nasdsznoumsasu

434422 Surface Excavation and Design

prepared by

Prachya Tepnarong, Ph.D.
[Maﬁcw@m.w%

Geological Engineering Program
Suranaree University of Technology



Drsclarmer

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 mam emwphasis on the teaching
methodology and learning step on the subject. The
author does not claim the originality of the presented
materials (eq., theories, formula, llustrations & tables).
The document [s not Intended to be a technical
publication. [t serves as an internal document, and
hence should not be distributed nor sold to publics.




http://eepublishérs.filesiwordpress.com

434422 Surface Excavation & Design
4 credits

?s?i Prachya Tepnarong, Ph.D.
héﬁ )} A prachya@sut.ac.th

434422 Surface Excavation and Design

Prerequisite: 434 370 Rock Mechanics or
or 505 530 Fundamental of Rock Mechanics

Instructor:  PrachyaTepnarong, Ph.D.

» 2 434422 Surface Excavation & Design



SYLLABUS

Topic 1: Introduction

Topic 2: Basic Mechanics of Slope Failure

Topic 3: Structural Geology and Data Interpretation
Topic 4: Site Investigation and Geological Data Collection
Topic 5: Rock Strength Properties and their Measurement
Topic 6: Groundwater Flow and Pressure

Topic 7: Plane Failure

MIDTERM EXAM

Topic 8: Wedge Failure

Topic 9: Circular Failure

Topic 10: Toppling Failure

Topic 11: Numerical Analysis

Topic 12: Slope Excavation Methods

Topic 13: Stabilization of Rock Slopes

Topic 14: Slope Movement Monitoring
eoeeneo....FINAL EXAM
p 3 434422 Surface Excavation & Design
Scoring

» Homework 20%

» Quiz 10%

» Term Project 20%

» Mid-term Exam 25%

» Final Exam 25%

»4 434422 Surface Excavation & Design



References:

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

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

B 5 . 434422 Surface é)gcavéffén & Design

Text Book

ROCK SLOPE

ENGINEERING

CIVIL-AND MINI
4TH EDITIDN

Duncan € Wyllie
& Christopher W Mah

b6 434422 Surface Excavation & Design



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
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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)
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Variation of Factor of Safety with slope angle
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Excavation Tonnages and Cable Loads

100
90 Figure 3 : Excavation tonnages and cable loads.
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Comparative Cost Options
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Planning of Slope Stability Investigation

Stage 1 involves a preliminary evaluation of the geological data available
from the prospecting or exploration programme which normally
includes air photo interpretation, surface mapping and diamond
drilling.

Stage 2 which applies only to those slopes in which potential instability could
prove dangerous at some stage in the mining operation, involves a
much more detailed study of the geology, the groundwater conditions
and the mechanical properties of the rock mass. A detailed analysis
of stability is then carried out on the basis of this information and this
should provide the mine management with a set of quantative data
upon which rational decisions can be based.
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Planning a Slope Stability Program

. Preliminary collection of gealogical

data from alr photes, surface mapping
and borehole cores.

3. Slopes in which no unfavourable
il diseontinuities exist or slopes

in which failure would not
. Preliminary analysis of geological “"P matter identified. o further

~

to establish major geological patrerns.. stability analysis of these
Examination of these patterns in relat-|
ion to proposed pit slopes to assess
probability of slides devsloping,

slopes required. Slope angles
determined from operational
considerations.

4. Slopes in which unfavourable discontin-
wities exist identified and those slopes
in which failure would be critical at
any stage of the mining operation marked
for detailed study.

EEN

5. Detalled geological investi- 6. Shear testing of 7. installation of piezoreters
gation of critical slope areas discontinuity surf- in drill holes 1o establish
on basis of surface mapping [  aces - particularly groundwater Flow patterns
and drill core logging. Spee- | if clay covered and pressures and to ronltor
ial drilling or adits ocutside or slickensided. changes In groundwater levels
orebody may be required, during mining.

