining = cylinders), stopes (blue solids), and
by}
o b 61 drifts (grey solids)
61 62
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Sensor locations at Argo mine Number of sensor per mine area
- 7 ® 0.0 < Mmin <= +0.3]|
Underground Sensors " | =prrercbay
dF
P i T L .20 a5 1% L e 20 cuminaas
'] =Nt A 8 Wmin <= 20
2 - g 4
#
T»
L.
ir 8
ol
e Ll 0.0
|
. . 230,000 300,000 730,000 1,000,000 1,230,000 1,500,000
Ares MONROED (SQUATe Matres)
Comparison of the number of sensors in the array, the area
monitored and the sensitivity (Mmin) of the microseismic
® Oporationsl Senaors ® Recently installed sensors monitoring system, from a compilation of data from 35
. . Canadian and Australian mines
Sensor locations at Argo mine 63 (Hudyma 2008 64
63 64
ﬁ: Rock Engineering Design and in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT
Installation procedure Sensor installation process
1. Drilling: Too small a borehole diameter will lead to the sensors not a- tying the sensor
being able to be installed. and exhaust pipe
2. Cleaning: The gravels, water, and other residues in the hole caused by together,
drilling should be cleaned. b- sensor is placed
3. Laying of sensor, grouting pipe, and exhaust: For horizontal and to the borehole
downwardly inclined holes, an installation beam is firstly used to place bottom,
the sensor at the borehole bottom. Then the installation beam should .
c- sealing of
be withdrawn, and the grouting and exhaust pipes are placed into the orifice, and
borehole. - .
S d- grouting =
4. Grouting: The borehole orifice should be sealed within a sufficient = =
distance (e.g., 300 mm) before grouting. g g
65 66

65
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Sensor Calibration
A calibration can be achieved with low-energy explosives,
or a controlled point source and shear devices. The
calibration shot (e.g., explosion) allows a check on sensor
first motion polarities, and to see if all sensors are properly
installed (rock/sensor contact surface). Relocating the
calibration shot can serve as a first estimation of

measurement and

intrinsic errors involved in the

hypocenter location algorithm.

67
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Xiao et al., 2016

@
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Monitoring process

1. Ensuring continuous monitoring is the first priority.

2. An on-the-spot survey should be executed daily by staff familiar with
engineering geology and rock mechanics, and trained to recognize
geological conditions and typical damage of the rock mass, such as
different types of collapse, wall caving, and rockbursts.

3. Those analyzing the data should obtain the monitoring data initially and
make an initial evaluation as soon as possible. By combining the
seismicity and survey information, a proper interpretation for analysing
the state of the rock mass can be given.

4. A database for storing the above-mentioned information is required.
This database should include the information about the state of the
system, geological conditions, construction events, damage of the rock
mass, seismicity, and a comprehensive analysis with conclusions.

Xiao etal., 2016

68

Xiao et al., 2016

@
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ing Design and

Data Calculations and Processing procedure
1. Diagnosing the Actual Rock Mass Fracturing Signals,
2. Location of Events and Velocity Calibration,
3. Calculation of Source Parameters,

4. Presentation of seismicity for a Rock Mass Fracturing

in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT
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Diagnosing the Actual Rock Mass Fracturing Signals

The diagnosis operation can be divided into four parts:
1. typical collection of signals for each seismic source,
2. Characteristics analysis for typical signals,

3. Choosing the method of recognizing a signal,

4. Choosing the digital filter.

Example of diagnosing a rock mass fracturing signal: a input information,
waveforms recorded by the seismic monitoring system, and b output information,
waveform of rock mass fracturing

