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Disclaimer

This document has been prepared for use as a lecture note for the subject
indicated above. The contents have been complied from relevant text books and
technical papers, with a main emphasis on the teaching methodology and learning
step on the subject. The author does not cloim the originality of the presented
materials (e.g, theories, formula, illustrations & tables) The document is not
intended to be a technical publication. It serves as an intemal document, and

hence should not be distributed nor sold to publics,




538416 Surface Mining and Mine Design (4 credits)

Prerequisite: 538309 Rock Mechanics

Instructor:  Prachya Tepnarong, Ph.D.

SYLLABUS: (12 weeks}

Week Surface Excavation and Design
1 Introduction, Exploration, evaluation and development of mineral deposits
Economic and Planning Considerations, and Basic Mechanics of Slope Failure
2 Classification and application of various surface mining methods
3 Structural Geology and Data Interpretation, Site Investigation and Geological Data
Collection
4 Rock Strength Properties and their Measurement
Groundwater Flow and Pressure
5 Rock slope stability analysis, Plane Failure
6 Wedge Failure
7 MID TERM EXAM
8 Circular Failure
9 Toppling Failure
10 | Introduction to Numerical Analysis
11 | Slope Excavation Methods for Hard Rocks (Drilling and blasting techniques)
12 | Stabilization of Rock Slopes
13 | Moverment Monitoring
14 FINAL EXAM
Scoring:
Homework 20%
Quiz (s) 10%
Term Project 20%
Mid-term Exam 25%

Final &£xam 25%




Reference:

Duncan, CW. and Christopher WM., 2004, Rock slope engineering: civil and mining (Base
on Rock slope engineering, 3fd ed., 1981, by Dr Evert Hoek and Dr John Bray),
Spon Press, London, 431p.

Hoek, E. and Bray JW., 1980, Rock slope engineering, 3rd ed., Institute of Mining and
Metallurgy, London, 358 p.

Hartman, H.L. (ed.), 1992, SME mining engineering handbooks, Vol. 1 & 2, Scciety for
Mining, Metallurey and Exploration, Littleton, CO., 2260 p

Hartman, H.L., 1982, SME Mining Engineering Handbook, Society of Mining Engineers,
Littleten, Colorado.

Peters, W.C., 1978, Exploration and Mining Geology, John Wiley & Sons, New York.
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4 credits

Prachya Tepnarong, Ph.D.
prachya@sut.ac.th

538416 Surface

Prerequisite: 538309 Rock Mechanics or
or 434370 Fundamental of Rock Mechanics
Instructor: Prachya Tepnarong, Ph.D.
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Contact me

E-mail : prachya@sut.ac.th

http://www.geomechsut.com

Barpnarme Yoivenyly of Sechnniogy

geo_nine@hotmail.com

http:/ /www.facebook.com/Heinekaw

Prachya Tepnarong, Ph.D.
C~ Building room C-09
Mobile : 081-3826426
Office : 044-224274
Lab:044-226077

Scoring
» Homework 20%% 7
p Quiz (s) 10%
» Term Project 20%
b Mid-term Exam 25%
» Final Exam 29%




References:

¥ Hoek, E. and Bray J.W., 1980, Rock slope engineering, 3rd ed., Institute of
Mining and Metallurgy, London, 358 p.

P Brady, B.H.G. and Brown E.T., 1985, Rock mechanics for underground mining,
George Allen and Unwin, London, 527 p. .

Duncan, C.W. and Christopher W.M., 2004, Rock slope engineering: civil and

mining (Base on Rock slope engineering, 3rd ed., 1981, by Dr Evert Hoek and Dr
John Bray), Spon Press, London, 431p.

b Hartman, H.L. (ed.), 1992, SME mining engineering handbooks, Vol. 1 & 2,
— Society for Mining, Metallurgy and Exploration, Littleton, CO., 2260 p.
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Exploration, evaluation and
development of mineral deposits

Prachya Tepnarong, Ph.D.

prachya@sut.ac.th
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b msdssliuifFannusdrsas (Ore Reserve Estimation)
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b nasanzdtseauuuioimes (Diamond Drilling)

b n3lanzdnmaauuuviu (Auger e Roller — Bit Rotary)
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Drill cutting
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Type of Problem - Asswmmption Equation

Axithmetic Avergs All biocks are equal in area, thickness and Cavg = (CrrCxt.. #C)fn
weight factor.

Thicknens Weighsed All blocks are equal in area and have the Coz = (O3 tl:—Eﬁ tiﬂ}_l—c’- £}t

Average same weight facior. o

Area Weighted Avernge All blocks have consistent thickness and Cang = (C1 il;cj .ngs';’;—cn SaY(51
weight factor, but different areas. T

Volume Weighted Average | Weighted factor of all blocks are the same. Coe = (C1 E{’-F —2— vf\;’;)mﬂvnyﬁgz

Tonnage Weighted Average | Tonuage and grade of blocks are different. Cre = (G Q1+C.2 Q3+ QA

Qo +.. 40}
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F = Weight Factor (m’/ton}
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25715 Cross-Sectional Methods
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25715 Inverse Distance Weighting Method (IDWM)
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25n17 Inverse Distance Weighting Method (IDWM)
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25117 Polygon Method
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Economic and Planning Considerations

Factors in Rock Slope Design and Analysis

1. Geologic Conditions (Rock types, structural geology, GW, etc.)
2. Excavation Technique (Soft rock / Hard rock)
3. Shape of Slope (Dip angle/dip direction)

4, Cost

W 49

Economic Consequence of Instability

Cost Considerations used to Design Rock Slope Excavations

1. Basic Excavation Cost

(The basic cost unit is taken as the cost per ton mined from the face)
2. Clean-up Cost

(The cost of clearing up a slope failure)

3. Drainage Installation Cost
(The design and installation of a drainage system involves a fixed cost)

4. Rock Support Cost

(The cost of rock bolt, tensioned cables, etc., installed by a specialist
contractor)

@ 50




Variation of Factor of Safety with slope angle
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Comparative Cost Options
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Slope Height vs. Slope Angle (Hard Rock Slope)
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Figure 1.2 Relationship between slope height and slope angle for open pits, and natural and engineered slopes:
{a) pit slopes and caving mines (Sjbberg, 1999); and (b) natural and engineered slopes in China {dara from
Chen {19935a,b}}.
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Influence of geological conditions

© 59

Figure 1.4 Influence of geological
conditions on stability of rock cuts:
(a) potentially unstable—
discontinuities

“daylight” in face; :

(b) stable slope-~face excavated
parallel to discontinuities;

{c) stable slope—discontinuities

dip into face;

{d) toppling failure of thin beds
dipping steeply into face;

{e) weathering of shale beds
undercuts strong sandstone beds to
form overhangs;

(f) potentially shallow circular failure
in closely fractured,

weak rock.

Typical open pit slope geometry

A
inter-ramp
angle Ramb

Pit ¢
it depth Bench width
Bench height;
Tog of “Overall slope
v slope \ angie

—T7
Bench face Y
angle /

Figure 1.5 Typical open pit slope geometry showing relationship between overall slope angle, inter-ramp

angle and bench geomerry.



E Critical height of a drained vertical slope containing a planar
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Friction, Cohesion and Unit Weight

30

» Friction and cohesion are best defined in term of
the plot of shear stress versus normal stress

¥ The relationship between shear and normal
stresses for a typical rock surface or for a soil

- sample can be expressed as:

where

& 62

T=c+otan ¢

T = shear stress
o = normal stress

¢ = cohesion
¢ = basic friction angle

} from direct shear test




Shear stress-normal stress relationship

Shear stress [ =i

Cohesion ¢

&

Friction angle ¢

Hormal stress o

Shear stress t

s

Normal stress o

Typical soil and reck properties

it e { .

TABLE 1 - TYPICAL SOtL AHD ROCK PROPERTIES

Lescription Unit weight ﬂ?;}ctionﬂw Cohes lon
- {Saturated/dry) angle
Type Material 1b/ft3 kA /m? degrees b/t kPa
Loose sand , uniform graln size 118/90 19/ 14 28-34%
Pense sand, unlform grain size 1307109 21/17 32-h0*
§ Loose sand, mixed grain slze 125/99 20716 3h-hox
Dense sand, mixed grain size 135/116 21/18 38~Lb*
L
Ll 3
.E % travel, uniform grain size 150/130 22/20 3h-37%
215 isand and gravel, mixed grain size 1207110 19/17 LB-ho*
k!
G|
e § pasalt tho/110 22/17 Lp-50*
§ Chatk B0/62 13710 30-H0%
% Granite 1267110 20/17 Y5-5o%
fg, Limestone 120/100 19/16 35-40%
§ Sandstone 110/80 17/13 35~45%
-qg} Shale 1257100 20/16 30-15=%
64 538416 Surface Mining and Mine Design



Typical soil and rock properties

TABLE 1 - TYPICAL SO!L AND ROCK PROPERTIES

Description Unit weight Friction] Cohes fon
- {Saturated/dry) angle
Type Material /8 kN/m3 degrees W/fe? kFa
Soft bentonite Bo/30 13/6 7-13  [200-400 10~20
Very soft organic clay a0/ 40 th/6 12-16  1200~609 10-30
soft, slightly organic clay 100/60 16710 22-27  |a00-1000 23+50
=]15cft glactal clay 110/76 17/12 27-32 AG0~1500 36-70
€§ Stiff glacial clay 1307105 26717 30-32 H500-3000 70=150
Glacial t1ll, mixed grain size 1457130 23/20 32-35 BOOG-3000)F 150-250
@
> Hard igneous rocks - el 720000~ | 35000~
ﬁ granite, basalt, porphyry 160 to 150 | 25 to 30 35-45 1150000 55000
f=3
o - - -
Hetamorphlc rocks 160 to 180 | 25 to 28 | 30-40 "g:é}:é’a zﬁgggo
quartzite, gneiss, slate
4
§ Hard sedimentary rocks - 150 to 180 | 23 to 28 3545 2:3;};3;}5 sgggga
Jimestone, dolomite, sandstone
Soft sedimentary rack - 10 co 150 [ 17 1o 23 | 25-35 {7000 < | 190
sandstone, coal, chalk, shale
65
Sliding due to gravitational Loading
{a) 'y .
FS=1/rg ) s
_g}_g_ :..
% "71§f\_ W sin
L1 rug+a'tang P SN W
a¥ I i . 5
£ oy i
o os i
T |
¢ I
1 | >
0 £l
Effective normal stress (7 ) S

Figure 1.8 Method of caleutating facror of safery of shiding block: (a} Mohr diagram showing shear strength

66

defined by cohesion ¢ and friction angle ¢ (b) resolution of force W due to weight of block inro components
) : ON ARGE @1 1D, £ p
parallel and perpendicular ro sliding plane (dip ¥p3.




Sliding due to gravitational Loading
ST T
T=c+ o tan ¢ e

+  The normal stress ¢ which acts across the potential
sliding surface is given by

G =(Wcosy) /A @)

where A is the base area of the block

»  Sub (2) into (1); and Shear Force, R == 1A

W ocos Y
T=¢+ _ tan ¢
A
R=cA+Wcoswy.tan ¢ (3)

b 67

Sliding due to gravitational Loading
»  Condition of Limiting Equilibrium
Driving Force = Resisting Force

Wsiny=cA+Wcosy.tan¢ )

A W os " » If the cohesion ¢ = 0, the condition of limiting
A ' equilibrium defined by equation (4) simplifies to

0
Wsﬁnw=X+Wsosxp.mm¢

sin Wy =cos vy .tan ¢

W=0 (5)



XXXXXX

Enﬂuence of Water Pressure on Shear Strength

The 1nﬂuence of Water pressure upon the shear strength of
two surfaces in contact can most effectively be
demonstrated by the beer can experiment.

An opened beer can filled with water rests on an inclined
piece of wood as shown in sketch.

For simplicity the cohesion between the beer can base and
the rood is assumed to be zero. According to equation (5)

the can with its contents of water will slide down the
plank when y, = ¢.

The base of the can is now punctured sot that water can
enter the gap between the base and the plank, giving rise
to a water pressure u or to an uplift force

U=uA

where A is the base area of the can.

Enﬂuence @E Waﬁer Presmre on Shear Sﬁrmg‘sh

b 70

v The normal force W COS /5 1S nOw reduced by this uphﬁ

force U and the resistance to sliding is now

=(Wcosy,-U)tan ¢ (6)




Effective Stress Law
¥ The normal stress ¢ acting across the failure surface is
reduced to the effective stress (o - u) by the water

pressure u. The relationship between shear strength and
normal strength defined by equation (1) now becomes

T=c+(o-u)tan ¢ (10)

. 71

The Effect of Water Pressure in a tension Crack

+ 'The condition of limiting equilibrium for this
case of a block acted upon by water forces V
and U in addition to its own weight W is
defined by

Water-filled

tengion er‘a?

»  From this equation it will be seen that the
disturbing force tending to induce sliding
down the plane is increased and the frictional
force resisting sliding is decreased and hence,
both V and U result in decreases in stability.

Wsiny+V=cA+(Weosy—-U)tan ¢ (1



Reinforcement to Prevent Sliding

»  Consider the block resting on the inclined plane
and acted upon by the uplift force U and the
force ¥V due to water pressure in the tension
crack.

b A rockbolt, tensioned to a load T is installed at
an angle P to the plane. The resolved
component of the bolt tension T acting parallel
to the plane is T Cos ) while the component
acting across the surface upon which the block
rests is T sin B. The condition of limiting
equilibrium for the case is defined by

Wsiny+V-TcosP=cA+(Weosy-U+TsinB)ytan¢ (12)

7

The effect of ground water and bolt forces on factor of
safety of rock slope

()]
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Effective normal siress (¢')

Figure 1.9 The effect of ground water and bolr forces on factor of safety of rock siope: (a) ground warer and
bolting forces acting on siiding surface; {b) Mohr diagram of stresses acting on sliding surface showing stable
and unstable stability conditions.
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Factor of Safety of Slope

» In order to compare the stability of slopes under conditions other than those of

limiting equilibrium, some form of index is required and the most commonly used
index is the factor of Safety (F.S or F)

pg - Resisting Force

Driving Force

» Considering the case of the block acted upon by water forces and stabilised by a
tensioned rockbolt the factor of safety is given by

cA+ (Wcosy - U+ TsinP) tand
Wsiny+ V- TcosP

F.S.=

&y 7 5

Factor of Safety of Slope
» The bolt tension required to provide a specified factor of safety of F is a minimum
when the angle P satisfies the equation

tan B = tan ¢ /E.S. (14)

» This result is obtained by differentiating equation (13) with respect to B, and setting

dT dF

i 0 and i 0.

Minimum F.S.
Mining Slope (Shot Life Slope) FS.=1.1-1.3
Civil (Long Term Slope) ES.=1.5
Natural Slope FS. =1.1-1.3
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Type of Slope Failure

Failure Modes:
1. Plane Failure
2. Wedge Failure
B 3. Circular Failure

4. Toppling Failure
- 5. Ravelling Slope (Weathering, Freeze & Thawing)

Modes of 1-3 can be Calculated Factor of Safety
Modes of 4-5 cannot be Calculated Factor of Safety

b 77

Slope Angle vs, Slope Height Relationships for Different Material

figure 10 1 Slope angle versus stope helght relationships for differsnt materials.
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Slope Angle vs. Slope Height Relationships for Different Material
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Conditions for sliding and toppling
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Fignre 1.10 Identification of sliding and roppling blocks: {a) geometey of block on inclined plane;
(b) conditions for sliding and toppling of block on an inclined plane.
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Classification and application of various
surface mining methods

Prachya Tepnarong, Ph.B.
_ prachya@sut.ac.th

MINING METHODS CLASSIFICATION SYSTEM

-

The purpose of a classification system for mining methods
is to provide an initial guideline for the preliminary
selection of a suitable method or methods.

» Its significance is great as this choice impinges on all
future mine design decisions and, in turn, on safety,
economy, and the environment.




BACKGROUND

» A comprehensive statement has been developed to
provide a rapid checklist of the many important input

parameters (Adlerand Thompson, 1987).

» The three major areas are

(1) natural conditions,

(2) company capabilities

(3) public policy

Input Statement

Table 8.1.1 Input Statement Categories

Primary Categories
(Dependency)

Secondary Categories

Natural conditions
{invariant)

Company capabilities
{variant)
Public policy

(semi-variant)

State of art
{mining engineering)

Geography

Geology
economic
engineering

Business administration

Monetary aspects

Management aspects

Regulations

Taxes

Contracts

incentives

Salient distinctions
Total Systems {(design/control),
Encumbered (and Regulated) Space
Fulf Spectrum Practice {manage/

evaluate)

Professionalism




Spatial Description

» Most mineral deposits have been geometrically
characterized as to an idealized shape, inclination, size,
and depth. Complex or composite bodies are then
composed of these elements.

» Tabular deposits extend at least hundreds of feet (meters)
along two dimensions, and substantially less along a minor
dimension.