L83

8. Reanalyse critical slope areas on basis
of detailed information from steps 5.6
and 7. using limit equilibrium techniques
for circular, plane or wedge 3lides.
Examine possibility of other types of
failure Tnduced by weathering, toppling
or damsge due to blasting.

L

9. Examine slopes in which risk of failure
is high In terms of opea pit design.
Options are :

. Flatten slopes.

+ Stadilise slopes by drainage or, in

special cases, by rock bolts or tens-
ioned cables.

oy

€. Accept risk of failure and implement
nonitaring prograeme for failure pre=
diction.
LT 20
10. Stabilisation of slopes by drainage or 11. Accepting risk of failure on basis
reinforcement feaslble if cost saving of ability to predict and to accom-
resulting from steepening of =lopes modate slide without endangering
exceeds cost of designing and construct- wen snd equipment. Host reliable
ing stabilisation system. Additional prediction mechod based upon
field neasurements required to estab- measureaent of slope displacements.
lish drainage characteristics of rock
mass.
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Greek Letter

Greek Letter Naine Equivalent | SoundWWhen Spoken

Alpha al-fah
Beta bay-tah
Gamma gam-ah
Delta del-tah
Epsilon ep-si-lon
Zeta zay-tah
Eta ay-tay
Theta thay-tah
lota eye-o-tah
Kappa cap-ah
Lambda lamb-dah
Mu mew

Nu new

Xi zzEye
Omicron om-ah-cron
Pi pie

Rho row
Sigma sig-ma
Tau tawh
Upsilon oop-sidon
Phi Ph figh or fie
Chi Ch kigh

Psi Ps sigh
Omega 0 o-may-gah
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434422 Surface Excavation & Design
Topic 2 Basic Mechanics of Slope Failure

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

Slope Height vs. Slope Angle (Hard Rock Slope)
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Critical height of a drained vertical slope containing a planar
discontinuity dipping at and angle y,
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Friction, Cohesion and Unit Weight

» 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:
T=C+ctan ¢

where T = shear stress
o = normal stress
Cc = cohesion

. .. } from direct shear test
¢ = basic friction angle
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Shear stress-normal stress relationship

Shear stress 1 — ™

Cohesion ¢

#

Friction angle ¢

Normal stress o

Normal stress ¢

e — e
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Typical soil and rock properties

Shear stress T

TABLE 1 - TYPICAL SOIL AND ROCK PROPERTIES

Description Unit weight Friction-_. Cohesion
- (Saturated/dry) angle
Typa Material /13 kN/m3 degrees Ib/ft? kPa
Loose sand , uniform grain size 118/90 19/14 28-34*
Dense sand, uniform grain size 130/109 21/17 32-ho*
:E Loose sand, mixed grain size 124/99 20/16 34-40*
Dense sand, mixed grain size 135/116 21/18 38-L6*
w
w ~
2 § Gravel, uniform grain size 140/130 22/20 34-37%
[
% 5| Sand and gravel, mixed grain size 120/110 19/17 48-45%
£
6 |
= § Basalt 140/110 22/17 LD-50%
£ Chalk 80/62 13/10 30-4o*
'§ Granite 125/110 20/17 45-50%
s Limestone 120/100 19/16 35-40%
3 | sandstone 110/80 17/13 35-45%
L
3 | shale 125/100 20/16 30-35%
m
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Typical soil and rock properties