o g
Process. 8 L b
= & extraction =
3 3
g g
Timeqs)
Xiao et al., 2016 69 (@) 70
Rock Engineering Design Approaches and challe (s} b utr ock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 — Shahrood UT
Examples for typical time domain : Classification and characteristic descriptions of
waveforms of seismic signals in seismic S|gnals
tunnels: Signaks types Charscterisic description
a—c) different waveforms of rock e 2 Rock mas facture The fracturing signal of a rock mass penesally K a fess than 1 5 The mek mass fracuring
! 'lI||II'5|||'I|rII|| il i gl cisgninade f I
mass fracturing signal, : ﬁ | in Fig. la=c
] | | \ ‘ Flectrical f various electrical compe
d) electrical noise, 'I I r|||||h || (U ble grounding hus ver
e) drilling, Deling
racte i Ix‘ |h IIlJ iple »uh nalure. 1]k— wavel
" P
f) blasting, frequency mainly cons
g) Mechanical vibration of TBM, Blsiting
of a drilling si gnl, The blas sigeal received by e\ m.,.h st s a frg
and i |I'x' range of 100-; 400 Hz, with amplivade grivade of N L s The waveform
dhcanuiduics of y 'plu\ blast sigrals are shows in Fig. 141
: : PR 2 Mecharical The meschanical vibration sigasls are mainly pemerated by the operation of constrection eqapment, such = TEM movement S
h) vibration of a machine in a 8 vibration o hemvy vebicles passing, The smpiitude of this signal depends on the vibratice strength, s shown in Fig. Ldg. b &
. = Unknoan B adinion, there may be ogher signads with different wavefonn characteritic, bat for which no clear signal sources have S
D&B tunnel, e.g., construction T beea fossud 0a sito—which may be & result ofthe superimposition of various ambiert oisés. 3o these signals require 3
. g furher anakysis s
vehicle and blower = - <
T 7 e :
L Tumeis) 71 72
[ = L —
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Location of Events and Velocity Calibration

ﬁ= Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 — Shahrood UT

Location of Events and Velocity Calibration

Loy —Ly Al
Al =hsps —hps=———=—

. Dependant S the Bieis The principle of source location. tis ks e’

to S-wave separation the moment when seismic wave

arrives at the i-th sensor, tois the e
+ Dependant on velocities

The radi

occurrence of the fracturing source, L *

V is the elastic propagation velocity

in the rock mass media, x, y, and z:
are the coordinates of the i-th

sensor, and x, y, and z are the

location coordinates of the

fracturing source

Xiao et al., 2016

Brown L.G., 2015 73 . -

N
=

73 74
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The operation of rock mass fracturing source location
can be divided into the following four steps:

ﬁ= Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 ~ Shahrood UT

Finding the location of trapped miner

1. Determining the arrival times of the P- and S-wave:

2. Calibration of the elastic wave velocity:

s:_...,-n

Loty 4 A

3. Choosing the location method of the fracturing source:

4. The representation of fracturing source location results:

3 R v ——
z o, = Maximum amplitude 1] 8 AcwiSwe ol A
£ 21 Powave arrival m AR ] o i s P
£ | i
o0 : L i o
3 § - g
K 1 In - o
- I ; "o -
= Sewave arvival . o . .
| g g
022 0 o : o
9 » 40 “w - 0o um e = —
Timets) Blasting sensee dstanceim) B <
. . . . . . 2 S
An example for picking the arrival An example of velocity calibration £ i N O I || 2
times of the P- and S-waves 75 9 WM W0 W S0 G400 TS 2
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Example of source location of seismic events in a Cha||enges in effective clustering of Microseismic

rock mass fracturing process in a deep tunnel Events
i * 1. The noise in the data population.
06 Sep 2010 02401 Microseismic event
: :: ::: ::3;: (9/ ¢ 2. The accuracy of the hypocentral location.

08 Sep 2010 040554

08 Sep 2010 203741 Excavation direction

® Sep 2010 131139 S Z-Up, Y-North ¢ 3. Choosing the appropriate cluster resolution.
10 Sep 2010 054325
10 Sep 2010 211723 Working face . . . . .
11 Sep 2008 ORI & (5] (] X-East . ¢ 4, The static and dynamic nature of seismic sources in
12 Sep 2010 072308 3

2 mines.