» Massive bodies are approximately unidimensional (cubic
or spherical), being at least hundreds of feet (meters) in
three dimensions.

Tabular deposits

For tabular deposits, the inclination (attitude or dip) and
thickness are crucial. Inclinations range from flat to steep

Table 8.1.2 Tabular Deposits Classified by Attitude and
Related to Bulk Handling and Rock Strength

Attitude

Class or Dip Bulk Handling Mode Rock Strength

Fiat % 20° Use mobile equipment Weak rock
{and conveyors) (surficial}

Inclined 20-45° Use slushers (also metal Average rock
plate can vibrate—as
gravity slides)

Steep = 45° Gravity flow of bulk solids Strong rock

(at depth}




Pit slopes

» For steeper (and deeper) deposits, stable pit slopes

become important

Table 8.1.3 Surface Pit Slopes Related to Rock
Strength and Time

Maximum Pit Slope

Rock Short Term Long Term
Strong 40~-45°%( — 70°)° 18-20°
Average 30-40° 15-18°
Weak (soils t00) 15-30° 10-15°

®Note: Infrequently up to 70°

Thickness
+ The thickness of a tabular deposit is also important

Table 8.1.4 Underground Deposits Classified by
Thickness

Deposit Thickness

Class Coal Ore Comimenis
Tabular
Thin 3-4 f 3-61ft Low profile or narrow
(0.9-1.2 m) (0.9-1.8 m) mine equipment
Medium 4-8 ft 6-15ft Post and stulls < 10 ft
{1.2-24 m) (1.8~4.6 m) (3.1 m)
Thick 815 ft 16-50 ft Small surface equipment

(2446 m) (4.6-153 m) Crib problems
pillar prohlems can cave

{steep dip)
Massive = 15ft = 50 ft Rillar problems or poor
4.6 m) (5.3 m) recovery

Benching necessary
Caving considered




Depth
» The depth below the ground surface is important

Table 8.1.5 Deposits Classified by Depth

Deposit Depth

Underground
- (a measure of overburden pressure)
Class Coal Qre Surface
Shallow =200 ft < 1000 ft < 200 ft
61 m) (305 m) (61 m)

hhhhhhh slope entries possible

Moderate 400800 ft 1000-1500 ft 200-1000 ft

(122-244 m) (305457 m) (61-305 m)
pillar problems
Deep = 3000 ft = 6000 ft = 1000-3000 ft
(915 m) (1830 m) (305915 m)
- bumps,burst,closure open pit

Correlating Deposit Types

» The inclination (dip), discussed previously, can be roughly
related to the deposit type

Table 8.1.6 Deposit Classified by Geometry and Type

Geometric
Class Deposit Type Comments
- Tabular Alluvium (piacer} Near surface—

Flat & Inclined

Steep

Massive

Coal (folded too)
Evaporites {domes too)
Sedimentary

Metamorphic {folded too)
Veins

lgneous (magmatic)
Disseminated ores

weak

Weak country
rock——an
erosion surface

Good country
rock, thicker

Can be
weakened or
rehealed
(gouge and
alteration}

Strong

Can be
weakened

w10




Can‘elatmg Depos:&t Types

» Rocks can also be related to strength (Hartman l987c)

Table 8.1.7 Rocks Classified by Strength

Compressive
Class Strength Examples
Weak < 6000 psi Coal, weathered rock, alluvium
(41.3 MPa)
Moderate B000-20,000 psi  Shale, sandstone, limestone,
(41.3-137.9 MPa) schist
Evaporites, disseminated
deposit
Strong 20,000-30,000 psi Metamorphic, igneous, veins,
{137.9-2086.8 MPa) marble, slate
Very strong = 30,000 psi Quartzite, basali, diabase

(206.8 MPa)

Correlating Deposit Types

» The strength of the deposit aﬁd its envelope oi"’ country
rock can then be related to its type.

Tahle 8.1.8 Deposits Related to Geometry, Genesis, and Strength
{In Order of induration)

Strength and Stiffness, -

Deposits Type Geometry Genesis Deposit/Country  Rock Examples

Tabular-flat

Alluvium (placers) Surface-stream aclion Poorfponr

Eresicn surface (swamps) Tabular-flat and thin
{possible folding)

Disseminated Massive

Vein (can be rehealed) Tabular-inclined (pipes.

chimney shoots)

Evaporiles Tabular-flat-thick
Tabutar-flat-thick

Tabutar-flat-thick

Sedimentary (bedded)
Metamaorphic

lgneous (magnetic) Massive

deposition (fans,
deltas, meanders,
braids}

Swamps {possible
dynamic
metamorphism)

Underground channels,
and multi-faceted
advance

Major underground
channels (fissures}
gougs, aiteration
{reheal)

interior drainage
Shallow seas
Pynamie andlor thermal

Plutenic emplacement

Pooripoor o good

Poor/poor

Poor lo goodigood

Good/geod
Goodigood
Good/goed
Govdigood

Sand and gravel
Precicis metals and stones (tin)

Coal

Hydrotherma! ores (porphyry
coppers and suffides)

Hydrothermal ores (above)

Salt, phosphales
Limestone, sandstone
Marble, slate

Granfle, basall, diabase

12



Correlating Deposit Types

b Near the ground surface, a typical geologic column occurs. It
involves weathering, jointing, the water table, and stress relief.

Table 8.1.9 Normal Sequence of Near-surface Geologic
Column (Related to Ground Water and Rock Stress)

Rock Column Ground Water Rock Stress

Ground surface

Seil (alluvium) mantle NA NA
Blocky & seam rock

Decomposed rock

{weathered) Water table Stress relief zone
. Jointed fresh rock
Tight rock e Constrained zone

NA-—not applicabie

w13

CLASSIFYING SURFACE M

lated to Inclination

» The surface mining classification, although based on the

crucial ability to cast waste material rather than to haul it,
has other features.

» These are primarily based on the depth of the deposit
being a function of its inclination.

» Flat seams tend to be shallow, and casting is possible;
steep and massive deposits trend to depth. From this a
number of relationships result.

B 1 4




CLASSIFYING SURFACE MINING METHODS

» Depth Related to Excavating Technique and
Stripping Ratio

» Because of the effects of weathering and stress release
excavating becomes more difficult and expensive with
depth, following a continuum from hydraulic action and
scooping through to blasting

» As a matter of definition, the stripping ratio (ratio of
waste to mineral) usually increases with depth.

15

Surface Mining Classification System

» Based on the foregoing factors, a surface mining
classification has been developed

» The classification incorporates information dependent on
the intrinsic characteristics of the geometry of the
deposit.

» Quarrying appears to be anomalous because of

(11 relatively steeper pit slopes,

(2) specialized means of excavating and handling, and
(3) less critical amount of overburden.



Surface Mining Classification System

Tahle 8.1.10 Classification of Surface Mining Methods

Shape, Excavation
Atfitude Deposit
(Dip) Characteristics Stripping Ratio Waste Handling Excavation Mining Method
Tabular
Flat MNear surface Low Cnsite Hydraulic, scoop, Placers—hydrosiuicing, dredging,
dig solution—at depth
Shallow Moderate Cast Scoop, dig, light  Open cast (strip}—area, contour,
blast meolniain top
Inclined Moderate (remove hanging Need highwal Auger Auger
wall)
Moderate Haul {to waste dump} Blast Open pi¢
Deep High {remecve both hanging Haul (fo wasle dump} Open pit
wall and foctwalls)
Saw, jel pierce Quarry
{joints}
Massive Full range Depends on depth Haul {ic waste dump} Open pit

Glory hole

Note: In situ mining is always possible.

CLASSIFYING UNDERGROUND MINING METHODS

» Normally, two major independent parameters will be
considered that form a matrix, unlike for surface methods.
These two parameters are

(1} the basic deposit geometry, as for surface methods

(2) the support requirement necessary to mine stable
stopes, or to produce caving, a ground control problem

W 18




Deposit Geometry

» The deposit geometry employs the same cutoff points for
tabular deposits as in the surface classification, but as noted for
different reasons.

Flat deposits require machine handling of the bulk solid at or
near the face; steep ones can exploit gravity (Table 8.1.2), with
an intermediate inclination recognized.

If stopes are developed on-strike in steep seams, as “large

tunnel sections,” a new descriptive term, or “step room”

(Hamrin, 1980), machine handling can still be used. The
resulting stepped configuration causes either dilution or
decreased recovery, or

5 19

Structural components | = =

Table 8.1.11 Strustural Components Located and Described for Underground Mining

Component
(time dependent)

Location & (Malerial)

Loaded by

Supporled by

Comments

Roof (can dedericrate,
slough, slake—dry and
crumble}

Pitars & walls (can
deleriorale-—slough,
slake}

Ficor (can seille and
heave)

Fill (for permanent
stability}

Agfificial support
{krmited fime)

Back and hanging wall
(envelope)

Sides. deposit and
waste {horses-mainly
deposit)

Footwall {envelope)

Crushed waste, sand,
waler

Externai:
Timber {props. sels,
cribs, slulis. posts)
Concrete gunite
(mesh)

Internal;
Bolts (headers).
trusses, cables,
grout, cementation

Main roof—all esp.
overburden {cap rock)

Immediate  roof—body

All—esp. overburden

All—through pitlar
watch water

Aflgsp. as pillars are
removed

Mainly immediate roof

fainly immediate roof

Pillars and i, also
arched {%/5)

Artificial supports can
remove

Floor

Country rock can be
compacled, removed,
drained

Footwall and floor

Fimor

Anchorage in roof, eto.

Spans = 10 1 (3 m) for coal to
100 ft {30.5 m) for rock

Spans = 10 ft (3.1 m) {stand up
lime)

Critical:

1} stiffness: [slenderness
ratio: = 101 (coad} to 173
(rock)]

2) strength [material}

3) % recovery

Critical:
1) stiffness
2} strength (hearing capacity
esp. if water)
3} heave (deep-seated}

Good mainly to support hanging
wall. Reqguires greater than angle
of slide and confinement

Deterioralion (chemical and
siress)

Anchorage a concern




Deposit and Structure Components

Table 8,112 Deposit and Structural Components Related to Underground Mining Methods

Components
— Deposit Rated”
Geometry Structural Main Roof & Floor Piltars, Walls Linderground Mining Methods Type
Tabular
Flat (znd inclined) Good Good Room & piflar {spans = 20 #) Self-supported
''''''' {6 m)
Stope & piliar {spans 5 100
ft) (31.m) .
Good Poor Reom & pillar Supported
,,,,,, Stope & pillar
Poor {roof collapses about Good Longwall Caved
free standing piflars) Pijtaring
Poor Poor Immediately above Caved
AAAAAAAA Steap Goad Good Subleve! stoping (spans 20— Self-supported then filled
100 fit) (6-31 m)
iarge tunnel seclion
Goad Poor Hydraulicking—coal {spans Supported then filled
20-70 ft areh) (B-21 m)
Shrinkage
Poor Good Cut & fill
Poor Poor Sublevel caving & top slice Caved
spans = 20 ft {6 m) (for
........ gravity flow)
Viassive Good Good Vertical slices” Self-supported
Good Paor (as abave) Supporied then filled
Poor {cap rogk) Poor Biock caving (spans = 110
(34 m) active—end stope
used)

f‘Raied as fo strength (and stifiness of pillar).
"Horizontal slices can introduce the many problems associated with muiltiple seam mining.

Underground Mining Classification System

Based on an understanding of bulk handling and ground
control, the underground ciassification system closely

follows earlier ones
Table 8.1.13 Classification of Underground Mining Methods Based on Deposit Geometry and Suppert

Degree of Suppor

Depostt Shape, Aftiude Unsupported
{Thp) {Open Stopes}) Supported Caved
Tabutar
Fiat {mabile bulk Reom and pillar Same degree of arificial support for Longwall {shoriwall}
handling} Stope and pillar room ard pillar and stope and pillar Piltaring {esp. room and pilar}
Inclined {mixed huk Above with scrapars Above with scrapers Longwall {difficult)
handing}
Large tunnel section {on- Large tunnel section with artificial
slrike) support
o Steep (gravity bulk Coal hydraulicking Shrinkage stoping cut and fill Sublevel caving
handling) stoping
Sublevel stoping Timbered stoping (square sels, Top #licing {conirol dilution and
Yedical craier refreat siulls, gravity} FECOVETY)
Gravity fill as nesded Fil as needed
Gravity fll as needed
Massive Immediately above mine in verical shees immediately above n horizontal His
N fil—gravity placement To ramaove pilars, can ming and then il black caving fbutk mining)

Horzontal ifis®

*Ground control problems, especially for coal, see thick seam and multi-sean mining. As pressure increases {esp. with depth), or as rock
strength decreases, shift to right for suiable method (fowards suppored and caved).
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OTHER FACTORS

Table 8.1.14 Secondary Factors to be Considered in Sefecting a Mining Method

Quitput {TPH}

and
Relative Flexibility! % Recovary Safety and Productivity
Method Cost  Seleclivity % Oilution Environment Health (ton/employee) Miscelianeaus
Suriace
Placers and 6.05 Lowhigh Highfiow Difficult Fair foderate Meed water
dredging Water pollation ) Watch weather
Open cast 010 HWodsrate/ Highdow Blasting can Fair High Flat topography
moderale Can reclaim frequently Watch weather
water poflution
Open pit .16 Moderate! High/low Ground disturbance Slope stability High WWalch weather
medarate Waste pile {slides}
Some water problems
Guarry 100 Lowlhigh High/high Ground disturbance Slope stabiliy Very low Skifled workers

Waste pile

Watch weather

OTHER FACTORS

Table 8.1.14 Secondary Factors to be Considered in Selecting a Mining Method

Ouiput {TPH]

and
Reiative Flexility! % Ratoveny Safety and Productivity
Method Cost  Selectivity % Citution Esvaronment Health {tonfemployee) WMiscellanecus
Underground
Room and 03¢  Highthigh 50-83/20 Subsidence Ground control High Pillarng common
pittar {coal) Water pollution Yentifation
Stope and 0.32 Highthigh 75/15 Good Ground control High Benching
pitlar Venlitation COMMON
Sublevel 040 Lowlow  7HMS Fill t¢ avoid subsidence tess, blast Hoderate Fill commen
stope from longholes
Shrinkage G5 Moderate! 80/10 Filt 1o avoid subsidence Poor fivor Low Tig-up 2/3 of ore
moderate piucking during {collapse}
draw Stored broken
mineral®
Cut and filt 4680  Moderate/ 100/0 Fil o avod subsidence Some Low Sort in stope
figh
Timbered 100 Moderate/ 1000 Fill to avoid subsidence Smoulder Very low Sort in stope
Square set high Fall
{personnel)
Longwall 0.28 Lowflow  BOAMO Subsidence Good Very high High capital
Water pollution £12° dip
28 fi (2.4 m}
thick
Sublevel 0GR lowiow 9020 Severe subsidence Fair High Cave widith 2 30
caving disruption Stored broken ft{3.2 m;}
{Top slicing} mineral’
Biock caving 0628 lLowfow 90520 Severe subsidence Air blasts High Tie-up mineral
disruplion Stored broken
minaral*

*Can rack {cement) oxidize,

24
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b 3. 721 shovel/hydraulic excavator — truck - in pit crushing —belt conveyor
system

b 4. 3v1u BWE-belt conveyor system
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Loading Shovet Cycle Times {sec) Casraciion Pacuor for Thovat Cysle Time
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4 3 18 23 28 32 ]
5 4 26 25 2% a
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0Ya wuu loading shovel

Hulk Density, Swell Factor, and Diggability of Common Matgrials’

Bank
— Rock Dennity (t/m") ibryd* Swelt tactar Fitabiiiy® Digabhiy®
Asbesios ofe 18 3200 14 D65 M
Hasalt b=t 5003 1.6 089 H
Dausitz 18 3200 135 080 At
Chak 1,88 ned 13 0480 M
Clay [8ry} 14 2208 125 ubn L
e Clay (ight) 1685 BADD 3 0.85 L
Clay (hoaw) 21 A500 135 082 WMaH
Clay gn graves {ory) 15 2600 3 0.85 M
Llay ang raved e} 18 il 135 089 Wt
Cout {ardhvaciie} 18 2700 135 09 M
Coa! fotuminnut) 125 . 2400 1.35 04 2]
Coul figrite} 1.6 1700 15 03 X
""""" " Coppir ores fiowgrade) 255 4300 1.5 245 w-H
Gooper 1es {righ-gprarss) az 5400 LE 080 B
Eardh gy 1€5 2800 13 085 E
Enrth (wol} N e J450 13 i3] M
tardts .41 000 155 [:3.] 33
Graved! (dey) 14 3060 185 o E
Girave: fwat) 241 60 128 9 E
o fypsura 28 4700 15 QBE M-H
LimOrdia az 5400 14 O.BS M
irgn ore (0% Fa) 265 4500 4 o8 M.H
iron g [+ 40% Foy 285 S000 1.45 08 BA-H
iren ove { £0% Fao) ags BH0G 156 a.75 53
iron ofa {conia) &5 axx 1688 075 H
,,,,,,,, Lirestong (hard) 6 4400 L o8 MoK
imeatang set) 2z IFD 14 86
Manganoss ore at 5208 145 D85 WaH
Phiteshale ik 20 3403 15 85 -
Sznd (dnd i¥ 200 118 400 E
Sand (wel} 5 DD 115 100 £
Sand arxl graved {dry} 195 3305 115 .00 E
S Sand and graved {wel} 225 oilea) (B33 k24 E
Sandsiona [porcus) 28 4200 16 [13:] 5]
Sanidstong (comertedd 285 4550 16 (24 ]
] 35 4000 145 o8 M

' Theso figures vary fom localion (o locaton, ang tests shouid bo madn anore Rossibla. Allowancs should e made for operation m wal
gonditons as ganpdy varies with mosture content,

— 2 Dpsed on showel O 3
TR eaplanalion, ssa losindle o Table 1431,

311 23,35 7101 swell factor 1Az digability
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Front-end Loaders
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v o £ M Ba-H "

5 40 32 a3 41 e

G 4.8 33 34 4% .