TABLE 1 - TYPICAL SOIL AND ROCK PROPERTIES
Description Unit weight Frictio_n Cohesion
- (Saturated/dry) angle
Type Material b/ fE3 kN/m3 degrees ib/ft? kPa
Soft bentonite 80/30 13/6 7-13 200-400 10-20
Very soft organic clay 90/40 14/6 12-16 [200-600 10-30
Soft, slightly organic clay 100/60 16/10 22-27 |400-1000 297-50
| Soft glaclal clay 110/76 17/12 27-32 |500-1500 36-72
g Stiff glacial clay 130/105 20/17 30-32 [500-3000( 70-150
Glacial till, mixed grain size 1457130 23/20 32-35 B000-5000| 150-250
L "
> Hard igneous rocks - it 720000~ | 35000-
2 . -4
E granite, basalt, porphyry 160 to 130 |25 to 30 35-45 11150000 55000
6
= Hetamorphic rocks - _ 400000~ | 20000~
160 to 180 | 25 to 28 30-40 800000 40000
quartzite, gneiss, slate
o
- - 10000-
‘§ Hard sedimentary rocks 150 to 180 | 23 to 28 35-45 200000 oot
600000 3
limestone, dolomite, sandstone
Soft sedimentary rock - 110 to 150 | 17 to 23 25-35 20000 - |gggau
sandstone, coal, chalk, shale L0oo000
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Sliding due to gravitational Loading

b Coulo:ﬁb Criterion:
T=¢+otan (1)

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

o =(Wcos y)/A 2

where A is the base area of the block

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

W cos V
T = e e ey P
A
R=cA+Wcosy.tan ¢ 3)
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Sliding due to gravitational Loading

» Condition of Limiting Equilibrium
Driving Force = Resisting Force
Wsiny=cA+Wecosy.tan¢ @)

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

0
)?(sinw=/A/+W/cosw.tan¢

sin y =cos y . tan ¢

y=9 )
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Influence of Water Pressure on Shear Strength

» The influence 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 vy, = ¢.

» 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.
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Influence of Water Pressure on Shear Strength

» The normal force W cos v, is now reduced by this uplift
force U and the resistance to sliding is now

/\ R = (W cos y, - U) tan ¢ (6)
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Effective Stress Liaw

» 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+(c-u)tan ¢ (10)
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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

tension crac?
b il » From this equation it will be seen that the
\ disturbing force tending to induce sliding
$R down the plane is increased and the frictional
force resisting sliding is decreased and hence,
both V and Ugresult in decreases in stability.

Wsiny+V=cA+ (Wcosy-U)tan ¢ (11)
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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.

» A rockbolt, tensioned to a load T is installed at
an angle B 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 3. The condition of limiting
equilibrium for the case is defined by

Wsiny+V-TcosB=cA+(Wcosy-U+Tsinp)tan¢ (12)
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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)

Resisting Force
ES. = x

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~+ (WcosVY- U+ TsinP) tand
Wsin Y+ V- TcosP

ES.=

15 434422 Surface Excavation & Design

Factor of Safety of Slope

»  The bolt tension required to provide a specified factor of safety of F is a minimum
when the angle [} satisfies the equation

tan 3 = tan ¢ /F.S. (14)

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

% =0and g—g =0.
Minimum F.S.
Mining Slope (Shot Life Slope) FS.=1.1-1.3
Civil (Long Term Slope) FS.=1.5
Natural Slope FS.=1.1-13
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Type of Slope Failure

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

4. Toppling Failure
8 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

L7 434422 Surface Excavation & Design

Slope Angle vs. Slope Height Relationships for Different Material

Figure 10 : Slcpe angle versus slope helght relationshlps for differant 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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434422 Surface Excavation & Design
Topic 3 Structural Geology and Data Interpretation

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
inclination and orientation)

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

(a) b

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

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

(0}

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

3 434422 Surface Excavation & Design

Orientation of Discontinuities

(@) N (b} (c)

Dip
direction

Dip direction
S 135°

Definition of Geometrical Terms
Dip = maximum inclination of a discontinuity to horizontal (angle )

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
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Stereographic Analysis of Structural Geology

-Stereographic projection
-Pole Plots and Contour Plots
-Pole Density

-Great Circles

-Line of Intersection

5 434422 Surface Excavation & Design

Stereographic Projection

Equatorig Projection

Olarpmjec‘_b i

Figure 2.7 Polar and equarorial projections of a
sphere.