<

Xiao et al., 2016

77 78
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Comprehensive Seismic Events Clustering (CSEC)

. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019 - Shahrood UT

Presentation Layout

NI Tt

Plan view of a mine
showing 193 CLINK
clusters (top diagram)
which have been re-
5. Monitoring data analysis techniques
grouped into 10 cluster
groups (bottom diagram)

using the SLINK clustering

process
(Hudyma 2008) 80
|
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Calculation of Source Parameters Calculation of Source Parameters

o POSitiOﬂ in space (X Y Z) and Tlme * A seismic event is considered to be described quantitatively

when, apart from its timing, t, and location, x = (x, y, z), at

Strength of the event
— Magnitude and

least two independent parameters pertaining to the seismic

source are determined reliably: namely, seismic potency, P,

— Energy which measures coseismic inelastic deformation at the
. SOU rce dimen sions source, and radiated seismic energy, E.
— Moment and ¢ The mean ratio of displacements at near-field, intermediate-
— Source radii . field, far-field, U.:U:U, for the seismic moment having the
- Stress release i ramp function of a sufficiently short rise time can be
— Static stress drop and B estimated as follows ignoring the radiation pattern
— Apparent stress ,: iaoetal, 2016 o
81 82
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Calculation of Source Parameters Presentation of seismicity for Fracturing Process
* 1. Seismic potency, P (m.): Pos = dmopsR 0PS P
Gps Example of the evolution

¢ X.amplitude of the low-frequency displacement spectra

¢ X.is the root-mean-square value for the radiation pattern of
far-field amplitudes averaged over the focal sphere, and x.= o
0.516 for the P-wave and x.= 0.632 for the S-wave, a A number of seismic *

2. Radiated energy (J): it Hichuieens evess

events, and b the spatial [l "o °
- R distribution of | B %m_..-
E=FEp+Es. Eps=duppsk !_f E ] i

of seismic events versus

time in tunnel monitoring.

s accumulated seismic o NN . o 0g O
Firstday Second day
L. events

¢ 3. Seismic moment (Nm): ;
: ] (The section of tunnel is ]
=2 oM — ] oz P s s
) m=2/3logM —6.1. ‘ s arc-shaped and its size is s
— E - g (@] g
. TP~ 1P P £ 13m98m) £

Third day

®
&

®

®

83 84
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Presentation of seismicity for Fracturing Process

in)

Example of
seismic energy
versus time: a
seismic energy;
and b energy
index on three

consecutive days

Xiao et al., 2016

o
&

. Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15, 2019 - Shahrood UT

Presentation of seismicity for Fracturing Process

i

Example of the
evolution of seismic
apparent volume
versus time: a seismic :..._
apparent volume,
and b the cloud of
accumulated seismic
apparent volume on

three consecutive

Xiao et al., 2016

days

Thied ey

©
&

in Deep Hard Rock Mining Engineering — Dec. 15, 2019~ Shahrood UT

. Rock ing Design and
h=
Presentation of seismicity for Fracturing Process

«  Example of evolution with local magnitude 1.2 occurred of El and accumulated apparent volume versus time. The
characteristic pattern of dropping energy index and accelerating cumulative apparent volume prior to a large
seismic event (local magnitude 1.2 in this case), from seismic data recorded at the Jinping Il hydropower station in

China
Encrgy index —)-[ ]-_”l_u

"t»h

Accurilatcd apparcnt volume ——3

An event with local magnitude 1.2 occurred

14 008

&
Energy index

Xiao et al., 2016

e [ET) (%] 64 I e 610 [T

Data { month-day}

®
I
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Seismic Source Parameters

* In order to provide a meaningful description of a seismic event, the event time,
location and two additional independent source parameters are required
(Mendecki et al., 1999). Additional independ: ismic source p S
include: energy, moment and size. These parameters can be further
manipulated to generate y source p s such as magnitude and
apparent stress.