T 58 33 35 A4 —

10 7.5 ar 38 51 —

- 12 a4 38 42 6 —
15 it.5 41 44 &0 —
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=
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b fluean g lunsaudsusazingn Taeiumuioan fusiuug (loading) — 39nd
(hauling) — W (dumping) — 39NaU (returning) — wazilszandl (spotting)

1) 19R5URBLS (loading time) {lunanfalEiuusmmnuiainmyavsasm
AN lUARZINEN ANUIDIAIMNINIBLINATEISDYARDNIFTANUTNATILATAIUIUATY

pEnausnussn usazien Ineialldlszann 3 -5 fn sadmen

Tons per pass = Bucketf copacity fewpr) * Fill factor ® Loose densfy (Tonssouan)

Ne pass S load Iruck vated cagracity S ten por pass

Load time No. passes ¥ exeavator eyvole thire
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2) WA 52T wazIan (turn, spot and dump time) a7 4N
135AT LAZMUANFANA AN I LN IALIUIAIAITD LAZANINYTNGY

Tumning~Spotting-Dumping Time (min}

Operating Bottom-dump Side-dump

conditions traciordrasiler Reardump samitrailer

Favorabia EE 10 87 .
Arearana G.8 13 1.0

Unfavorsble 1.5 1.5-20 15 —

Source: Bishop, 1872,

5% 2.3.3-8 nanilFlumsanlszamivosatsaanda

ﬂ’ﬁ@h%'@ ﬂbﬂ%@@ﬂ’i?ﬁé%ﬂééﬂ%?@?ﬂﬁL'E@’l?.! B ?ﬁlﬁ%’%’}ﬂ
3) andindszanfiuaziuiiuug (spot time at loading position)
b e A N Us s anAua i Uiy U WANANTUATNU TSN LA IUN ATEITT WAZENN

PN

Spot at Leading Machine (min)

Cperating Baottom-dump Side-dump
conditions ractor-trafler Reardump semitragier

Favorsble 015 0.15 B8 s
Average 050 6.3 0.50

Urfavoratbls 1400 .50 1.00

Scuree; Bishop, 1972
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4) 19A1791UA4 (haul time)

b Hhananfisofsainqesuiin us lmamaluiawiledifiasuansdu uazllnna
\\\\\\\\ anmow audsqamiin us guhnistedlifiuibeauneus Wy @mned
iﬂé@ﬁ[i&@idﬂ&m%ﬂ%”ﬁﬂ\?’] AmANHaIATULa e uRANBITRsTa eI N Ly
tamiles lunediusnuaaiiuswlsiifinasiassuznansaidluusasdos Ae

ANNANNNTR IUNNIN N NaIATueI LTI NUAa U (truck gradeability
visa truck performance)

distance (fm} “60

!

Travel fure frin) =
spoed (/T
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MIATRINIRIANTITHRALRZITBULIRNY BRI RN
5) 19834nEL (return time) ﬁm@ﬁﬁmmﬁmﬁmﬁﬁwumLwimml%fm;ngmmm

b snrinszpauAninedan A AIN T TRlARZTNANNHIAINA N s B AR A9 WAY
puEuaRe uusazdayiiainid speed factor lunmmnuzagean inegainaiig
naugessussynaziunaraaqatn i luusazdos

Spoed Fastors

Length of hast Shoxt, levdd hauls . ]
| &1 Uil i motion
Ps—d_m ﬁmﬁﬁ—&c‘_ %gg!g Licdt placting WA enia!’ﬂg
{t m sl ngh from siop nzil mad section
N 0350 T {8 0.26-0.50 0.50-2.00
80750 WI-Z220 0.30 0.35-8.80 G.60-075
THb-1500 228457 (.40 0.50-0.65 L0080
1834-2500 4A7-782 GEG-0.79 075083
285003500 TE2-1067 G.65-0.75 DED-0.B5
Qroer 3500 v 1057 GT0-0.85 0.B0-0.52

Soume: Sizhop, 1872
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Structural Geology and Data Interpretation, Site
Investigation and Geological Data Collection

Prachya Tepnarong, Ph.D.
prachya@sut.ac.th

Definition of Geological Terms
Rock Material = Intact Rock
Rock Mass = In-situ Rock
Waste Rock = Broken Rock (Angular)
Sand & Gravel (Rounded)
Discontinuities = Weak Plan (fault, joint, bedding, cleavage, crack, dykes)
Major Discontinuities = Domination of a particular outcrop

Discontinuities Set = Systems of discontinuities (approximately same
mnclination and orientation)

Continuity = Persistence
Gouge = Infilling (Material between two faces of a structural discontinuity)
Roughness = Surface roughness on discontinuities in rock




Effective of Discontinuities on Slope Stability

(a) Persistence J1 joint dipping out of face
forms potentially unstable sliding block;

(b) Closely spaced, low persistence joints
cause reveling of small block;

(¢) Persistence J2 joints dipping into face
form potential toppling slabs.

Orientation of Discontinuities

(b} {©)

Strike
Dip /
direction TN, Frend
" e V
\ o Dip direction
Dip=50 s 135

Definition of Geometrical Terms

Dip = maximum inclination of a discontinuity to horizontal (angle y)

Dip Direction = direction of horizontal trace of line dip, measured clockwise from
north (angle o)

Strike = trace of intersection of an obliquely inclined plane with
horizontal reference plane and dip direction of oblique plane

Plunge = dip of line, such as line of intersection of two plane or axis of borehole or
tunnel

Trend = direction of horizontal projection of a line, measured clockwise from north



-Stereographic projection
-Pole Plots and Contour Plots
- -Pole Density
-Qreat Circles
-Line of Intersection
Stereographic Projection
: _\
N T Equafo\ﬁm
1\
/
!
Pojg, Ero jeC?ior,

Figure 2.7 Polar and equarorial projections of a
sphere.

Stereographic Analysis of Structural Geology




North {a)

Zenith

Beference’
sphare =/

Cip
direction

Equal _ " Pola to
area net plane
Great circle Lower half
representation  referente sphere Great circle
of a plane
" North {b) Zenith
. d -
Reference .
enﬁ sphere '/ r
{ Point
Lower hitf representation
of fine —
reference
sphere
, . . . fpaere 2.6 B are: ject ine;
Fignre 2.5 Stercographic representation of plane and Figure 2.6 Equal area projections of plane and fine

line on lower hemisphere of reference sphere: fa) plane Projcctc_d as great circle and corresponding
(a} planz projected as great circle; (b} isomerric view pole; (b) line projected as pole.
of line {plunge and trend).

Stereographic Projection

Figure 2.8 Geological data plotted and analyzed on
a piece of tracing paper that is located over the center
of the stereonet with a pin to allow the paper to be
rotated. o




Pole Plots and Contour Plots

Great Circles

()

10

N
2 & =130°
s

(b}

W =50° %<~ —w 1y = 50° -—

Surdace type

o Faulls  1[33]
« Joints 2 [253)
» Bedding & [135]

Equal Area

Lower Hemisphere Figure 2.10 Example of
421 Poles pole plot of 421 planes
421 Entries

comprising bedding,
joints and faules.

¥

Great
circle




Line of Intersection l
{a) : \Aj o
T ®)
W j?/f £ _,[,—::20.5“
]
o
{ 1
© N
}
i, Ml
T T
A
o= 200.5°
T A \ o
Geographical Representative of Geologic Data
by using “Stereographic Projectton”
-




Stereonet

Lower hemisphere of a sphere projected onto a flat surface

b a type of 3-dimensional protractor’

b allows analysis of structural data in 3-dimensions

» plot data on tracing paper overlaid on net

Referance sphore——

>

Sterengraphic ;’;‘( Sterecgraphic
< S !
/ projection af \prcucctwr-. af pole -
_— 4 IR great circle — /// % -

Grear ci rc!(‘:\-:—\)

» to provide a simple visual reference of the various joint sets

seen in rock mass exposures

» to evaluate the potential for instability of engineering works in
these masses

: 1.4




Elements of a Stereonet

Great Circles - large circular arcs running north-
south

e equivalent to lines of longitude on globe

Small Circles ~ circular arcs running from east to

Great
circle

»n globe
Small g

circle

Jip direction measured
clochwise from norih

S 13(} Schumide Net

Two types of stereonets used geology:
b Schmidt net
r VWulif net



Schmidt (Equal Area) Net

Each 2 degree polygon has an equal area

» used in structural geology because it preserves a real
proportions (important for analysis of distributions)

Sehaide Neg

» 17

let

Great and small circles are real circular arcs
» preserves angular proportions but not area

» used in crystallography, not much in structural

w 18

Anp OO

{ock)
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Construction of Stereographic Nets

Method of

construction of
the great circle
on a meridional

stereographic
net.

Method of
construction of
the small circle
on a meridional
stereographic
net.



Geographical Representative of Geologic Data

Meridional
stereographic
projection

net for
Structural
Geology

2%

We will use the right-hand rule convention for all structural
measurements
b right-hand thumb points in direction of strike

» fingers point in direction of dip

Bedding plane striking N-S and dipping Strike direction
eastward at 45

Measurement recorded
as 000/45

Dip direction
-

e

5y




EXAMPLE
Strike/dip angle = 045/50

dip direction, o = [35°
dip angle, B = 50°
denoted as [35/050 (Dip direction/dip angle)

Dip
Direction o
= 135°
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Steps 2 and 3

'

ircle RHS

) from the outer ¢

ip angle,

the d

(

and trace the great ¢

» Measure 50°

ircle for the plane as shown

ime

ist

, but thi

from the outer circle

B) or 40°
from the LHS to locate the POLE of the great c

» Measure (90

ircle or plane

T

e

i

e

i

e

e

e

Sooe e

s

o)

S G

i

S
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Plotting Planes

The intersection of a plane with the lower hemisphere of a

i sphere is a great circle
- » e.g. bedding plane striking 030° and dipping 60° SE
. 29
In order to analyze relationships between planar surfaces it is often more
convenient to plot the pole to the plane '
| + pole is projection of a line drawn normal to the surface of a plane
b e.g pole to plane oriented 000° /30°
N
e ///
‘//-Ff f"}/
N %‘\\&_\n /
‘]\._\ " Poleto @ ..
N \x\ " plane
A ’“"‘-@?fm‘u e ‘\\\7

5% 30




Plotting Poles to Plan

location of pole

) 040/30

80°

Schmidt Net

Stereonets are used to solve the following types of problems:
l) rotations - restore dip of bed to pre-deformation attitude
2) find intersections of planes

3) plot geometry of folds

4) find displacements along faults

5) examine trends in lines and planes - e.g. presence of preferred
orientations

Count in 90 degrees along E-VV towards centre of net and mark



»Two planes A and B have orientations

*A:060/030 and B:340/075

b These planes intersect on the stereonet at the point A:B

vthis point represents the line of intersection of the discontinuities
represented by the planes

: 33

w34




Plunge of intersection line

intersection

The

line of
35 intersection

Plunge of intersection line
» Rotate tracing until intersection point lies on the E-W line

» Read off the number of degrees from the perimeter to the
intersection point = the plunge of the intersection line

36




i i ﬁ&%*&%}‘&;&\%ﬁ* 'ai‘}* '
T
Dip direction of intersection line
» Rotate tracing back to the datum
» Mark off dip direction as indicated
¢+ The intersection point can be designated as 060/035

38
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Contouring Structural Data: |

Kalsbeek Net

If we divide a circle into ten zones of
equal width, the innermost circie will
contain 1% of the area.

The next circle is twice as large and
will contain 4%, but 1% is in the
inner circle, so the annulus will
contain 3% of the area, and so on.

If we stack triangles, each row will
contain 1, 3, 5... triangles. A stack
ten rows high will contain 100
triangles.

If we divide a 60 degree sector of the
circle into triangles of equal area,
each sector will contain 100
triangles, each with 1% of the area
of the sector,

YAVAYAVAVsy,
I,
SRS

Avav, ﬁuwgg{iﬁ
AA“‘%%"’&"\‘VIA ANEA
RIITHK

AT
iy VAV

\VAVAVAV, K
nm‘mm“w

TAVAVAVAVA

ANANANANANAVANANAN:
VAVAVAN

w42

The Kalsbeek counting net
is based on this principle. It
consists of ten equally
spaced circles. Each
annulus is divided into
triangles. Altogether there
are 600 triangles. At each
vertex, six triangles meet.
The hexagon of triangles
around each vertex
contains 1% of the area of
the net.




Contouring Structural Data: eek

Plot the data on
an equal area net

then transferthe
overlay to the

counting net. Of _

SNNNSISSY WKV f/ i course, the two
A/jl/VV\ nets must be the

same diameter!

AYAVAVANRY At each vertex, count the
4“'%}%3}" number of points in.the

surrounding six triangles and
plot the number at the vertex.
You may want to do this on a
second overlay above the data
overlay.

443

~ Each triangle is common to
/ / three hexagons so every point |
Vi 7 p is counted three times. (No,
this does not mean the
iy KA densities have to be divided by
%&.’M three.) Be certain to check
every vertex close to the data -
points to be sure of not
missing any. :
o T , BT




Contouring Structural Data: Kalsbeek Net

Remove the
numbered
overlay and

contour the
data.

Contoured | pbt

Set A
T T 1,75/049  Fubar
Surface lypa e concenttalions
= Faulis  1]33] . of total per 1.0% wea
e + Joints 2283} 0. 1%
= Bedding 9[135) -
e E
No blas conection
tAax. cong. = §.1285%
Equal Area ,, Equal area
Lower Homisphers {24237 e Lowar hopuspharg
e s 2m ag o5
421 Poles Bedding e 4‘.”2‘1153!—:;]:9’
A 421 Entrigs 1,:04/138 )

SetB
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Identified of Modes of Slope Instability

Figure 2.16 Main types of block failures
in slopes, and structaral geology
conditions likely to cause these failures:
{a) plane failure in rock containing
persistent joints dipping out of the slope
face, and striking parallel to the face;

(b) wedge failure on two intersecting
discontinuities; (¢) toppling failure in
strong rock containing discontinuities
dipping steeply into the face; and

{d) circular failure in rock &li, very weak
rock or closely fractured rock with
randomly oriented discontinuities.

tegend

Pole concentrations = dip direction of face

Great circle representing J ' @ direction of sliding

faca =7 direction of toppling
=, dip direction,

Great circle representing . . line of intarsect]
plane corresponding lo centers ~ - ine ol niarsection

of pole concentrations

Memﬁﬁed of M@deg of Sﬁ@g}e Instability

Piane E"m%m'e

Sreat eireie r e;\msenm ng
glove Tace

Dirsetion of eliiing

Great eirgle re
Plane failure in rock with highily plane corrs:
ordered structure such as siate, af pole coveentralt
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Identified of Modes of Slope Instability

‘Wedge Failure

Great eircles rerresenting

Wedge fallure on two intersecting planes eorresponding to
discontinuities. centree of pole concentrations

Identified of Modes of Slope Instability

| Toppling Failure

arget of slope

Great eirele representing
slepe face

Great eirole representing :
planes corvespornding to centre
of pole econcentration.

Toppling failure in hard rock which
can form columnar structure separated
by stesply dipping discontinuities.
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Identified of Modes of Slope Instability

Circular Failure

Circular failure in overburden soil,
waste rock or heavily fractured rock
with no identifiable structural pattern.

..51.
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Oreat eirele representing

slope face ~—._
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Figure 2.17 Identjbeation of plane and wedge failures
on stereonet: {a} sliding along line of intersecrion of
planes A and B is possible where the plunge of this
line is less than the dip of the slope face, measured in
the direcrion of sliding, that is, ¥; < vy (b} wedge
failure occurs along line of intersection {dip direction
;) on slope with dip direction oy because dip
directions of planes A and B (ory and ap) lie outside
included angle between o and ay; (¢} plane failure
occurs on plane A {dip direction o4} on slope with
dip direction e; because dip direction of planes A lies
inside included angle between «; and 4.
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Kinematics Analysis

Dirgction of
aliding

Dip direction
of elope face

o
.