6 434422 Surface Excavation & Design



Stereographic Projection
North (@ Zenith

Reference

sphere

Equal
area net

Greal circle Lower half
representation  reference sphere Great circle
of a plane
(b) i (b) Zenith
i Reference
sphere

™
Point \

Lower half ":ri'ir eachtalicn
reference O "
sphere
Figure 2.5 Stercographic representation of plane and Figure 2.6 Equal area projections of plane and line:

line on lower hemisphere of reference sphere: (a_)_[_) lane ?roim?d as presteirclennd eomespanding
(a) plane projected as great circle; (b) isometric view pole; (b line projected as pole.
of line (plunge and trend).
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Equatorial Equal-Area Polar Equal-Area
Stereonet Stereonet
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Figure 2.8 Geological data plotted and analyzed on
-z piece of tracing paper that is located over the center
- of the stereonet with a pin to allow the paper to be
~ rotated.
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Pole Plots and Contour Plots
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270°E

Figrre 2.9 Plotting poles on a
polar net. Plot pole of plane
oriented at 50/130—locare dip
direction of 130° clockwise
around the circumference of a
circle starting ar the lower end of
the verucal axis. At 130° radial
line, count 50° out from the
center of the net, and plot a point
ar the intersection between 130
radial line and 50° circle.



Pole Plots and Contour Plots

Surface type

= Faults 1[33]
+ Joints 2 [253]
= Bedding 9 [135]

Equal Area
Lower Hemisphere Figure 2.10 Example of
421 Poles pole plot of 421 planes
421 Entries comprising bedding,
joints and faults.
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Pole Density
Set A
N
T T 175049 Fisher
& . cencentraticns
¥ of tctal per 1.0% area
0-1%
1-2%
2-3%
3.3
& 4~5%
5-8%
, 6~T7%
E 7-8%
8.~9%
8- 10%
NG ST At a Figure 2.11 Cortoured plor of
ax. sone. = 5,1203% data stown in Figure 2.10,
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SetB planes.
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Great Circles

(a) s
o =130°
| (D) ==y =50° [« >y =50
E
w , =
hl | © o
! ] =
Pole
Great
circle
Great
circle
13
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Line of Intersection

(a) Y
= (b)
w | £, ;=205
T 2
z
| (c) N
1
}
) 2 T
[/
o;=200.5°
. 14
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Identified of Modes of Slope Instability

Plane Failure

Wedge Failure

Toppling Failure

Circular Failure

15 434422 Surface Excavation & Design

Identified of Modes of Slope Instability

Plane Failure

Plane failure in rock with highly
ordered structure such as slate.

erest of slope ‘A

Great eirele representing
glope Face

Direction ¢l sliding

Great circle representing
plane corresponding to centre
of pole concentrztion
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Identified of Modes of Slope Instability

Wedge Failure
N
erest of alope
Treat eirale reprezsenting
glorze Face
Oireetion of sliding
Great circles representing
Wedge failure on two intersecting planes corresponding to
discontinuities. eentres of pole concentrations
17 434422 Surface Excavation & Design

Identified of Modes of Slope Instability

Toppling Failure

erest of slope

Great circle representing
slope fage

Great circle representing
planes corresponding to centre
of pole concentration.

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

Circular Failure

Great circle representing
slope face

Circular failure in overburden soil, ereat of slope
waste rock or heavily fractured rock

with no identifiable structural pattern.

19 434422 Surface Excavation & Design

Kinematics Analysis

a: Sliding along the line of
intersection of planes A and
B Is possible when the plunge
of this line is less than the
dip of the slope face, measur-
ed in the direction of sliding,
Te

Direction of
aliding

be > ¥,
Dip direction
of slope face

b : Sliding is assumed to occur
when the plunge of the line
of Intersection exceeds the

Slope is potentially angle of friction, ie

unstable when inter-
section of great circlcs
rapregenting planes
falls in shaded regior

(TR )
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Kinematics Analysis

B

Pole of great
circle passing
through poles
of planes A and

defines line

of intersection

Wedge failure
posaible along
intersection
lines 112 and

Tp3

: Representation of planes by

thelr poles and determination
of the line of Intersection
of the planes by the pole of
the great circle which passes
through thelr poles.