1. Time

2. Location

3. Event magnitude

4. Seismic Energy

5. Seismic Moment

6. Apparent Stress

Brown L.G., 2015 88

88

Design and
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Seismic Analysis Techniques

allow for ingful

Seismic lysi hni
observations and conclusions to be drawn from seismic

databases or subsets within the data. Various techniques

provide insight into data integrity, seismic hazard, stress
conditions and the general normal/abnormal rock mass

response to mining.

1. berg-Richter F -Magnitude Relation s

2. Magnitude-Time History
3. Energy-Moment Relation
4. S:P Energy Ratio (ES:EP) S
5. Apparent Stress Time History (ASTH)

6. Seismic Hazard Mapping

Brown LG., 2015

89
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2

Seismic parameters suitable for failure analysis

* The parameters that were found to best characterise the
failure mechanism and hazard at a source include:

* The frequency-magnitude relation of events.

* The timing of events as a result of stress field changes
(caused by mining or blasting).

¢ The timing of larger events versus smaller events.

¢ The ratio of S-wave to P-wave energy.

¢ The level of stress (Apparent Stress) associated with the

failure process.

Brown L.G., 2015 90
L —
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Presentation Layout Time dependent deformation mechanisms

1. Elastic movements:

® Associated with stress and ground modulus

® Reaction of rock mass to excavation unloading
2. Creep movements:

® relatively slow time and stress dependent
movements

3. Cracking and dislocation
6. Monitoring data interpretation 4. collapse

Need to differentiate between “cracking
and dislocation” and “collapse” since
slope may remain serviceable.

92

91 92
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Movement characteristics Trends in Slope monitoring results — Will it Fail?
AT TR \ -
® Regressive system: sureate cotcarse

e sstem
e ) PROGRESSIVE
v 1D / /’ \ i V H
msmonss svrow \ 8 E : ; f_
iy AT A - if i §
Sl R oot STEADY STATE S ey e -
o c@lﬁwf

* Common

* Typical of simple control mechanisms

* Points 1, 2 and 3 show a decelerating trend. Usually
related to an external event (rainfall, blasting etc) ‘No'
® Progressive system:

TOTAL BIFPLACEMTNT

® Shear stress greater than shear strength.
* Positive exponential displacement.
* Timeframes may be quite short (days rather than

£ ‘Probably not, but
¢ keep watching’

months). — Te /)
® Transitional system:
Ater Zavodi, 2000 .
* Commence as regressive failures then move into | ‘Probably not, but
progressive failures through a transitional period. 2|

*/V\_  keep watching’

® Stick-slip:

* Sudden movements followed by periods of little or no movement.

* Usually movement caused by rainfall, blasting etc.

Time

94

93 94
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Final comments (zavodni, 2000) The frequency-magnitude relation of events
1000 1000
® Regressive and progressive slope movements are only expected after a ] —_Clstron F D
| — —bvaue
period of initial response. T { b=15
yo IEERN
® The period of initial response and strain hardening may take several H —— : 2 ‘
5 [ b=05T 5 [
days to several years during which movements proceed at decreasing ‘:é N E 3\
rates. 2 4 2 . \
. ) ) ’ LN
® Regressive and progressive slope failure in large slopes range from a N
N \
few days to 700 days. '25 20 15 40 05 oo 05 19 15 20 25 30 '35 35 a5 a5 o5 oo on 1o 1o 20 20 a0
Local Magnitude Local Magnitude
95 96

95 96
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The Magnitude-Time History Analysis

o —tn
Magnitude-time history charts of pot fr :
two different seismic sources. The !f ' ':!
top graph is indicative of a low ;:E “‘i
hazard as the seismicity tends to :,j : 1
respond to the blasting activity and ;:,' :

is of low magnitude. The bottom
graph is indicative of elevated
hazard, as relatively large seismic

events occur independently of

Comama it st

blasting activities
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The Diurnal Chart

* (u]‘“’

S aten

Two examples of

diurnal charts. The

Pumber o vt
BR2XBBES

top chart shows a

case where seismicity

_thllhlll

is not dependant on
blasting whilst in the
bottom chart, the

Fastar of Brert

seismicity is highly

responsive to blasting l they l'
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The S:P Energy Analysis

Cluster 18

S wave to P wave energy ratio

for two cluster groups (cluster 18

on the left and cluster 10 on the

right). The distribution from

]

woan

cluster 18 shows a dominant

shear mechanism whilst cluster

10 on the right shows a

dominant non-shear (volumetric

stress change) mechanism

RERRRRERER

]
i
s
8
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Apparent Stress

-
8
e
'.