Slope is potentially
unstable when inter
seation of great cirelce
repregenting planeg
falls in ghaded regior

Pole of great

eirele paseing

through poles £
of planea £ and

B defines line

of intersection

TN
A8,
j !muu%
A A
d
% t ¢

‘ 3 Wedge failure
posaible along
interseciion

13 lines X, , and
T 1z
23

: S1tding along the line of

Intersection of planes A and

B iz possible when the plunge
of this 1ine is less than the
dip of tha slope face, measur-
ed in the direction of silding,
fe

Ve > ¥

: Sliding is assumed to occur

when the plunge of the line
of Intersection exceeds the
angle of friction, ie

TR T

Representation of planes by
their poles and determination
aof the tlne of Intersection
of the planes by the pole of
the great circle which passes
through thelr poles,

1 Preliminary evaluation of the

stabllity of & 507 slope in a
rock mass with & sets of
structural discontinuities,




inematics Analysis

(a} S W4 <t sliding possible

()] Great circle of
N face, dip /4
//""“ \. 4 o
/ \ Legend
;7( - \ £ Daylight envelope for wedges
2 _f/pgs [‘EP_AAf iy Boel | 107 [ Dayiight envelope for planar failures
20%‘ PREiEE . vf:off /777 Toppling envelope
.. ‘ﬁ\\: insiand i f(‘.
Wl N / . . . ‘
/ Figure 2,18 Kinemaric analysis of blocks of rock in
/ siope: (a) discontinuity sets in slope; and {b} daylight -
— Y envelopes on equal area stereonet.
‘ 55

Kinematics Analysis

» Presentation of structural
geology on stereonets, and
preliminary evaluation of
slope stability of proposed
open pit mine.
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Site Investigation and Geological Data Collection

Prachyva Tepnarong, Ph.D.
prachya@sut.ac.th

Investigation and Collection Processes
. Regional Geology Investigations
-Air Photograph
~Contour Map
-Geologic Map
2. Surface Mapping (detailed mapping)
-Rock Type
-Structure (discontinuity)
-Groundwater
3. Core Logginge e
-Confirm Rock Types
-Confirm Structure
-GW Level, Water Table, Permeability
-Discontinuity (RQD) e
4. Laboratory Testing
-Joint Shear Strength Test -
-Uniaxial Compression Test, Point Load Index Test
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Quantitative Description of Discontinuities in Rock Masses

(USRM)
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Three primary characteristics of rock

- Rock type
Rock strength

Weathering

Discontinuity description

Discontinuity orientation

m T O W e

Roughness

- Aperture

- Infilling type and width
Spacing

= m @

J - Persistence

K - Number of sets

L. - Block size and shape
M - Seepage

1. Color, as well as whether light or dark minerals predominate

2. Texture or fabric ranging from crystalline, granular or glassy

3. Grain size that can range from clay particles to gravel

62




Table IL.1 Rock type classification
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Table 11.2 Grain size scale

ock type

Description

Grain size

Boulders
Cobbles

Coarse gravel

Medium gravel

Fine gravel
Coarse sand
Medium sand
Fine sand
Silt, clay

200-600 mm (7.9-23.61n)
60-200mm (2.4-7.9 1n}
20-60 mm {0.8-0.24 in)}

6~-20 mm {0.2-0.8 in)

2-6 mm (0.1-0.2 in)

0.6-2 mm (0.02-0.1 in)
0.2-0.6 mm (0.008-0.02 in)
0.06-0.2 mm (0.002-0.008 in)
<0.06 mm (<0.002in)

Fine ¢




Table 11.3 Classification of rock material strengths
Grade Description Field identification Approximate  Range of
compressive  strength
{(MPa} (psi)
R& Extremely strong rock  Specimen can only be chipped with  »250 >36,000
geological hammer. .
RS Very strong rack Specimen requires many blows of 160-250 15,000-36,000
geological hammer to fracture it. '
R4 Strong rock Specimen requires more than one 50-100 7000-15,000
blow with a geological hammer to

R3 Medium weak rock

R2 Wezk rock

R1 Very weak rock

R{ Extremely weak rock  Indented by thumbnail, 0.25-1
Indented with difficulry by =0.5

S6 Hard clay

S5 Very stiff clay
S4 Seiff clay

S3 Firm clay
52 Soft clay

51 Very soft clay

fracture it.

pocket knife; specimen can be
fracenred with single firm blow of
geological hammer,

Can be peeled with a pocket knife; 5-25

shallow indenrations made by firm
blow with point of geological
hammer,

Crumbles under firm blows with 15

point of geological hammer; can be
peeled by a pocket knife.

thumbnail.
Readily indented by thumbnai.
Readily indented by thumb but
penetrated only wirth great
difficulty.
Can be penetrated several inches by
thumb with moderate effort.
Easily penetrared several inches by
thumb.

Easily penetrated several inches by <0425

fist.

Cannor be scraped or peeled witha  25-50

0.25-0.5
0.1-0.25

0.05-0.1
0.025-0.05

3500-7000

725-3500

150-725
35-1350
>70

35-70
15-35

Qmeﬁwg‘éﬁg
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Table 1.4 Weathering and alteration grades

Grade

Term

Description

i

m

W

Fresh

Slightly weathered

Maoderately weathered

Highly weathered

Completely wearhered

Residual soil

No visible sign of rock material weathering;
perhaps slight discolozation on major
discontinuity surfaces,

Discoloration indicates weathering of rock
material and discontinuity surfaces. All the rock
marerial may be discolored by weathering
and may be somewhat weaker externally than in
its fresh condition.

Less than half of the rock material is decomposed
and/or disintegrated to 2 soil. Fresk or
diseolered rock is present either as a continuous
framework or as corestones,

More than half of the rock material is
decomposed and/or disintegrated to a soil. Fresh
or discolored rock is present either as a
discontinuous framework or as corestones.

All rock material is decomposed and/or
disintegrated to soil, The original mass structure
is still largely intact.

All rock material is converted to soil. The mass
seruceure and marerial fabric are destroyed.
There is & large change in volume, but the soil
has not been sigatficantly transported.




D-Discontinuity description

Type of Discontinuity

Fault — discontinuity along which there has been and observable amount of
displacement

Bedding — surface parallel to the surface of deposition

Foliation — parallel orientation of platy minerals, or mineral banding in
metamorphic rocks

Joint — discontinuity in which there has been no observable relative moment

(Cleavage — parallel discontinuities formed incompetent layers in a series of beds
of varying degrees of competency

Sechistosity — foliation in schist or other coarse grained crystalline rock

67

iscontinuity orientation

dip
direction
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F-Roughness

Table I1.S Descriptive terms for roughness

I

il

i1

- v
AY

VI

‘‘‘‘‘ . Vi
Vil

3.4

Rough, stepped
Smooth, stepped
Slickensided, stepped
Rough, undulating
Smooth, undulating

Slickensided, undulating

Rough, planar
Smooth, planar
Slickensided, planar

v 69

Figure I1.3 Roughness profiles and
corresponding range of JRC {joint
s roughness coefficient} values (ISRM,

1981a}.
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G-Aperture

Table I1.6 Aperture dimensions

“Closed™ features

“Gapped” features

“Qpen” features

Aperture Description
<0.1mm Very tight
0.1-0.25 mm Tight

0.25-0.5 mm Partly open
0.5-2.5mm Open
2.5~10mm Moderately wide
>10mm Wide

1~10cm Very wide
10-100cm Extremely wide
>1lm Cavernous

H-Infilling type
and width

*Width

*Weathering Grade
*Mineralogy

Particle Size

*Filling Strength
*Previous Displacement

*Water Content and
Permeability

w 72

FHALID DISCONTINIATY

ROUGHNESS AMPLITUDE




I-Spacing

Table IL7 Spacing dimensions

Description Spacing (mm) 3
Extremely close spacing <20 !
- Very close spacing 20-60
Close spacing 60-200
Moderate spacing 200-600
~ Wide spacing 600-2000
Very wide spacing 2000-6000
Extremely wide spacing >6000
5 73

J-Persistence ooy Il

: AV A
Table T1.8 Persistence A _ by
” dimensions “L“f < L’WT__*
Very low persistence <lm : L ) s ~7 . Lo
Low persistence 1-3m Y A A A
Medium persistence  3-10m e o
- High persistence 10-20m

Very high persistence >20m

w74




K-Naumber ofsets

2 LD

Three joint sais
plus random (R}

Figure 114 Examples illustrazing the effect of the number of joint sets on the mechanicai behavior and
appearance of rock masses (ISRM, 1981a).

I massive, occasional random joints
1 one joint set
Tt one joint set plus random
v iwo joint sets
v two joint sets plus random
Vi three joint sets
Vil three joint sets plus random
VI four or more joint sets
IX crushed rock. earth-like

L 75

L-Block size and shape

Table IL9 Block dimensions

Description v (foirzts/m3)
Very large blocks <1.0

Large blocks 13
Medium-sized blacks  3-10

Small blocks 10-30

Very small blocks =30

(i)  massive = few joints or very wide
spacing

(i) blocky = approximately equidimen-
- sional P
. (i) rubulor = one dimension considerably |
smaller than the other two |
© (iv) celumnar = one dimension considerably
1 larger than the other two |

{v} irregular = wide variations of block

' size and shape

(v} crushed = heavily jointed 1o “sugar
: cube”




M- Seepage

w77
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Table 11.10 Seepage quantities in unfilled

discontinuities

Seepage Description

rating

1 The discontinuity is very tight and
dry, water flow along it does not
appear possible.

I The discontinuity is dry with no
evidence of water flow.

I The discontinuity flow is dry but
shows evidence of water flow, that
is, rust staining,

v The discontinuity is damp but no
free water is present.

Vv The discontinuity shows seepage,
occasional drops of water, but no
continuous flow.

VI The discontinuity shows a

continuous flow of water—estimate
I/ min and describe pressure, that is,
low, medium, high.

I- Seepage

Table 11.11 Seepage quantities in filled discontinuities

Seepage Deseription

rating

I The filling materials are heavily consolidated and dry,
significant flow appears unlikely due to very low
permeability,

I The filling materials are damp, but no free water is
present,

m The filling materials are wet, occasional drops of water.

v The filling marerials show signs of outwash, continuous
flow of water—estimate 1/ min.

\Y The flling materials are washed out locally,
considerable water flow along cut-wash
channels—estimate |/ min and describe pressure that is
low, medium, high.

VI The filling materials are washed out completely, very

high water pressures experienced, espectally on first
exposure——estimate |/ min and describe pressure.




Rock Mass Description Data Sheet
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Discontinuity Survey Data Sheet

BISCONTINUITY SURVEY DATA SHEET
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Geologic Data needed for Slepe Stabillty
erid Data:

Location in relation to map references or pit plan
Depth
Orientation of discontinuities (strike/dip angle)
Spacing
: Persistence (continuity)
Aperture (opening)
Gouge (infilling)
Roughness & Waviness
Field intact strength (point load strength index)
Groundwater conditions
L‘ibos atory Test Data:
Direct shear strength test
Uniaxial compression test
Slake durability index
Short-term undrained shear strength of geologic materials
[.ong-term drained shear strength of geologic materials

Rock Mass Classification as Applied to Slope Stability

.. RockMass = ..
Phymcal Mechamcal and e i ————
Hydrologncal Propert:e i  Classification

i Crlterla e

. Case Stadles & & Inferen e
Heur_zstxcs. e | ( Quality)
Stability Analysis .
-
- D'gs'ig'n' S




ock Mass

Classifications

OCK

Ciassafication system

Fonm and type*

3am applications

Reference

Daseriprive and

Terzaghs rock lond behvionristic form | Design of steel support in Terzaghi, 1946
classification system y tunneis

Functional type.
Lauffer’s stand-up time Descriptive form Yunuelling design Laofer . 1958

ciassificarion

General Hype

Descriptive and

Excavation and design in

New Australian macacling behaviouristic form incompetent {overstrassed) Rabeewicz, Muller and ”
method NATM) Tuaneling coucept ground Packer, 19581964

Rock cI;j\Sﬂﬁcauou forrock | Deseriptive form fput in rock mechanies Parching and Coates.

mechanical purposes General type 1968

Vnified classification of soils
and rocks

Descriptive form
General bpe

Based on particles and biocks
for communication

Deer ecal., 1969

Rock quality designation

RQD)

Numerical form
Genesal type

Based on care logging: used in
ather classification systems

Deer et al., 1967

Size-strengih classification

Numerical form
Fuuctional type

Based on rock strength and
block diametar, used mamly
1 minmg

Fraokhn. 1975

Rock structure rating,
classification (R3SR)

Numerical form
Funetional type

Design of {s1eed) sugpon
it tsmnels

Wickham etal., 1972

Reock mass rating classification

(RMR)

Numerical form
Funcrional typs

Design of tunnels, mines, and
foundations

Bieplawski, 1973

{-classification system

Numerical formy
Functicual type

Design of support in
underground excavation

Bacton et al, 1974

Typologicsl classification

Descaplive form
General type

Use m commmnication

Molut ond Holzer,
1978

Unified rock classification
system

Descriptive form
General type

Use in commnnication

Williamson. 1980

Basic gecrechmucal
classificanon {BGD)

Descriptive form
General tvpe

General applications

ISRML 1980 e

Geological strength index
(GSD

Numerical form
Functional ype

Design of suppert in
wndesground excavation

Hoek. 1993

Rock mass index system
(BMi)

Numneriead formn
Functional type

Geueral chavacierization,
design of suppent, TMB
progress

Palmstrom, 1993

ass Classifications

Deers Rock Quality Destination (RQD)
» Deere (1964) proposed a quantitative index of rock mass
quality based upon core recovery by diamond drilling.

» RQD has come to be very widely used and has been shown to
be particularly useful in classifying rock masses for the
selection of tunnel support systems.

> RQD is defined as the percentage of intact core pieces longer
than 100 mm (4 inches) in the total length of core.




Rock Mass Classifications

Deer’s Rock Quality Destination (RQD)

Total length of core run = 200 cms
— L= 38 cm
P 2. Length of core pieces > 10 cm length
. RQD = % 100
% L= t7em Total length of core run
""" % r[;o=p?eces>105m 38 * 17 * 20 + X1OO = 55%
RQD =
— 200
"""" L=20cem
r
N
Lz3bem
[“’j Drilling braak
L=0

no ragovery

[ V—
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Mass Classifications

RQD Estimation from outcrop

v Palmstrom (1982) suggested that, when no core is available but
discontinuity traces are visible in surface exposures or
exploration adits, the RQD may be estimated from the number
of discontinuities per unit volume. The suggested relationship
for clay-free rock masses is:

ROD = 115-3.3], (, < 4.5)
ROD = 100 exp (-0.1/S) (1 + 0.1/5)

» where |, is the sum of the number of joints per unit length for all
joint {discontinuity) sets known as the volumetric joint count
and S is average spacing of joint.

» 86




Rock Mass Classifications

Deer’s Rock Quality Destination (R@GD)

ROD
< 25%

25 -50 %
50 - 75%
75 - 90%
90 - 100%

%‘ 87

Roci

Rock Quality
Very poor
poor

Fair

Good

Very good

Mass Classifications

Deer’s Rock Quadlity Destination (RQD)

TURNEL WIDTH - METRES

3] i i
YO0 5 o >
] J
% MO SUPPORT
' OR LOCAL BOLTENG
= 750
2 PATTERN BOLTING
= {4 - 6 FT. CENTERS)
@
VIR I
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e
(4
2
5 oag L STEEL RIB SUPPORT
0
o
<o
&
! { ! ! i

%: égn" o

4 34 40 50 6o
TUNNEL WiDTH - FEET

Merritt, 1972



Geomechanics Class:f cation (RMR)
» Bieniawski (1976) published the details of a rock mass

Rack Mass Clasmﬁca’tmms

classification called the Geomechanics Classification or the
Rock Mass Rating (RMR) system.

ow bk W

4 89

& O Ll

Groundwater conditions.
Orientation of discontinuities.

classification

(RMR

b The following six parameters are used to classify a rock mass
sing the RMR system:

. Uniaxial compressive strength of rock material.

Rock Quality Designation (RQD).

Spacing of discontinuities.

Condition of discontinuities.

A CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameter Range of valuss
Strength Point-ioad »10 MPa 4-10KPa -4 NPa i-24Pa For Bis low range - uniaxial
of slrengih index compressive test is
intact rock preferted
P— Unjsxiat comp 2350 $Pa 160 - 250 MPa 50 - 100 MPa 25 - 50 MPa 5.25 -5 <1
strangth MPa WMPa | MP3
Rating 15 12 7 4 2 1 0
Diill core Quaiity RQD %0% - 130% 75% - 80% 50% - 75% 25% - 50% < 258
Rating 2 i7 13 5 3
Spacing of disconfinuities >2m §6-2.m 205 - 500 mm G0 - 200 mm < G0 mm
Rating 2) 15 K 8 5
Very roupgh surlaces Stightly rough surfaces Slightfy rough susfases Slickengided surfaces Solt geuge >3 mm thick
Condition of discontinuilies ot eanfinucys Separation <1 mm Separalion < { mm or Geuge < & mm thigh of Separation > Smm
Ses E) No separation Stightly veathered walls Highty weathered walls or Separation 1-5 mm Contnuous
Urwweathered wall rock Continuous
Rating kit 25 iy 10 I\
{nfiow per 10 Hone L] - 28 25- 125 =125
wanst length (Fm}
Groundwa | Aot water presal 0 <gd 06142 02-05 >05
B daaior principal o
Genaral condiions Complelaly dry Damp Wel Dipping Fiowing
Rating 16 10 7 4 ]

& 90

{After Bieniawski 1989).




eomechanics Classification (

B. RATING ADJUSTMENT FOR DISCONFINUITY ORIENTATIONS (See F)

Strike and dip orientations Vary favourable Favouraile Fair Unfavourable Very Undfavourable
Tunnels & mines G -2 -5 -4e -2
Ratinga Foundations [ -2 -1 -15 -25
Slopes G B -5 50
C. ROCKMASS CLASSES DETERMINED FROM TOTAL RATINGS
Ralng 00 & 83 80+ B! B 44 40« 24 <21
Clags numbset | i i v ¥
Description Very good rock Good rock Fair rock Paar rock ery poot tock
D. MEANING OF ROCK CLASSES
Clags nunwhat | ] Hl] v v
Averane stand-up tme 20yrsfor 15 mspan 1 yearfor 10 m apan 1 vesk for & m span {0 hrs for 2.5 mspan 30 min for 1 m span
Cohesien of rock mass (kPa} > 400 300 - 400 200 - 300 100 - 200 <100
Fricion angls of rock mass (deg) LXK 35-45 5-35 15-25 <15
eomechanics Classification (
£. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions
Discantinuity length {persstence; <im {-3m J-10m $0-20m >2tm
Rating 6 4 2 1 [t
Separation {apstiwe} Mone <imm 01-10mm {-5mm >Imm
Rating 5 5 4 1 [
Roughnass Vary rough Rough Stighlly rough Smoclh Shekensidad
Rating i 8 3 i &
Infiding fgougs) Hone Hard Mling < 5 mm Hard filing » 5 mm Sofl flkng < 5 mm Soft fling > S mm
Rating 5 4 2 2
Wealhering Unweathered Slightly weathared Moderalely weatheted Highly weathered Decomposed
Ratings ] 3 3 1 i
F. EFFECT OF DISCORTINUITY STRIKE AND DIiP GRIENTATION IN TUNNELLING™
Strike perpendicutar to tunnel axis Slike paraltel to tunnel axis
Otiva with dip - Dip 45 - 90° Dirive with dip - Dip 20 - 456° Jip 45 - 90° Dip 26 - 45°
Very favourable Favourable Very unfavourabls Fair

Orive againgt dip - Dip 45-%0*

Drive agains! dip - Dip 20-45°

Dip 020 - irreapaciive of sike®

Fair

Unlavouratds

Fair




determined as follows:

eomechanics Classification (

b The RMR value for the example under consideration is

Table ftern Value Rating
A1 Foint load index 8 MPa 12
A2 RQD 70% 13
A3 Spacing of discontinuities 300 mm 10

E.4

Condition of discontinuities

Note 1

22

AS Groundwater Wet 7
B Adjustment for joint orientation Note 2 -5
Total 59
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eomechanics Classification (

»  Guidelines for excavation and support of 10 m span rock tunnels in
accordance with the RMR system (After Bieniawski 1 989).

as possible after biasting.

Raock mass Excavation Raock bolts Sholcrete Steel sets
class {20 mm diameter, fully
grouted}

|+ Very goad Full face, Generally ne support required excent spot bolting.
rock 3 m advance,
RMR. 81-100
Il - Good resk Full face, Locaity, bolts in crown | 50 mmin None.
RMR: 61-80 1-1.5 m advance. Complete 3 mllong. quced 25 crown vihere

support 20 m from faca. m with occasional required.

wire mesh.
Il - Fair rock Top heading and bench Systematic balis 4 m 50-100 mm None.
BME: 41-80 1.5-3 m advance in top heading long, spaced 1.5- 2 m | in crown and
} " | increwn and walis 30 mm in

Commence support after each with wire mesh in sides.

blast. CrGw.

Complete suppent 10 m from

face.
IV - Poor reck Tep heading and bench Systematic bolts 4-5 100-150 mm | Light to medium ribs
RMR: 21-40 1.0-1.5 m advance in top m{ong, spaced 1-1.5 incrown and | spaced 1.5 m where

héading m in crown and walls G0 mmin required.

’ with wire mesh, sides.

Instali support concutrently with

excavation, 10 m from face.
V- Very poor Muttiple drifts 0.5-1.5m Systematic bolts 5-6 150-200 mm | Medium to heavy ribs
rack advance in fop heading, m long, spaced 1-1.5 in crown, 150 | spaced 0.75 m with
AR <20 | i soportconcorenly | SO | T s | Slenmars e

excavation. Shcotcrete as soon ivert on face. Close invert,

o4




Slope Mass Rating (SMR)

SMR=R

* RMR,,;, =Rock Mass Rating)
« F,, F,, F; =adjustment factor related to joint orientation respect to

0F4

95

Slope [

slope orientation and

Rbasic + (FI'EZ'E:”} ¥y

= c¢orrection factor for method of excavation

ass Rating (SMR)

Values of ﬁdiuétment factor for different joint orientatiégs.fﬁAMAﬁA. 1985)

i Very i , Cai nfav Very
Case of Slope Failure Favourable Favourable Fair Unfavourable Unfavourable

r |01j -0
T Jer; - e, - F8O7 =300 30 -20° 20 - 100 10 - 50 <5°
W lot; - et
P/W/T F, 0.15 0.40 0.70 0.85 1.00
o B{E <200 20 - 30° 30 - 350 35450 5450
Prw K, 0.15 (.40 0.70 0.85 1.00
T F, 1.00 L00 1.00 1.60 1.00
P B; - Bl -

. 100 10-0° ge 0-(-10° <-1Q°
W | BB 107
T B, + B <110° 110 - 1200 >1200 - -
PAVIT F, 0 -6 =25 -0 -60)
Note : P - planar failure; T - toppling failure; W - wedge failure

96

o - slope strike; o; - joint strike; «; - plunge direction of line of intersection

Bs - slope dip; B; - joint dip; B; - plunge of line of intersection



Slope Mass Rating (SMR)

Values of adjustment factor F4 for method of excavation (RAMANA., 1985)

Method of Excavation F, Value
Natural slope +15
Pre-splitting +10
Smooth blasting +8
Normal blasting or Mechanical excavation 0
Poor blasting -8

Slope Mass Rating (SMR)

Various stability classes as per SMR values (RAMANA., 1985)

Class No. A% v IIX II I
SMR Value 0-20 21-40 41-60 61-80 81-100
Rock Mass -

Description Very bad Bad Normal Good Very good
. Completely Partially Completely
Stability unstable Unstable stable Stable stable
Planar along
Big planar or . some
Failures soil like Planar or big joint and Some [?lDCk No failure
. wedges failure
or circular many
wedges
Probability of 0.9 0.6 0.4 0.2 0
Failure

s 98




Slope Mass Rating (SMR)
‘Suggested supports for various SMR classes

SMR Classes SMR Values Suggested Supports
Ia 91-100 None )
Ib 81-90 None, scaling is required
1la 71-80 (None, toe ditch or fence), spot bolting )
b 61-70 (Toe ditch or fence nets), spot or systematic bolting, spot
shotcrete
{lla 51-60 (Toe ditch and/or nets), spot or systematic bolting, spot
shotcrete -
b 41-50 (Toe ditch and/or nets), systematic bolting/anchors,
' systematic shotcrete, toe wall and/or dental concrete
IVa 31-40 Anchors, systematic shotcrete, toe wall and/or concrete
(or re-excavation), drainage
Ivb 21-30 Systematic reinforced shoterete, toe wall and/or concrete,
re-excavation, deep drainage
Va 11-20 Gravity or anchored wall, re-excavation
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Rock Tunnelling Quality Index,  (NGI)
» On the basis of an evaluation of a large number of case histories of
underground excavations, Barton et al (1974) of the Norwegian

Geotechnical Institute proposed a Tunnelling Quality Index (Q) for the
determination of rock mass characteristics and tunnel support requirements.

» The numerical value of the index Q varies on a logarithmic scale from 0.001
to a maximum of 1,000 and is defined by:

o=ROD Jr Ju
J, J, SRF




where RQD is the Rock Quality Designation

J, is the joint set number
J. is the joint roughness number
J, is the joint alteration number
- T /s the joint water reduction factor

SRF  is the stress reduction factor

5 101

» It appears that the rock tunnelling quality Q can now be
considered to be a function of cnly three parameters which
are crude measures of:

|. Block size (RQDIJ)
- 2. Inter-block shear strength (/1)
3. Active stress (/,/SRF)

% 102




ock Tunnelling Quality Index, Q (N

Gn.

DESCRIPTION VALUE NOTES
1. ROCK QUALITY DESIGNATION RQD
A, Very poor 0-25 1. Where RQD is reported or measured as < 10 {including 0},
B. Poor 25-50 a nominal value of 10 is used to evaluate Q.
C, Fair 50-75
D. Good 75-90 2. RQD intervals of §, i.e. 100, 95, 90 ete. are sufficiently
E, Excellent 80 - 100 accurate.
2. JOINT SET NUMBER Jn
A, Massive, ne or few joints 05-10
B. One joint set 2
C. One joint set pius random 3
L. Two joint sets 4
E. Two joint sets plus random 5
F. Three joint sets g 1, For intersections use (3.0 » J,)
G. Three joint sets plus random 12
H. Four or mere joint sets, random, 15 2. For portals use (2.0 % J,)
heavily jointed, 'sugar cube’, etc.
J. Crushed rock, zarthlike 20

103

acC

3. JOINT ROUGHNESS NUMBER
& Rock wall contact

B ROCK wall contact before 10 cm shear

A, Discontinuous joints
8. Rough and frregular, undulating
C. Smoath unduiating
B. Slickensidad undulating
E. Rough or irregular, planar
F. Smooth, planar
G. Slickensided, planar
¢. No rock wall contact when sheared
H. Zones containing clay minerals thick
enough to prevent rock wall contact
J. Sandy. gravely or crushed zone thick

encugh to prevent rock wall contact

3
2
1.5
1.5
10
0.5

10
{nominal)
10

{nominal)

1. Add 1.0 if the mean spacing of the relevant joint set is

greater than 3 m.

2. J,.=0.5 can be used for planar, slickensided joints having
lineations, provided that the fineations are oriented for
minimum strength.
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ock Tunnellin,

uality Index,

4. JOINT ALTERATION NUMBER
a. Rock wall contact

A. Tightly healed, hard, non-softening,
impermsable filling

8. Unaltered joint walls, surface staining onfy

C. Slightly alterad joint walls, non-softening
mineral coatings, sandy barﬁcées, clay-free
disintegrated rock, etc.

0, Silty-, or sandy-clay coatings, smali clay-
fraction (non-softening)

E. Softening or low-friction clay mineral coatings,
i.e. kaolinite, mica. Also chiorite, tale, gypsum

and graphite etc., and smali quantities of swelling

clays. {Discontinuous coatings, 1 -2 mm or less)

1.0
20

3.0

4.0

26-35
25-30

¢rdegrees (approx.)

1. Values of ¢r, the residual friction angle,
are intended as an approximate guide
to the mineralogical properties of the

alteration producis, if prasent.

4, JOINT ALTERATION NUMBER
b. Rock wall conract before 10 cin shear

F. Sandy particles, clay-free, disintegrating rock etc.

G. Strengly over-consolidated, non-sofiening
cay mineral fillings {continuous < 5 mm thick)

H. Medium or low over-consciidation, sofiening
clay minerat fillings {continuous < 5 mm thick)

J. Swelling clay fillings, i.e. mantmorillonite,
{continuous < 5 mm thick). Values of J
depend on percent of swelling clay-size
particles, and access to water.

¢. No rock wall contact when sheared

K. Zones or banrds of disintegrated or erushad

t. rock and clay (see G, H and J for clay

M. conditions)

N. Zones or bands of silty- or sandy-clay, small
clay fraction. non-softening

0. Thick continuous zones or bands of clay

P. & R. {see G.H and J for clay conditions)

80

gc-120

8.0
3.0
8.0-12.0
50

10.0-13.0
6.0-240
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ock Tunnelling

uality Index,

5. JOINT WATER REDUCTION Jy approx. water pressure (kgflcmz)

A. Dry excavation or minor inflow i.e. <5 l/m locally 1.0 <10

B. Medium inflow o pressure, cccasional 066 10-25
outwash of joint fillings

C. Large inflow or high pressure in competent rock 0.5 25-100 1. Factors C to F are crude estimates;
with unfilled joints increase J.,, if drainage installed.

D. Large inflow or high pressure 0.33 2.5-10.0

E. Exceptionally high inflow or pressure at blasting, $.2-0.1 =10 2. Special problems caused by ice formation
decaying with time are not considered.

F. Exceplionally high inflew or pressure 0.1-0.05 > 10

107

ock Tunnellin

uality In

6. STRESS REDUCTION FACTOR
a. Weakness zones Intersecting excavaton, which may

cause joasening of rock mass when tunnel is excavared

A, WMultiple octcurrences of weakness zones containing clay or
chemically disintegrated reck, very loose surrounding rock any
depth)

B. Single weakness zones containing clay, or chemically dis-

tegrated rock {excavation depth < 50 m)
C. Single weakness zones containing <lay, or chemically dis-
tegrated rack {excavation depth > 50 m)

D. Muitiple shear zones in competent rock (clay free), loose

surreurling rock (any depth)
E. Single shear zone in competent rock {clay free). (depth of
excavation < 50 m)

F. Single shear zone in competent rock (clay free}. {depth of
excavation > 80 m)

G. Loose open joints, heavily jointed or 'sugar cube', {any depth)

SRF

10.0

50

26

75

50

2.5

50

1. Reduce these values of SRF by 25 - £50% but
only if the refevant shear zones influsnce do
not intersect the excavation
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ock Tunnelling Quality Index, Q@ (NGI)

DESCRIPTION VALUE NOTES
6, STRESS REDUCTION FACTOR SRF
b. Competent rock, rock stress problems
T/ oy 2. For sirongly anisotropic virgin siress field
H. Low strass, near surface > 200 =13 25 (if measured); when 55a1fc.‘3510, reduce Gy
J. Medium stress i 200-10 13-0.68 1.0 to 8.80, and o 10 0.85, When a /oy > 10,
K. High siress, very tight structure 10-5 066-033 08-2 reduca o, and ¢y 1o 0.60, and 0.6c;, where
{usually favourable to stability, may T = unconfined compressive strength, and
be unfavourable to wall stability) oy = tensile strength {point oad) and oy and
l.. Mild rockburst (massive rock) 5-25 033-016 5-10 ag are the major and minor principal stresses,
M. Heavy rockburst (massive rock) <25 <016 i0-20 3. Few case records available where depth of
¢. Squeezing rock, plastic flow of incompertent rock crown below surface is less than span width,
under influence of high rock pressure Suggest SRF increase from 2.5 to 5 for such
N. Mild squeezing rock pressure 5-10 cases (see H).
Q. Meavy squeezing rock pressure 10-20
d. Swelling rock, chemical swelling sctivity depending on presence of water
P. Mild sweiling rock pressure 5-10
R. Heavy swelling rock pressure 16-15
109

mated support categories

hibiat = b Estimated support
G F E D C B A )
R = — Very o | Fan - cong Vet | Exr . Ere. categories based on the
ot poor frror cgond good Gond . . .
‘ 1l tunnelling quality index
Q (After
Grimstad and Barton,

1993, reproduced from
Palmstrom and Broch,
2006).

"1 = 163 Jor Ul bt og

Span or height in m

a ROD Jr v
Rack mass quality Q= In ¥ iz X SRE

BEINFORCEMENT CATEGORIES:

11 Lmsupponted

3} Systematic g
43 Svetematic balting. (and untemtoed shotorete, 4 - 10 omy
%3 Fitwe reinforoed sholorete nmd balling, 5 - S om
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Example -

ltem Description Value

I. Rock Quality Good RQD = 80%
2. joint sets Two sets jn=4

3. Joint roughness Rough Jr=3

4. Joint alteration Clay gouge jJa= 4

5. Joint water Large inflow Jw =033

6. Stress reduction Medium stress SRF = 1.0

80 3 0.33
=X —X—— =25
Q 4 4 1

From the Figure 3.7, the maximum equivalent dimension D, = 4 meters.