: Preliminary evaluation of the

stablllity of a 50° slope In a
rock mass with 4 sets of
structural discontinuities.
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Kinematics Analysis

* Presentation of structural
geology on stereonets, and
preliminary evaluation of
slope stability of proposed
open pit mine.
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Topic 4 Site Investigation and Geological Data Collection

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

Investigation and Collection Processes

1. Regional Geology Investigations
-Air Photograph
-Contour Map
-Geologic Map
2. Surface Mapping (detailed mapping)
-Rock Type
-Structure (discontinuity)
-Groundwater
3. Core Logging
-Confirm Rock Types
-Confirm Structure
-GW Level, Water Table, Permeability
-Discontinuity (RQD)
4. Laboratory Testing
-Joint Shear Strength Test
-Uniaxial Compression Test, Point Load Index Test
2 434422 Surface Exca'v'at'ltr)nr & Desigh



Quantitative Description of Discontinuities in Rock Masses
(ISRM)

Rock type
Rock strength
Weathering

- Discontinuity description

Discontinuity orientation

Roughness
- Aperture
- Infilling type and width

- Spacing
- Persistence

- Number of sets
- Block size and shape
- Seepage

2R " mom Y OR P

A-Rock type
Three primary characteristics of rock

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

/TN, gééliugz_s_b.
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A-Rock type

Table II.1 Rock type classification

Genetic Group Dertritai Sechmentary I Pyrociestc Icwc-'-mcL ML PG Ignesus
—r i I W
L cooumes moans 2w Dark mnarals.
CouPONTION quanz, feicapwr. mica aed
foassarika minerais
Gran [Crane strom. quanz. tecizarand  JALRAESTR Cgmreae el K ten Th o grans. Gz, fedsoers, =3 lermeciats | Banc Uitra-basic rochs
sae mearss catonate are of ras |M aticuiar dark rocks et roccs
fmem) voicanic reicackt
T |o o TaranE MATITE PRGNS
oo 7 |napn Roarded grams sane wouatie | HomwFELs rE PEROOTTE
forames © ; CONGLOMERATE CALCIRUDITE :‘3'7"'5‘::““‘ ROCKS
< Any Z vy Halio GHEISS Alter MARE
mad T —— VOLCANIC BRECTIA | Anhyarie h’f; m"‘_‘" A
e aret Fakay mararals ORAMITE | DIORITE | GABSRO
SCHIST QUARTZITE
SANDSTONE: Grains are mainfy =weral
2 [mogmerss cussiz H PHYLLTE MICRO. ucec | cowsane
po S | SANDSTONE: 5% quers, voues empty 3 GRANTTE DIORITE
[lecum of commened CARE: -
a0 p ] - E SALCAPINE T e WL oL
2 taldspar; voics ampty of cementac 7
ARGLLARCEOLS SanosTone 73% | £
quanz, 15% » fire deletal maternl ;
=] SERPENTME
oos & il MYLOMITE
] ]
B S = v | ancesne | sasay
o | TP F |muostons suais sesie mucsors CALCISLTITE P giniond o e MORSTE
rened 5 |sirsone so% tne-ganed sarticies
¥ |cravsTone 5% very fne-granes
§ saricies
‘ CALCAREQUS MUDSTONE
bt il 2 CALCLUTITE Yoy Inseviond
1
[BLAsSY § DBSIDEMN and PITCHSTONE| TACHYLYTE
Mote: Numbers can be Leed 10 ently rock tyres on Gt shetts (seq Appencia il
Fefersncs. Geologics' Sockety Enginesrng Grouwp Wivking Parsy (1977,
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A-Rock type
GRAIN SIZE PHOTOGRAFPHS
. - 3/
Table 11.2 Grain size scale
i % . Fine QRAVEL
Description Grain size
I /16%  ®o.
Boulders 200-600mm (7.9-23.6 in)

Cobbles
Coarse gravel
Medium gravel
Fine gravel
Coarse sand
Medium sand
Fine sand