Tog10{ Apparent Stress (Pa})
in
8
e

-
175 e
Aug05
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ﬁ__ Rock Engineering Design and

Location, time and sizes of seismic events

Location, time and sizes
of events from the
combined catalogue.
Events are sized
according to log P and
coloured according to
time. The existing and
planned future mining
are displayed by grey
and pink wireframes
respectively

Chalmers et al., 2017 i 5 - 101

101
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Recorded and modelled seismicity

Recorded
seismicity (top)
and modelled
seismicity
(bottom) for
Renison mine
after
Malovichko and
Basson (2014)

Chalmers et al., 2017 102

102
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Recorded seismicity (top) and modelled seismicity
Rockburst damage scale . -
L em meme ~ (bottom) for Renison mine after
. - —ewsena

Fig. Empirical chart o o
relating to ground am
motion (ppv), the i i i
excavation vulnerability 3 . !
(EVP) and the potential - E g
rockburst damage. e
Isoprobability
Iines of damage :;:Il"::‘k Rk e darmsge Syt dhastagr

" o ok, nage or mano 0 darmage i the u ol wysiem
equal or exceeding R4 ; Tk e T

B Miswoe damupe. beus (has | 1 Sapguer syiem n kisded, b In
are given N e, plnes et

e i

Ry

Malovichko & Basson (2014)
103 104

103 104
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Ground motion hazard
Calibration of Numerical Models
The seismic hazard can be .oy ii0pen
assessed using both “mm* | .
recorded and modelled
seismicity. The results are dom
then converted to ground
motion hazard by applying o
a ground motion prediction |
equation (GMPE) and a MC
simulation taking  the s
variability of the GMPE
equation into . T 1 1 - e
ideration. | f 2 =L LR
of PGV can be generated for | 1 1 | - Sy g e g 5651
B £ =% £ . e (3050 and 3200 L) at CONM. "
different probabilities of * IR I O L B B B : e : U: i
exceedance.
Trifu and Suorineni (2010)
Malovichko 2017 105 106
105 106
D . B Ton s e e e ek e e T ﬁ___ Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15t%, 2019 — Shahrood UT
Where is the Highest Risk?
[ 15 - Y | i : Plan view of a stoping area of
: x: a mine showing an example of

10 seismic cluster groups (top

diagram), also expressed in

terms of seismic hazard of

Rehab! . )
individual sources (middle
diagram), and shown as
seismic hazard on mine drives
(bottom diagram)
Kaiser, Vasak, Suorineni and ﬂdbod 12005) 07 108
== =}

107 108
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Presentation Layout Sudden Brittle failure process
1. Introduction Sudden Brittle failure
process
2. Mine seismic source mechanisms T ey
adjacent construction, seismic)
3. Seismic monitoring instruments and systems St concaniration seound
. . . . [Strain emergy accumlation)
4. Seismic monitoring procedure
5. Monitoring data analysis techniques
6. Monitoring data interpretation
I . . . . . . . I {Sudden bigh anmegy refasia)
7. Real time design using seismic monitoring results eneegy elessal
8. Summary
109 110