A permanent underground mine opening has an excavation support ratio ESR
of 1.6 and, hence the maximum unsupported span which can be considered
for this crusher station is ESR x De = 1.6 x 4 = 6.4 meters.
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Water table

) Standpipes
_— %I ,.-’1“’(" -

Fiow lines

Pressure increase
with depth along an
equipotential ling

% Reference

datum

Groundwater Flow and Pressure

Frachya Teprarong, Ph.D. ;
prachya@sut.ac.th

Groundwater Flow in Rock Mass
Two approaches to obtained data on water pressure distributions
1. Deduction of the groundwater flow pattern {from consideration of the

permeability of the rock mass and sources of groundwater. (calculation /
graphical methods)

5t

Direct measurement of water levels in boreholes or wells or of water pressure
— by means of piezometers installed in boreholes.




The Hydrologic Cycle

Glacier @

1Y by Snow
. et
Surface flow —
X Rock aut Jlman ||

Evaporation
+ Transpiration

Tailings
dam

-

Figure 5.1 Simiplified representation of a hydrologic eycle showing some typical sources of ground water

(modified from Davis and de Wiest {1966)).

Water Table

Almost constant rain Frequent rain Infrequent rain

HHHH 2222222 (2

, Tropica Temperate
\ £
\<~’ i P \\ Semi-desert
Water puy C/‘ ;
tablg™~. gt ! Vari
. ~& atiable recharge

Almost no

Abundant . recharge

Fluctuating . _
racharge t.

watter £ -
er table- Water table

Figure 3.2 Relationship between water table level and precipitation (modified from Davis and de Wiest {1966)).

Evaporation




Darcy’s Law

T, Borehole for Homogenous Materials

v=Ki

where v = velocity of fluid

K = hydraulic conductivity
(m/s, ft/s)
1= hydraulic gradient ((h,-h, 1)

Raference =
dalum

when Q = flow rate (Q = v/A)

Q = KAJ

Darey’s Law
R Ty

Q= KAi

Water table ~ ., _

so that;

K = Q/Ai

Reference -
dalum

subi = (h;-h,)/1
K = Ql _ Vi
A(h1 —h,)) (h1~h

or Q= KA(h; -h,)

V = Q/A = discharge velocity

5)




Figure 5.4 Hydraulic conductivity of various geologic materials (Atkinson, 2000).

Uniractured igneous and metamorphic rocks EZzzzzrzzzzzzrrs

Hydraulic Conductivity

Karstic limestone TXZZzzrZZrZ7 izl
Fractured/jointed basait wezrrrrmrrzzrraria A
Fractured igheous and metamorphic rocks TZZEZZzzZITIIIs

Carbonate rocks (limestone and dolomile) gerrrnzzrzzrza
Sandslone ETrIzrrzrririza Focks

Shale
Marine clay

Glacial till Zzzzzzzz=2 LTI IIITTA
Silt errzzIZZEZIZIIIa Uricensolidated
Sitty sand CRFrITIII7Ia deposits

Clean sand ©ZalziZiiziza
Gravel eIzzZI I

10771070100 10781070 f 10710 100t 0 1 10 1P
| 1 H | i i 1 1 I i { | | 3
K {cmis)

1078107 10% 1050t oo 1 10 107 10% 10t 108
i | 3 H i 1 ] } 1 ! | { 1 3
K (mid}

Other Measures of the Flow Proportionality

Transmissivity —

In saturated groundwater analysis with nearly horizontal flow, it is common
practice to combine the hydraulic conductivity and the thickness of the aquifer,
b into a single variable,

where 7'=transmissivity an®s, ft¥s)

Permeability

When the fluid is other than water at standard conditions, the conductivity is

replaced by the permeability of the media. The two properties are related by,
[( = k;/ /L!

where,

k = permeability, (m? or ft2). _

v = unit weight of fluid

= fluid absolute viscosity, (N s/m? or 1b s/ft%)



Bernoulli Equation
\”ﬂ"%‘,’,’_ Borehole

gijfa(P-Pg)

g+ = constant
2 P: p
Waler tablg ~ . -, _ i Borehol
A orenole
lg or Velocity Head
T

!~ '
hy i
* 9 % Friction Head = Total Head
: Pg
. Z‘E: Refsrence / \

datum

Elevation Head Pressure Head

Case of flow in rock mass
Velocity Head = 0
Friction Head = ()

Total Head =Z+A—P = z+~~l:~w

Pg Vi

Y. = density of water
Flow Nets in a Rock Slope
Water table
Standpipes
Flow lines
, , 3 ‘ Pressure increase
;1?!?;;90*9”*!31 . | ; . with depth along an

equipotential line

Reference
datum

Total Head:z+£
}/w




Discharge / Recharge Area

{a)
e ‘__f. i . ),_-"i e
P T =
i ! 5\ i ; Flow line
] !
1\ v)\l\ ]
// T -
Ay - f\
Equipotential

line

Equipetential
line

Figure 5.6 Ground water conditions for pir slopes in

regional (1) discharge and (b) recharge areas (Fatton
and Deere, 1971).
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Groundwater Flow in Fractured Rock

-Flow in Clean, Smooth Discontinuities
-Flow in Filled Discontinuities -~
-Heterogeneous Rock
-Anisotropic Rock
-Groundwater in Rock Slopes

Figure 5.7 Rock mass with persistent vertical joinrs
and relatively high vertical hydraulic conductivicy
imodified from Atkinson (2000},
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The Hydraulic Conductivity, K

3

ge
12vb

Pt
o~

where g = gravitational acceleration (9.81 m/s?)
e = opening of cracks or fissures
b = spacing between cracks and
v = the coefficient of kinematic viscosity
(1.01 x 106 m%s for pure water at 20°C)
Assumptions of Discontinuities;
-parallel
-smooth
-clean
-laminar flow

w 13

Flow in Clean, Smooth Discontinuities

Flow in Clean, Smooth Discontinuities

10

1.0

1!

102

1078

104 v

1078

Hydraulic conductivity, K {cm/s)

\\ <

10-%

1077

1078
0.01 0.05 G.1 0.5 1.0
Joint aperture, & (mm)

g 14

Figure 5.8 Influence of joint aperture ¢
and spacing & on hydraulic conductivity
K in the direction of a set of smooth
parallel joints in a rock mass.




Flow in Filled Discontinuities

The Hydraulic Conductivity for Fracture Systems

K:EIE-f-+Kr """"" |
b

where K= hydraulic conductivity of the filling -
K, = hydraulic conductivity of the intact rock _
e = opening of cracks or fissures
b = spacing between cracks and

Heterogeneous Rock

K, tan@,
K, tané,

Water table

- Unconfined

) aquifer (K,)
Pigzometer

— Aquitard (K5}

Shale - ~ Confined
= | aquifer ()
Sandstone - ] Acuitard (Ko}
Shale - .
= Flowiine refraction: K Llan s
Ky, tant,

Figure 5.9 Warter flow and pressure distribution in aquifers and aquitards formed by dipping sandstone and
shale beds (Dr P. Ward, plots by W, Zawadzki).




Anisotropic Rock

(&)

Isotropic
1

Figure 5.10 Flow nets in slopes with isotropic and
anisotropic hydraulic conductivity: {a} isorropic rock;
{b} Knorizoneal = 10 % Kverticals

{c) Kpnraiicl to slope = X [\pcrpendicuiar to slope
{plots by W. Zawadzki),

Jolntad

Paorous rock
roek
5]
Fault
{high conduclivity)
Fault

{low conductivily}

Figeere 511 Relationship betwees geology and pround warer i slopes: () vatianion in warer pressure in joings
related to persistonce; fhi comparison of warer rables in slopes excavawed in porous and joimed rock; (¢} faules
¢ Jowr canductivity ground water baerier, and high conduztivity sub-surface deain {Pation and Deere, 1971




Measurement of Water Pressure

Types of Piezometer
. Open Piezometers {(Observation Wells)
Standpipe Piezometers

Closed Hydraulic Piezometers

. Air Actuated Piezometers (Pneumatic Piezometers)
: Electrically Indicating Piezometers (Electronics Transducers) B
s M~/ w = e
Standpipe Piezometers
Stan! Hensdoie 45) R,
PIOlEcve £atang WA
L o
/J:/j//:ﬂr:;m R Riser Pips
T e p“f%’”“— -’“‘W\? ol -
jré'c:as‘crtﬁa: A1 5 .5_.:« R
| Gromatas oo s0sf B[ Bentonlte-Cement Grout . -
|- 25 Bentonito-coment sout Ve EENERRI TR
g %'/’ | || water Leved produced by
e | gomn PYG easion i )] pore-water pressura atthe.
4 e | fiertip
1
i Grosedat bunipria seal : o -
T % | BentoniteSeal .
Giticar firernrained sand o
{emriar sand —
Sand Filter Zone
/,GUMPVCWE?\!LYM"I
Wi 020 mm elst aven
Filter Tip
- Firter pock (giaan medium o
1z coarse a¥in sandh
_iv | - 5l ovC casing
asm [+
L 2 -

Water level in standpipe {Casagrande! piezometer s
praduced by pare-water pressure a1 the filter tip




Air Actuated Piezometers (Pneumatic Piezometers)

Pressure gauge
Aiv supply

b W

Plastic tubes

L—Air valve

Diaphrogm

Field Measurement of Hydraulic Conductivity
» Falling Head Tests

» Constant Head Tests
»  Pumping Tests

Airflow indicator

Figure 60 : Typical circuit for
an air actuated piezometer.




Field Measurement of Hydraulic Conductivity

. Witrr lpwni at wpre 1ice . Ir o~ GUARLETY of water et
.o sequired 1o maine
N tain constant head
", N
] -
W i ‘;\“ \ }
Tw [ 02 H
W 0.%-———‘45 -
Z
vl 2.3 T 5 .
“PRest water [ovel § Rest water level o
- basing 0.2 Casin
|| _.,,.,,, 9

See table for
shape factor F

See tabie for
shape Factor T

— o 1 b 3 4 R
Falling head test Time t - hours Constant head test
v Falling Head Tests
A H] where A = cross section area of the water column.
K= In(—) F = shape factor
Ft,—t) H P
2 1 2 H,, H, = water levels in the borehole
measured from the rest water level,
‘ at times t1 and 12 respectively.
» Constant Head Tests q = flow rate and
K= 4 H_ = water level, measured from the rest water
F Hc level, maintained during a constant head test.
w 23
shape Factors
fred sond Fe Shape farnr §
R
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Pumping Tests

» Pumping Well and Observation Well |

Pump [==5-4e q - pumping rate

. _ah@ ™)
27L(H, —H,)

\ Iz

_______ - ¢__,- _ IHLH____ l Datum Level

—] 1 | 5T
~« R
where q = pumping rate required to maintain a constant pressure in the test cavity

L = length of the test cavity
,,,,,,,,, H, = total head in the test cavity
D = borehole diameter
VVVVVVVV H, = total head measured at a distance R from the borehole.
ho 25

Pumping Tests

+ Pum p‘E.ngr Well

Pump [=-# q .. pumping rate

L/ D)

-4 In(Zm

\M /,/ 2nl H.

where in this case, m = (K/K )2
K = permeability at right angles to the borehole (quantity required)
K, = permeability parallel to the borehole which,

if cross flow is neglected, is equal to the permeability of the intact rock
H, = constant head above the original groundwater level in the borehole

w26
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Rock Shear Strength Properties and their
Measurement

Prachya Tepnarong, Ph.D.
prachya@.sut.ac.fh

Shear stress vs. Normal stress

'a
4 Intact,
weak rock
wr

/o | Rock

Fractured, masses
¢ strong rock
7

Rough, clean
fracture
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oy | Smooth, clean|
A fracture - Discontinuilies
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Shear stress, ¢

i L7 ] Infilled

P, fraciure
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Cohesion
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Effective normal stress, o’




Joint Shear Strength

Criterions
1. Coulomb Criterion (Shear Strength of Planar Discontinuities)

2. Patton Criterion (Shear strength on an inclined plane)

3. Ladanyi and Archambault Criterion (Surface Roughness)
4. Barton Criterion (Surface Roughness)

5. Hoek and Brown Criterion (Fractured Rock Masses)

Coulomb Criterion (Empirical Criterion)
Shear Strength of Planar Discontinuities

» Peak Shear Strength

» Residual Shear Strength

{a) Shear displacement, 5 {b}

B 32 V

;, <~ PeaX shear strength
] — Residual shea
@ strenglh
5 ]
: @«
A 5!
o*  Shear stress, 1 i
Shear displacement, 4
) Peak shear strength {ch Peak strength
. T=C+o tan g, imCatandg,
u ~
w
g <
@ g1
% @]
& G, clanhdyg s |
o Jf l &
é:a_: T aland,
Cuohesion, CI] & Residual strength

Normal stress, o

Normal stress, ¢



Coulomb Criterion
'» Peak Shear Strength

T = ¢, totan g,

T = ¢, +(c-u) tan ¢, (Effective Stress Law)

» Residual Shear Strength

T = o tan g,

T = (¢-u) tan ¢, (Effective Stress Law)

where u is the water pressure within the discontinuity

o 3 3

Coulomb Criterion

e Table 4.1 Typical ranges of friction angles for a variety of rock types

Rock class Friction angle range  Typical rock types

Low friction 20-27° Schists (high mica content), shale, marl

Mediom friction  27-34° Sandstone, siltstone, chalk, gneiss, slate
High friction 34-40° Basalt, granite, limestone, conglomerate




Patton Criterion

Shear strength on an inclined plane

— ! 1, =7 Cos? - 5 sin7 Cos i (6.3)

o,=0 Cos?i - o sini Cos i (6.4)

Tf,— If it is assumed that the discontinuity surface has zero -
i = asperities cohesive strength and that its shear strength is given
by
T, = G; Tan ¢ (6.5) —

sub equation 6.3 & 6.4 into equation 6.5

t=0 Tan (¢ + i) (6.6)

Patton Criterion

Shear strength on an inclined plane

Average dip
56-60°

Average dip Average | angles for second- __
43,50 order asperities

Average dip
31°
Average j angles
for fisst-order asperities
0 25 56cm
| CED E—
Approximate scale
Figure 4.10 Patton’s observations of bedding plane Figrre 4,11 Measurement of roughness angles i for
traces in unstable limestone slopes (Parton, 1966). first- and second-order asperitics on rough rock

surfaces {Patton, 1966).

: '36 S : e e



Patton Criterion

Shear stress, 1

‘Shear strength on an inclined plane

i=tan (5,18,

Fipure 4.12 Effect of surface
roughness and normal stress on
friction angle of discontinuiry surface

Y

37

Dilation/shearing {Transportation Research Board,
1996).

Ladanyi and Archambault Criterion

Surface Roughness

_ o(l —as)(\l/ +tan ¢)+a..t,

where &,

38

1-(1-a )vtan ¢

= proportion of the discontinuity surface which is sheared
through projections of intact rock material

=AJ/A

= dilation rate dv/du at peak shear strength

= shear strength of the intact rock material




Ladanyi and Archambault Criterion
Shear strength proposal by Fairhurst (1964):

1
«/I+n—l( 0]2 ~~~~~~~~
o, —— 1+n

T

n

where O, = uniaxial compressive strength of the rock material (G)
n = ratio of uniaxial compressive to uniaxial tensile strength
(o¢/or)
Hoek (1968) has suggested that, for most hard rocks, n is
approximately equal to 10 —

K L
v={1-2| tani and a, =1— [
C; G,

where, for rough rock surfaces, K =4 and L. = 1.5.
D RLAVURORIMARMORORIORUITY 7 oy R ¢ I

Effect of asperities on stability of sliding block

/—(“"fzk\
e
/(A,lffl’. }-\(50«1 00 mms

Frgure 4,13 Effect of asperities on stability of shding
blocks: {a) shear strength of displaced block
contratled by frst-order asperities {i1); (b} rensioned
rock bolts prevent dilation slong potential sliding
surface and produce interlock along second-order
asperitics ({3).



Barton Criterion

Predicting the shear strength of rough joints was proposed by Barton (1973)

t=otan| ¢, + JRC.Log,, ]
c

Barton Criterion

Typical roughness profiles for JRG range:

10— ! 62
2 i 2-4
3k ~1 46
4 br——— ] &6-8
L P 8-10
I e 1012
7T T T e 1214
8 W 14~16
B e T T e 1618
0 N I 18-20

10
i cm  Scale

Shear sirength

where  JRC = Joint Roughness Coefficient

o
-
3 & Archashaull s eguaiion
-~
~
-
s
0.3 P NS
v
Barton's sguation 7 Q“L‘ Bartoun's eguatlion

not to be appiied - ¥

in tkis range. re

- Residusl strenglh of
swgoth rock surfaces

bt
~

Joint compressive stronsih

;a"jﬁ"

! 1 ¥

a G.1 6.2 0.3 ok

Effective normal strass ¢
Q £ - -
Joint compressive stranath oy

For comparison the residual strength of a
smooth joint with ¢ = 30° and Ladanyi and
Archambault’s equation for i = 20 and ¢ =30

42




Hoek and Brown Criterion
Fractured Rock Masses (Closely Jointed Rock Masses)

2
G, =0; +\/m0c63 +50,

where o, = uniaxial compressive strength of the intact rock pieces and

m and 8 = dimensionless constants which depend upon the shape and degree
of interlocking of the individual pieces of rock within the mass.