Silt, clay

60-200 mm (2.4-7.9in)
20-60 mm (0.8-0.24 in)
6-20mm (0.2-0.8 in)
2-6mm (0.1-0.2 in)

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

.'a-lﬂf: . ﬂ:{i{i{lnil;lpuym:,‘glil LY

Coarse SAND

Medium SAND

Fine sAxp

SILT & CLAY
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B-Rock
Strength

Table I1.3 Classification of rock material strengths

Grade  Description Field identification Approximate  Range of
compressive  strength
(MPa) (psi)

R6 Extremely strong rock  Specimen can only be chipped with =250 =36,000
geological hammer.

RS Very strong rock Specimen requires many blows of 100-250 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
fracture it.

R3 Medium weak rock Cannot be scraped or pecled witha  25-50 3500-7000
pocket knife; specimen can be
tractured with single firm blow of
geological hammer.

R2 Weak rock Can be peeled with a pocket knife; 5-25 725-3500
shallow indentations made by firm
blow with point of geological
hammer.

R1 Very weak rack Crumbles under firm blows with 1-5 150-725
point of geological hammer; can be
peeled by a pocker knife.

RO Extremely weak rock  Indented by thumbnail. 0.25-1 35-150

56 Hard clay Indented with difficulty by =0.5 =70
thumbnail,

S5 Very stiff clay Readily indented by thumbnail. 0.25-0.5 35-70

S4 Suift clay Readily indented by thumb buc 0.1-0.25 15-35
penetrated only with great
difficulty.

53 Firm clay Can be penetrated several inches by 0,05-0.1 7-15
thumb with moderate effort.

S2 Soft clay Eastly penetrated several inches by 0.025-0.05  4-7
thumb.

S Very soft clay Easily penetrated several inches by =0.025 <4
fist.

434422 SLjfface Excavation & Dési_gn

C-Weathering

Table I1.4 Weathering and alteration grades

Grade

Term

Description

I

Fresh

Slightly weathered

Moderately weathered

Highly weathered

Completely weathered

Residual soil

No visible sign of rock marerial weathering;
perhaps slight discoloration on major
discontinuity surfaces.

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

Less than half of the rock marterial is decomposed
and/or disintegrated to a soil. Fresh or
discolored 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 cither as a
discontinuous framework or as corestones.

All rock material is decomposed and/or
disintegrated to soil. The original mass structure
1s still largely intact.

All rock material is converted to soil. The mass
structure and material fabric are destroyed.
There is a large change in volume, but the soil
has not been significantly transported.
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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

Schistosity — foliation in schist or other coarse grained crystalline rock

9 434422 Surface Excavation & Design

E-Discontinuity orientation
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F-Roughness

Table I1.5 Descriptive terms for roughness

I Rough, stepped
Il Smooth, stepped
Slickensided, stepped

Rough, undulating
Smooth, undulating

VI Slickensided, undulating
VII Rough, planar
VIII Smooth, planar

X Slickensided, planar

11

F-Roughness

12

Figure I1.3 Roughness profiles and
corresponding range of JRC (joint
roughness coefficient) values (ISRM,
1981a).

STEPPED

vi _—

UNDULATING

vi

smosth

vil

lickensided

PLANAR
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Tynical roughness profiles for JAC range:

o & | 0-2
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G-Aperture I
Table 11.6 Aperture dimensions
Aperture Descriptlon CLOSED DISCONTINUITY
<0.1mm Very tight S
0.1-0.25 mm Tight “Closed” features e '
0.25-0.5 mm Partly open ” ;
0.5-2.5 mm Open ;
2.5-10 mm Moderately wide “Gapped” features ;
>10mm Wide '
1-10em Very wide f
10-100cm Extremely wide “Open” features :
>1m Cavernous OPEH DISCONTINUITY [
) o b
i
i
FILLED DISCONTINUITY %
|
13 434422 Surface Excavation & Design
H_Infilling type ROUGHNESS AMPLITUDE 7
and width St
y
*Width k. -
*Weathering Grade
*Mineralogy
Particle Size
*Filling Strength
*Previous Displacement (P
*Water Content and s &
Permeability 5
s }
— |
== ]
= -
L ]
[ 4 -
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I-Spacing