109 110
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Classification of sudden or unstable failure - .
. Prediction of rock sudden failure prone zones:
mechanisms .
1. Comprehension of Structural
geology, lithology and stress
condition of the area, which . L
. . Serar Dt Acmbsin e Qs ifer ot Conerol room sarvir
infers to sudden failure prone auersssne ponsreg sem
hazards, ’ \ 3P )=
; fap S WHAN
2. Experimental tests on intact X ' 7 seemen 3 s
rock samples which indicate L, ¥\
brittleness, bt i smirboormyird
3. Seismic monitoring during B °
excavation and careful count = _ &_., o O
Of SeiSMIC eVENts tYPES AN g siosinstmane st o o ) g o
magnitude.
AgLawe, 1999 111 112
- ]
111 112
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Real time warning and dynamic control of rockburst Rockburst dynamic control process.
< seismic activity represents the evolution of seismic sources and their potential « (a)Warning and reduction of rockbt s

trends so seismic monitoring provides an approach for indicating the real time
rock mass behaviour during tunnelling, which can also be used as a tool for the
real time warning of rockburst risks.

change in TBM excavation advance

<+ In the tunnels, the seismic monitoring provided new information, so one of the
important results was that rockburst risks and damage potential could be
assessed from the seismic information or seismic parameters.

<+ Treatment to reduce rockburst damage or some approaches to control rockburst
i ities could be ad d and used.

September 6th—8th during which time
,* rockburst risk was not controlled (left
part) and during September 9th-11th
during which time the rockburst risk
was controlled successfully (right

i
E(b) Location of seismicity during
!
]
z

< Seismic monitoring can identify the effects and effectiveness of these
treatments and control approaches.

BT B3 ba 55 b 57 TH A S S A S0 SN S0 e SID
o oy

<+ Adjustment of the treatments and control approaches may be employed based
on the evaluation of the effects and effectiveness.

<+ In this way, the process can be dynamic and be related to ‘dynamic excavation ¢
and dynamic support’. part),

113 Feng et al., 2013 114
S — L —

113 114
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Monitoring network of rock burst in tunnels

Office 1 Ne"“"bri-
Office 2 / Menitoring
center

/ : -

office n Eelact

2,

1

5.

- e e ; 140
Chusinage (m)

Optical fiber, cable or wireless bridge

lane

Microseismic monitoring system

115
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Monitoring results

Basic microseismic monitoring results used for rockburst
warning after microseismic monitoring data analysis
1) Spatiotemporal distribution of microseismic events

Magraude Microselsmic event-

am

... -]

247 (<]
300

oar anel

Pre

087 = ‘Warking face-

O e o ©

First day Second day

Third day

116
L
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(== RockEngineering Design and

Monitoring results
2) Evolution of microseismic parameters with time

P M g b ettt

2

3

it i e sy
P

G o
1

[ -

Cum.: Cumulative

117
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Monitoring results
O Warning result

Location, intensity, and probability of the
rockburst

O Warning purpose

According to the warning result, proper
engineering measures can be taken to
mitigate the rockburst risk

118

118
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ﬁE Rock Engineering Design and
Monitoring results — warning
For most of the rockbursts

in tunnels:

1. A series of fractures
associated with the
rockburst development
process can be monitored
in situ by microseismic |
monitoring technique

2. Microseismic events in
spatial distribution
approach nucleation with
evolution of rockburst

119

119

© Mostafa Sharifzadeh

ﬁ: Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15", 2019 ~ Shahrood UT

Monitoring results — energy distribution
3. Spatial distribution & energy of microseismic events,
temporal distribution of the number of microseismic
events during development processes of rockburst
reveal fractal structures and self-similarity
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Monitoring results — warning

Therefore, in most cases, warning of the a
rockburst in a given area can be issued by using
the in situ monitored microseismicity in that

area.

121

121
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Monitoring results — Warning

Characteristics should be considered for
rockburst warning in tunnels

1.The microseismicity associated with rockburst
development process induced by different
construction methods, TBM tunneling or drilling &
blasting, are different

S of et REAE Bty

P o T e
i» i, A &
t.l o TBM | w8 £ | DRB wE
i . B g 5t
= * i B ¥
$x L £ % * -:o;
£ %, a 3,4 {

1o : - i T v”'\:\-mi
| o T, R o s, PN 10 | in-é: : P Y

17 14 19 130 A1 192 103 B4

R N L]
Time [ dag) Tirme marth day)