T=Ao, (c/o; - T)®

where A and B = constants defining the shape of the Mohr failure envelope and

T=%(m—\/m2+4s)

Hoek and Brown Criterion

TABLE [V - APPROXIMATE RELATIOHSHIP SETWEEN ROCH MASS QUALITY AMD EMPIRICAL CONSTANTS
- ] )’ 0
— -l - § 01 mt
BL B w -§ - 258 R —
as . . . w ] > F v W= FLe 3
EBmpirieal feilure oriterion| = 2 ® = ] Eo a8 zo L FEE ok .
= = o % =W T T red - ngu:
F g b3 B = § B O o= g 4
N by 4+ =3 =5 wy - = - ‘\-‘9 ﬂ.q:’-ﬂ-\'g
o1 7 oe3t ey * st lab % 12 BE [gsE 5 €% 58 |ga® 583
82 & |2 3§ |[88E y |e° EF |EEE 3%
28 a % i X ] ey et - s > “’Q' —
v = Asfer, - T )8 w = ==z = TZE shm
< =i o 2 g3 |388w 2 53 g2 B0 amy
o ey s B Ralo 5§39 |Be=d 3 w%m-ﬁg ‘.2,“;’5 ;§o§§.
were Teo - AT 182y RE) 2 BRC |2ERE Y e id |EIEGES
SES BR[| 58 ¥E< |HE52 § (252 98 |8E2 WEE
INTACT ROCK SAMPLES me 7.0 m= 0.0 m= 15,0 m= 17,0 m = 25.0
Laboratory stan spacimens s = 1,0 s = 5.0 s = 1.0 s = 1,0 s = 1.0
free from jeinte A=0.816 | A=0.518 |A=1.08% ]A=1.0% A= 1,220
CSIR rating 100 8 = 0,658 B - 0.677 8 = 0,592 B = 0.696 & = 0.705 .
MGt rating 500 T = «0.140 T = -6.0%3 T = -0.067 T = -0.053 T = -0.040
VERY G000 QUALITY ROLK RASS| m v 3.5 m= 5.0 m= 7.5 m= 8.5 m= 12,5
Tightly interlocking undis-| s = G.1 s = 0.1 s = 0.1 s = 0.1 s =0,
turbad rock with wmicather-{ o o pgey | A= 0.739 | A=o0.868 |A =~ 0,883 A= 0,998 -
ed Joints at zin. s .
£54R rating 85 6 = 0.679 = 0.5 B=0.702 |8 % 0.705 6= 0.712
NGI rating 100 T = -0.028 T = -0.026 T -0.013 T = -0D.012 T = -8,008
GOOC QUALITY ROCK MASS m e 0.7 P = 1.5 e 1.7 me 2.3 -
Frouh fo alightly weathered] s = D.C0L 5 = 0.00b 5 = 0.00h s = §.00h 5 = 0.00k
rock, slightly distwrbed
with dointe ab { fo S A=0.365 | A=o0.k27 Tamo0.501 [A=0.525 A= 0.603
LSIR rating 65 B=0.669 | 5=0.683 |5=0.695 |0=0.698 B = 0.707
WGl rating 10 Te=0.006 | Tw-0.00h [1=-0.003 |Ta=-0.002 |7=-0.002




Hoek and Brown Criterion

,,,,,,, FAIR QUALITY ROCK MASS m= 0,14 m = 0.20 m= 0,30 m = 0.34 w= 0.50
Several sets of moderately | s = 0.0001 s = 0.0001 5 = 0.0001 5 = 0.8001 5 = (0.0001
g‘?‘;ﬁ’g"?: Jointe spaced at | , . 5498 | A=o0.230 JA=0.280 |A=0.295 A = 0,346
c;sm rati;‘ag b B = D.662 B =0.675 B = 0.688 B = 0.B5t g = 0.700
""""""""" ¥G1 rating 1.0 T = -0.0067} T = ~0.0005 | T = ~0.0003 [T ="-0.0003 | T=-0,0002
POOR QUALITY ROCK MASS m = 0,0k m=0.05 m o~ 0,08 m = 0.09 m= 0.13
. Humerous weathered joints s = 0.0000F | 5 = 0.00001 | s = 0.00001 | s = 0.00001 s = {(3.0000F
at 30 to 500mm with scme _ - - A= 0.172 A= 0.20
gouge -~ elean waste rock. A= 0.1¥5 A=0.123 A= 0.162 7 3
CSiR rating 23 8 = 0.646 B = .655 B = 0.672 B = 0.676 B = 0,686
NG rating 0.1 Tw-0,0002| T=-0.0002 | T=-0,0000 |T=-0.0001 {7 e -0.000
VERY POOR QUALITY ROCK MASS] m = 0.007 mo= 6010 m= 0.0i5 m= 0.017 m= 0.025
Wumerous heavily weathered | 3 = 5=0 s=0 s =0 580
Joints spaced < 50mm with a = D02 A= 0,050 _ _ . )
-------- gouge -uaste with Fines. B = .53 N * A = 0.081 A = 0.065 A= 0.078
. = {J, B o= 0. = = =
¢SIR ratiag 3 : 3 539 1B =0.54 = 0,548 B = 0.556
= T w " = =
N1 rating 0.01 T 0 Two T=0 T=0
Shear Strength Testing
Large Scale Laboratory Tests




Shear Strength Testing
Portable Direct Shear Machine

Rope load egualistr

Normal load Jack

Concrate or plaster
east specimen mount

Gauge for measurement of [
/ shear displacement
Uppur shear

bos.,

Shoar surFace

Shear Yoad jack

Lower shear box

: ﬂ% Designation: D 5607 ~ 02 {Reapproved 2006)
il

]
iRTERNATIONAL

Standard Test Method for
Performing Laboratory Direct Shear Strength Tests of Rock ;
Specimens Under Constant Normal Force ;

This standard is Essued under the fixed dexignauen [ 3607 the number inmediaiely Fellowing the designation indisates the vear of
ariginal adoption or, in the gase of revigion, he vear of last revision. A mumber in parentheses indicates the year of fast reupproval, A
superscripl epsilon {6 indicmes an ediorial change since the fast revision or reapproval,

____________________________________________________________________________________________________________

Objectives: to determine shear strength of intact rock



Direct Shear Strength Testing

Apparatus
1) Direct Shear Machine
2) Pressure Maintain Device
3) Displacement Measurement Device

Norrnal Lood System

H + + + + ‘} + + {Eﬂ:nasulnling Moterial
Specimens —

[ ;—-—— Rock Speeirmen
: ’ 0.2 L Minimum ;
Sheor Lood System
\-T_Tes.'t. Horizon -

5 mm Minimum

"

1™ Minimum Area 3 in2
ﬁk-—Spe'c imen 'Hn'ldihg Ring
s T S A :

:;\‘oiﬁérs
FIG. 2 Schematic Test Setup—Direct Shear Box with Encapsulated Specimen

Direct Shear Strength Testing

.
o
‘5%}\\,\9(5‘ .
.......... L ?%‘é%%?\s G | o
. *\% . -

Laboratory Direct Shear Machine




Direct Shear Strength Testmg

A

Portable Dlrect Shear Machine

Direct Shear Strength Testing

FlG. 5 Specimen Supporied in Place By Modeling Clay Pins
Which Are Removed Alter Encapsulzting Material Cures and the
Resulting Holes Filled With Encapsulating Materin}

Bem: i-_-lu both Figz. 5 and Fig. b the shear bon is cylindrical, Square

Mo Fethie oy s phattis plates for suditig dhe Janat 2oae
FG. 3 Vigw Showing Pauring Encﬂp'iuﬁmmg Hatertal Arauntd
< .
Upper Hall of Spesicien FIG. 7 Removing Spacer Plates After Encapsulating Materiat Has

Cured




Direct Shear Strength Testing

irect Shear Strength Testing

(a) o /Shear'csispxaéérﬁeﬁt, 5 b)

_ / [ Normal stress, o
— e 4 e

o
P %
o
o
=
o
@D
&
Shear stress, 1
{c) Peak shear strength {d)
- t=g+atandg,
o
@ -
7 g
— D
o =
g (j;p & tan (f)p f
175 &
@
— o I
Cohesion, cl @

Normal stress, &

< Peak shear strength

— Residual shea
strength

Shear displacement, §

Peak strength
I=C+otand,

T= 7 fan
& Residual strength

MNormal stress, ¢




Direct Shear Strength Testing

Calculate the following engineering stresses:

P
Apparent normal stress ¢ = T

Apparent shear stress T = g—s
where: T
P, = normal load,
P, = shear load, and
A = nominal initial cross-sectional ares o

For Core Specimens

vl

W o e
A= Jcos6

the area is determined by:

where:
D = core diameter. and
& angle of tip.

i

irect Shear Strength Testing
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Direct Shear Strength Testing

Post-Tested

irect Shear Strength Testing

Post-Tested




Shear Strength Testing
Field (In-situ) Tests

200 ton jacks

151 5exB raock sample
Spharical seats

dial gauges

Grouted anchors for frame
to support gauges
Pivol shoe
Timber blocking
~ Spacer column

&
<] 1 2 3
Tl —— %

Approx. scale =~ ft.

MoMD»
LI T T A

1

T o
¥

A
S €
oy —h €
;5' : o 4] E
i) A 7 m
B ;,
ooy -;,. = o
W
59 B
Standard Test Method for
in Situ Determination of Direct Shear Strength of Rock
Discontinuities’
D
b ) A3 .
) //C:;)
e - &
/ 7
b > 2
: I; £ 3 .‘;/ 2
G—, B .‘ . - 3 fanaed
Ly Adit floor T T ) Figure 4.24 Typical set up for an i sit direct-shear
IR ol T 3 test in an adit {Saint Simon et al., 1979).
3y 7}-%;‘3_’:1“"“””12; 1. Rock anchor. 2. Hand-placed concrete. 3. WF beam. .
B R 4. Hardwood. 5. Steel plates. 6. 30 ton jack. 7. Dial
5_‘! gauge. §. Steel rollers. 9. Reinforced concrete. 10,
u Bearing plate. 11. Styrofoam. 12, 50 ton jack. 13. Steel
9 02 0.4 05 03 1Om ball.
SCALE
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irect Shear Tests

Xayaburi Hydroelectric Power Project, LAOS PDR

Xayaburi Hydroelectric Power Project, LAOS PDR




SHEAR STRENGTH
T, Mfe

L1

KORMAL STRESS
L WPy

total shear force, MPa,

total normal force, BIFa,

applied shear force, MMPa

apphed normal force, MPa,

inclinanon of the applisd shear force to the shear
plane; if @ =0, cosw = [, and since =0, and

area of shear sudace ovarlap (corrected o account
for shear displacement), mm.
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Plane Failure




Plane Failure

H

General Condition for Plane Failure

i

b

Rare

Strike of sliding plane // strike of slope face (4 20 degrees)
Daylight (y; > y)

Overcome friction angle (y,> ¢)

Upper end of sliding surface intersects upper slope / tension crack

Release surface

(b} {©

Release surfaces

Slica of unit
thickness

For sliding
> &

figure 6.2 Geomeury of slope exhibiting plane failure: (a) cross-section showing planes forming a plane failure;
{b) release surfaces at ends of plane failure; (¢} unit thickness stide used in stability analysis.




Plane Failure Analysis

{2}
(b}

Assumptions Required for Analysis

2

¥
B

The geometry of the slope is defined two cases:

A slope having a tension crack in its upper surface
A slope with a tension crack in its face.

(a) Tension crack in upper
Face " surface of siope |
ez
Zy
e |
Slide plane
{o} Tension crack in face

Slide plane

Both s.li.ding surface éndlfenrsion crack Striké ';ﬁ.ér.aliel. tothe suio.p”e éu.r.face.
The tension crack is vertical and is filed with water to a depth z,.

Water in sliding surface and tension crack subjected to atmospheric pressure.
All forces act through the centroid of the sliding mass.
Using Coulomb criterion,t=c+ o Tan ¢

Release surfaces is no resistance to sliding.




yy = dip angle of slope face

A = area of sliding block
U = uplift force Yy, = dip angle of failure plane

\Y% = water pressure in tension crack W, = dip angle of upper slope face

........ H — Slope heigl'it ‘Y\V - Unit \Neight Of V\Iater
b = horizontal distance b/w slope crest ¥r = unit weight of rock

) & tension crack z = depth of tension crack
W = weight of sliding block z,, = vertical depth of filled water
%”g

Normal Stress acting on Slide Plane

1.0
08 | e
/]

0.6
0.5

0.4

o /]
AN

¢ 10 20 30 4% 50 80 70 BO 90
Slepe face angte ¢ (degrees)

Dimensionless normal stress ratio, of7H

SN

o _ [ (ZHPjootis, - cotis] siny
wH 2(1-2/H)

where 2/H=1—{cot: tang )2, and ¢=0

10




E.5. Calculations

_ Resisting Foree -

F.S.=——
Driving Force

S cA+(W.cosy, —U~-V.sin y jtand

W.siny , + V.cos v,
where _
A = (H+b.tan y,—2). cosec y, e
U = Y2y, .z, (H+btan y,—z) . cosec y,
V = Yy, .22,

E.S. Calculations

For the tension crack in the upper slope surface
W = y,[(1-cot yy tan ) (bH + 7% H? cot yy) + %2 b? (tan y, — tan W,

(for y,= dip angle of upper slope face)

W =12y 2 [(1 - (z/H)?) cot y, - Cot y]
(for w= 0, upper slope face is horizontal)

For the tension crack in the slope face
W= Y yH, [(1 - Z/H)* coty, (cot y, . tan y;—1)]




Simplify the Calculations

In case of ;= 0, upper slope face is horizontal, - T

following dimensionless form :

(2eiy H)P+ (Q.cot v, - R+ S))tan(l)

Q+RScoty,
where P =(1-2z/H). cosec y,

(a) tension crack is in the upper slope surface:
Q= [(1 —z/H)?) cot y, - cot ;] sin

(b} tension crack is in the slope face:

Q= [(1 -~ z/H)? cos y, (cot y, . tan ;- 1)]

R =Y Zw Z
v. z H

S:Z—W.Emsin\;fp
z H

W 13

5.0 e
\\ 0.6 /
7
a ! Volues of the
‘\ ratio P for varicus slope . /
4.0 qeomelries. 0.4 d
\ / =
0.7
v | Z L~
z [
I\ » Lo LA
3.0 / Y
p
\\\ g.5 . GJSI =
- \ \, \ 6.4 / 0.5 <]
o \ \ z/H / /
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Influence of Groundwater

c.A

F.S. +coty .tang

- W.sm v

F.S. = 2c —P— +cot y_.tand
vH W P

Water in tension crack only (uplift force U = 0)

_cA+(W.cosy, —V.sm y Htand

F.S. -
______ W.sin y, + V.cos vy,
. 2¢/y H.P +(Q.coty , — RS)tand
o Q+RS.coty

Critical Tension Crack Depth and Leocation

critical tension crack depth (z,)

..... | r‘bc“’i

1 TR W,».\T, z,/H=1- \/ Coty;.Tan vy,
.
o H l
i position of the tension crack (b,)
| L
v b./H = \/cot Ve .coty, —coty,

Dry SlOpeS (fOrCCSVandUarebOth Zéro) - e e e e e
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Critical Tension Crack Depth (dry slope)
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Critical Shide Plane Inclination

For dry slopes this gives the critical failure plane inclination Y, 88

Wpc =" (“pi + ¢)

. r"bc""
| 1 S A rrr 77
Ze
: H ||
Wt
| Vp
SFIRY

& 2. 1

Analysis of Failure on a Rough Plane
FFor dry slope, U=V=(0

FS. = i
Wsin
_otan(¢+JRClog,,(c;/chHA

E.S. -
- Wsin y

W cos
Sub o= e

in Equation

FS tan(¢ +JRClog (5, /o)) Barton Criterion

tan v/,

ES — tan( ¢ +1)

Patton Criterion
tany

w22




Reinforcement of a Slope

-Reinforcement with Tensioned Anchors
-Reinforcement with Fully Grouted Untensioned Dowels

-Reinforcement with Buttresses

Reinforcement with Tensioned Anchors

FS o cA+(W.cosy, —U-V.sin gy +T.cos(y +y )Hitand
o W.siny, + V.cos y, —T.sin (y; +y,)

T sin (g +r7)

4

T cos (¥, + )

¥ 24
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Reinforcement with Fully Grouted Untensioned Dowels
o Datail
e Rk <E
o Steel dowel =

T Zene of plastic strain in steel

T Grout

Joint
plare

Figuere 6.9 Strain in fully groured steel dowel due to shear movement along joint (maodified from Spang and
Ezger (199031

26

Reinforcement with Fully Grouted Untensioned Dowels




Reinforcement with Fully Grouted Untensioned Dowels

_cA+Ntang+R,
S

F.S.

S o cA+(W.eosy, —U—V.sin y tang+R,
W.siny +V.cos y,

R, = 0,,[1.55+0.0116"sin *(a +)] x 030"4(0.85 + 0.45tan¢)

C1

R, = shear resistance of dowel joint (kIN)

i = roughness of joint (asperities) .
o = dowel inclination (about b/w 30-45 degrees)

Gy = compressive strength of rock and grout (MPa) ]
Cys) = tensile strength of steel bar (kIN)

by Spang and Egger (1990)

Reinforcement with Buttresses

Steal dowel/concrete huitress

Waste rock buttress

Rt ey

Figure 6.10 Reinforcement of slope with buttresses.
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Upper slope surfaca,

which can ba obliquely
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Wedge Failure




Wedge Failure




General Condition for Wedge Failure

b Two plane always intersect in a line
. (trend o, and plunge y,)

+  Daylight and overcome friction angle

(g >y ¢)
» Line of intersection is between

(a) (b}

Ling of
Intorsection

o; and o’

Hote: Tha convenlien adapled in this
analysls is that the fatler plane is always
telarrad 10 as Plang A,

Line of intarseclion

Hange of 4, for siiding

N Plane A i
- P an coso, —tany, cosa
-
_________ ¢ o = fan ( A . . . . :
tan\ypsm oy ~tany, sm o,
Plane B
- — Face
W, = tany , cos(o, — o) =tan y, cos(o, — o)
R =X Direction of
e Ve W ﬁ{// shiding
. ra
Y




Analysis of Wedge Failure
v The F.S. of wedge assuming that sliding is resisted by friction only and that the —
friction angle ¢ 1s the same for both planes

F.S = (R, +I.{B)tan¢
Wsm y, -

Where R, and R, are the normal reactions provided by planes A and B

() \/ssf—*!,u\
J B

Direction of
sliding

Analysis of Wedge Failure

+ Inorder to find R, and Ry, resolve horizontally and vertically in the view alongthe =
line of intersection :

Rysin(B-"28) = Ry sin(B-7¢)
Rycos (B-%2E)+ Ry cos (B+%E) = Weosy,

+ Solving for R, and Ry and adding :

{a) bt
RAmwaB:W'COSWi'SlnB " \\/ '7‘\&\ o

.1
»  Hence: ) e m
FS = SmlB . and
: tany/.
SH — !
2§



Wedge Analysis including Cohesion, I‘rzctmn and Water Pressure

The i numbermg used throughout this book is as follows:

I — Intersection of plane A with the slope face
2 — Intersection of plane B with the slope face
,,,,,, 3 — Intersection of plane A with upper slope surface

4 — Intersection of plane B with upper slope surface

e 5 — Intersection of plane A and B

(a) Upper slope surface,
which can be obliquely
inclined with respect
to the face

Plane A % P Plane B

Face

Wedge Analysis including Cohesion, Friction and Water Pressure

The factor of safety

F.S.= (o, X+c, Y)+| ALte X |ang, +] B2 lang,
H 2y 2y

T

where ¢, andcy = cohesive strengths of planes A and B
¢, and ¢, = angles of {riction on planes A and B
Y, = unit weight of the rock
Ve = unit weight of water
H = total height of the wedge

- X, Y,Aand B = dimensionless factors which depend upon the
geometry of the wedge.

Assumed waler pressure
digteibution




Wedge Analysis including Cohesion, Friction and Water Pressure

The values of parameters X, Y, Aand B :

< sin®,,
sin@,5 cosO,
V= s,

sinB,, cosO

1.na

_ cosy, -cosy, .cosd

A nanb
. « 2
S]HWSSIH 921'1a.nb
B = SOV - cosy/,.cosO . .
. . 72
sinysin "0, . .
11
Stereoplot of data
N
s i"—*-\ Great circla
~" plane A
Great circle
plane B
L L s
plane A -
Great circle
of face

7
Great circle of
upper surface

Dip  Dip Properties )
direction T

45 105 Ba = 20°, cp = 24 kPa

70 238 ¢p = 30% cp = 48 kP

65 185 A

12 195

12



Wedge stability calculation sheet |

Input data Function valie Calcselated valies
Yra =45° cos ¥y = 0.707 COS Py — €OS ¥, €08 Bponp 0,707 4 0.342 x 0.191
Yy, = 707 cos ¥, = (.342 A = - — = = 1.548
W5 = 31.2° sin 5 = 0.518 sin s $in” Onaunp 0-518 x 0.964
Vinanp = 1017 cos ‘E}"“-“” =(;gé1291 B COs Wy ~ €08 Y, €08 Opgne 0.342 4+ 0.707 x 0,191 0.956
SHY =1, = = == UL
na.nb sin ¥s Sin? B, op 0.518 x 0.964
O34 = 65° sin B4 = 0.906 .
fgs = 25° sin 045 = 0.423 X =i 420'906 5 = 3.336
By = SO° COS 02 4, = 0.643 sin 845c08 62, (423 x 0.
- O3 = 62° sin Ay = 0,983 . 0
O35 = 31° sin 035 = 0.515 G ;m 6136 =5 51'58830 < = 3429
By i = 60° cos 0y = 0.500 S O35 €08 U1np - D020 X U
P = 30° tant ¢pp = 0577
¢B = 20° tan gy = 0.364 3 . Yw Y
' }/rzZSkN/ma oo/ 2ve 2= 0,196 ES =m(CAX+CB})+(A— EX) tan ¢y + (B«— E};))tan o))
Y = 9.81kN/m®  3ea/yH =0.072
cp = 24kPa 3ep/vH = 0.144 FS =0.24140.45440.823 - 0.376 + 0.348 — 0.244 = 1.36
o cp = 48kPa
T H=40m
13

Analysis of Wedge Failure

# In other words:
FS.,=KFS.,

Where F.S., = factor of safety of a wedge supported by friction only.

F.S., = factor of safety of a plane failure in which the slope face is inclined
at y; and the failure plane is inclined at ;.

A AN EANF

14




Wedge Factor, K

Angle of it

25 \ 70
60 ) i |
3 View along line of
20 M \ intersection
\\ Wedge factor K=sinfi/sin (%25}
L\ B forfi=t2&

\ AY
\\ N
1.0 h \ T I i H Q‘.—z—_—

Twa dimensional plane failure
when for f<¥%g

a5

0 20 a0 &0 20 100 120 140 160 180
included angle of wedge §-~degrees

. 15

Wedge Stability Charts for Friction Only
If the cohesive strength of the planes A and B is zero and the slﬁpe is fully dra.inéd.,.

FS.=Atan ¢, + B tan ¢,

Plane B

Note; The flatter of the two planes is
always caiied plane A.

Factor of salety

FS=Atand,~Blandg

2 16



Dip Difference 0 degree

A/B chart-dip diffarence 0°
5.0
4.5
Fians B
"\
4.0
7 ) r&o\e: The flatior of tha two planes is
‘‘‘‘‘‘‘ 35 1 always called plane A,
7
© 2.0 v Faclor of safaty
ﬁ ::; 25 ak FS=Aland,+Bland,
o Dip of plane T ag iy
3 A
20 304
#1140
SHPP ) A
1.5 » 50
- e A
- A
1.0 o
o
e 0.5 - o -
a e
11

o ; ot
0 2 40 &0 80 100 120 140 180 180
- 360 340 320 300 280 260 240 220 200

Difference in dip direction—degrees

Dip Difference 10 degrees

A chart—dip difference 10° B chart—dip difference 10°
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Difference in dip direction—degrees

Dip Difference 30 degrees
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Dip Difference 40 degrees

A chart—dip difference 40° B chart--dip difference 40°
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A charl—dip difference 60° B chari—dip difference 60°
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Example

b In order to Hllustrate the use of these charts, consider the following example:

dip®
Plane A 40
Plane B 70
A chatt—dip dillerance 30°
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A=1.5

B8=07

FS.=Atan¢, + B tan ¢p
1.5tan 35+ 0.7 tan 20

1.30

It




Prachiya Tepnarong, Ph.D.

S e PFacChya@sut.ac.th

Circular Failure




Conditions for Circular Failure and Methods of Analysis

4

The individual particles in a soil or rock mass are very small when compare with
slope height

The particles are not interblock
For examples:

1

Seil slope

t

Rock filled / waste rock slope

Heavily-fractured rock

Highly altered and weathered rocks




Kinematics of Block Toppling Failure
I Block Shape Test
. v, < (l)p (Stable) W e
Axly < tan y, (Topple) '

2. Inter-Layer Slip Test
(180 —y—yy 2 (90- )
or Wy (90-wyy + ¢, ;

1.3

Block Alignment Test {18044
(o0rg)] < 10°

Limit Equilibrium Analysis of Toppling on a Stepped Base
T R || ||| L LA
. Block Stability

1
2
3. Calculation Procedure for Toppling Stability of s System of Blocks
4. Cable Force Required to Stability a Slope

5. Factor of Safety for Limiting Equilibrium Analysis

6. Application of External Force to Toppling Slopes

o1 D




Limit Equilibrium Analysis of Toppling on a Stepped Base

1. Block Geometry

o] stable

2| Topple

: Figure 9.7 Model for
! limiting equilibrium
M Stide  analysis of toppling on a
stepped base {Goodman
and Bray, 1976},

cot(y, ) = cot(y, )
sIn( Wy, —~ W)

sin( v, )

n= H cosec(vy, ) +
Ax W

Limit Equilibrium Analysis of Toppling on a Stepped Base

1. Block Ge m. t
Geometry in position below crest of slope

v, = n(a, - b}

A-x\/ T {'\vu

above the crest

¥, =¥

YT ¥pa— @ -b

Y stabie a; = Ax tan{w,- )

ol Topple

=] slice

a, = Ax tan(y, - y)

b= Axtan(y, - )

Gt s R3yn 8 e Yasnsesn o8 e Buda ol

ur, = dip of the base of the block

Wy = dip of the orthoyonal planes forming the faces of the block = (90 -~ w )
: i

wry, = dip of the base plane {a stepped surface with an overall dip)



leit Eqmllbrlum Analy31s of Topplmg on a Stepped Base
I Block Geometry

in position below crest of slope
M, =y,

is the slope crest
M, =y,—

Ln T ¥n- d}

b

above the slope crest
M =y, —a,
L, =y,

13

Limit Equilibrium Analysis of Toppling on a Stepped Base
For limit friction on the side of block

Q,= P, tan ¢,
Q{;wl = Pn»l tan ¢d

¢y = friction angle of the side of block

i4




normal and shear force acting on the base
of block

R, =W, cos y,+ (P -P, ) tan ¢,
S, =W, siny, +(P-P )

g4 = friction angle of the side of block

check for sliding does not occur on the
base

R,>0

1S, > R, tan ¢,

to prevent toppling

rotational equilibrium

Poi= [PM, - Ax tan ¢,) + (W ,/2) -
(ynsiny,—Axcosy )] /L,

P,_itand idi
n-11andg to prevent sliding

P

i-l.g

=P, ~ [{W,(cos y, tan ¢, —

sin /{1 = tan ¢, tan ¢ ]

If Pni¢ > Poys,blockis on point of toppling

If Pt < P.is,blockis on point of sliding



Cable Force Required to Stability a Slope
the anchor tension required to prevent topplingrof block 1 R
 Wi/2(y1 sindp — Axcos ¥p) + P1(¥] — Ay tan gy

. Ly cos{vp + ¥r)

: : {c)
the anchor tension required to prevent sliding of block 1

Q,
o= Pi(l —tangptan ¢q) — Wiltan ¢p cos fp — sin rp) Py
. T tan ¢p sin(y¥p + Yr) + cos(¥p + Pr)
,,,,,,, .
w17

Cable Force Required to Stability a Slope

when the force T is applied to block 1,

the normal and shear force on the base are,

Ry =P, tan ¢, + T sin (y +yyp) + W, cosy,

()

e Sy =P, T cos (y,tyy) + W siny,

b 18




Example of limit equilibrium analysis of toppling

(a)

22.5m

5.8°
30°

A rock face 92.5 m high (H) is cut at an angle
of 536.6°(yy) in a layered rock mass dipping at
60° into the face (¥y = 60°); the width of each
block is 10m (Ax). The angle of the slope above
the crest of the cur is 4°(y), and the base of the
blocks is stepped § matevery bock {am (1/10) =
5.7°, and v = (5.7 +4p) = 35.7°). Based on this
geometry, there are 16 blocks formed between the
roe and crest of the slope {equation 9.7); block
10 is at the crest. Using equations (9.10}-{9.12},
the constants are g1 = 5.0m, ay = 5.2m and
b = 1.0m. These constants are used to calcu-
late the heighr v, of each block, and the height
to width ratdo y,/Ax as shown on the table in
Figure 9.10{b).

Example of imit equilibrium analysis of toppling

(b)
fi ¥n Yaldi M, Ly Prt FPrs Pa Ay S il Made
8 1.0 0.4 ¢ 0 ) 866 500 U577
15 10.0 1.0 0 ) 0 2185 1250 0577  STABLE
14 16.0 18 0 ) 0 3462 2000 0.577
12 22.0 2.2 37 22 0 o 0 4533.4 24575 0542
12 280 2.8 23 28 2025 25887 2025 56433 20568  0.526 T
11 24.0 a4 29 24 8257  -3003.2 8257 £767.6 38200 0.510 o
10 400 40 35 35 15560 31750 18860 76621 37203 0.487 P
g 38.0 3.8 36 31 26267  -2150.8 28267 69238 34046 0491 P
8 22.0 3.2 32 27 302210 14004 30221 6390.8 33273 0.530 L
7 28.0 28 28 23 4594.8 156.8  4504.8 56720 4257.8  0.555 !
8 240 2.4 24 19 4837.0 13001 48370 5352.8 31005 (.508 N
5 20,0 2.0 20 15 48375 2013.0  4837.5 4848.3 31504  0.652 &
4 16.0 16 16 11 35761 22841 30781 43608.4 31525 6722
3 2.0 1.2 12 7 28256 20954 28258 3707.3 20121 0.7855 —
2 8.0 0.8 B 3 1103.1 14135 14145 2471.4 19413 07855  SLIDING
1 4.0 9.4 4 - ~1485.1 4722 472.2 1297 3 9718 07855
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Introduction to Numerical Analysis

Prachya Tepnarong, Ph.B.
prachya@sut.ac.th

Rock Slope Stability Analysis

i

Ry

3

4

Deterministic Methods ¢

Limit Equilibrium (Factor of Safety)
Kinematics Analysis

Numerical Methods (Computer Simulation/Modeling)

Block Theory Method {Discontinuity

"

Artificial Intelligence Methods (Expert System)




Numerical Methods o

Advantages :
v Allow quick calculation

b Incorporate Multi-layers (more than one type of material) in one domain
» Allow irregular domain boundaries (for 3-D analysis)

Numerical Meﬁmds

Disadvantages :
v Only give approximate solutions, accuracy is always less than analytical
solutions

b True and in-depth technical knowledge is necessary

b Strong assumptions usually posed

»  Reduce 3-D domains to 2-D domains

»  Path and loading sequence

#  Loading rate

»  Time-dependent

#  Non-linear behavior
Coupled effects between solid and water
Multi phases flow
Large deformation/ displacement is commonly not allowed
Pre-existing joints or fractures

b Results auditing is necessary, but usually overlooked
v Required precise and representative material properties



Numerical Methods

¥ Equilibrium

¥ Strain Compatibility
¥ Stress-Strain Relation
+ Boundary Condition

Numerical Methods

. Finite Element Method (FEM) /Finite Difference Method (FDM)
....... : Boundary Element Method (BEM)
» Diserete Element Method (DEM)

Conditions Requirement for Numerical Analysis




1. Finite Element Method (FER) /Finite Difference Method {FIJIM)

Domain Methods
Continuum Material

Mesh (Element & Nodal Point)
Properties -» Element
Location = Nodal Point

FEW -> Integral Solving

FDM ->Differentiation Solving

Finite
Difference
Gperator

N 9

W ow W W W W W
)

F e'gure. L1 Finite Difference Grid

Finite
Element

Figure 1.2 Finite Element Mesh

2. Boundary Element Method (BEM)

+ Infinite medium prdbléms
> 1 type of medium
» Required only surface grids

Figure 1.3 Boundary Element Mesh

Boundary



3. Discrete Element Method (DEM)

b Dlscontmulty Method
******** & %‘;ﬁl‘ﬁiﬁ“&:ﬁii‘bﬁﬁ‘ o
+  Not deformation (Movement only)
““ Nl
VVVVVV DN
\\ N

Example for Finite Element Method

Stability of the Alki Landslide is modeled by using Version 7 of the PLAXISO

Puget Soung Al
Avensg

10
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