O = Slight rockbuvrst, 7't — Moderate rockburst, ¥~ Intense rockburst
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(== RockEngineering Design and

Monitoring results — Warning

2.Rockbursts can be divided E“‘“*”::;“;‘.” g

into different types, witha |° At L

different levels of 1 - '

microseismicity 3 y tl
Case example at D&B tunnels “ —

Cuam.; Cumudative

& o A i B s e e PPty

A e M e . war o s 1
o 4
. i
’ -1
[ - s
1ina| =7 1
iak
| H
o — ——— oo
- R e e
8 Lrre—

123

ﬁ= Rock Engineering Design Approaches and challenges in Deep Hard Rock Mining Engineering — Dec. 15%, 2019~ Shahrood UT

Monitoring results — Warning

A method for quantitative warning of rockburst
at tunnels using the in situ microseismicity

m-construction method: D&B, TEM
r- rockburst type: fault siip rockb etal.

P =YWy
=l

I-rockburst intensity: extremely intense, intense, moderate, slight, none
J-the jth MS parometer:

For D&B: Cumulative number of M5 events, Cumulative M5 energy, Cumulath
MS apparent volume, MS event rate, MS energy rate, and M5 apparent volume
rate;

For TBM: Cumulative number of MS events, Ci MS energy, C
MS apparent volume, Number of MS events in real-time, M5 energy in real-
time, and MS apparent volume in real-time.
P probability of rockburst intensity i
P, relation between j and i
w;- weighting coefficient of |

MS: Microseismic

124
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ﬁ__ Rock Engineering Design and

Monitoring results — Warning

Relation between the number of microseismic events
and strainburst in a TBM tunnel: Example

]

——None
z = ——slight
60
g —— Moderate
]
£ a0
g —Intense
20
—Extremaely
0 intense

Q 10 20 30 40 50 60 70
Number of microseismic events
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Monitoring results — Warning

Quantitative warning of a rockburst in a TBM tunnel

PP .

Rockburst warning Actual situation

P(E. Intense)=0.0%
Piintense}=49.2%
PiModerate)=23.0%
P{Shight) =15.2%
PiNone}=12.6%

TH beams deformed by

n 3
126

126
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Monitoring results — Warning Monitoring results — Warning
Dynamic warning of rockbursts Dynamic warning of rockbursts: Case example

Microseismicity changes with the variation of i N ol ikt [Bcgin ' g
geological condition, in situ stresses, rockmass s =il e i 2
£ o - 5
properties, excavation, and support :$ [ | s recibunt | | § g
2 £ 4 bt - o . i
The change of excavation and/or support would g e r i 4 : E
result in a change of the rockburst E 0 i : e , E
development process L) 1 E
There should be a dynamic warning of rockbursts TR R— °1 g
based on the variation of the microseismicity. z . 3

Sjhug Tjnug S 1/hig

Time{day/month)

127 128
| |
127 128
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Distribution of rockburst and seismic activity Countermeasures to eliminate or reduce sudden
failure risk

« Distribution of rockburst and seismic activity in the tunnel #3 withTBMexcavation.

(i) Optimization of the
project layout scheme,

(ii) Pre-conditioning of the
(a) rockburst and seismic event. (¢-weak rockburst, ss-moderate rockburst, ¥%- rock mass,

strong rockburst).
(i) Rock mass reinforcement

and support.
(b) density nephogram of CAV.

c) density nephogram of AS.
( ) v P 9 129 130
S — L —

129 130
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PREVENTION AND CONTROL OF ROCKBURST Countermeasures t;ﬁli:;i:i:(e or reduce sudden
ilure ri

¢ The cause of rockburst is (in many cases) a combination of stiffness of

rock and stresses high enough to exceed the strength of the rock.

¢ The potential of violent failure is also higher in homogenous rock, i.e.,
rock with less natural discontinuities or with little variation in

mineralogy.

¢ To Control Rockburst or Prevention need;
¢ Decrease in rock stiffness.
* Greater energy dissipation in rock.
* Changing layout of excavation to decrease the 