Table I1.7 Spacing dimensions

S,=d,sina,

Description Spacing (mm)
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

15

J-Persistence

Table I1.8 Persistence
dimensions

434422 Surface Excavation & Design

Very low persistence
Low persistence
Medium persistence
High persistence
Very high persistence

<lm
1-3m
3-10m
10-20m
>20m

16
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K-Number of sets

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

I massive, occasional random joints
I1 one joint set
I11 one joint set plus random
v two joint sets
A two joint sets plus random
Vi three joint sets
VIl three joint sets plus random
VIII four or more joint sets
IX crushed rock, earth-like
17 434422 Surface Excavation & Design

L-Block size and shape

Table I1.9 Block dimensions

Description Jy (joints/m?)

Very large blocks <1.0

Large blocks 1-3

Medium-sized blocks 3-10

Small blocks 10-30 ¢/

Very small blocks >30

(i)  massive = few joints or very wide

spacing
(i) blocky = approximately equidimen-

sional

(iit) tabular = one dimension considerably
smaller than the other two

(v} columnar = one dimension considerably
larger than the other two

(v) irregular = wide variations of block
size and shape

(vi)  crushed = heavily jointed 1o “sugar
cube™

18 434422 Surface Excavation & Design



M- Seepage

19

M- Seepage

20

Table I1.10 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.

111 The discontinuity flow is dry but

shows evidence of water flow, that
is, rust staining,.

The discontinuity is damp but no
free water is present.

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

VI The discontinuity shows a
continuous flow of water—estimate
1/ min and describe pressure, that is,

low, medium, high.

434422 Surface Excévation & Design

Table 11.11 Seepage quantities in filled discontinuities

Seepage Description

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 materials show signs of outwash, continuous
flow of water—estimate I/ min.

\% The filling materials are washed out locally,
considerable water flow along out-wash
channels—estimate 1/ min and describe pressure thar is
low, medium, high.

V1 The filling materials are washed out completely, very

high water pressures experienced, especially on first
exposure—estimate 1/ min and describe pressure,

434422 Surface Excavation & Design



Discontinuity Survey Data Sheet

Rock Mass Description Data Sheet
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DISCONTINUITY SURVEY DATA SHEET

GENERAL IFCAMATION
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Geologic Data needed for Slope Stability

Field 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
Laboratory Test Data:
Direct shear strength test
Uniaxial compression test
Slake durability index
Short-term undrained shear strength-of geologic materials
Long-term drained shear strength of geologic materials

23 434422 Surface Excavation & Design

Rock Mass Classification as Applied to Slope Stability

Rock Mass

Physical, Mechanical and 1'
Hydrological Properties Classification
ISRM

Criteria
RMR SMR

1

Inference
(Quality)

}

Stability Analysis

|

Design

Case Studies &
Heuristics
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Rock Mass

Classifications

25

Rock Mass Classifications

\ 4 4

Classification system Form and type* Mam applications Reference
Descniptive and
Terza,gh: Tockload behaviounsic form Design of sceel support in Terzaghu. 1946
classificanion system runnels
. Functional type.
Lauffer’s stand-up nme Descriptive form
classification Genéral type Tunnelling design Laufer H. 1958
. Descnipuve and Excavauon and design in 2
New
m:;:du(s;:l.lra;i;\mue[mg behaviouristic form ncompetent (overstressed) R}.;Ix;\\ “T‘gﬁén_“lr;zd
Tunneling concept ground o s
Rock classification for rock Descriptive form 1 ¥ Patching and Coates,
mechamical purposes General tvpe 8 ook Mischanjst 1968
Un:fied classification of soils | Descriptive form Based on particles and blocks D al. 1969
and rocks General type for commumicanon SRRt
Rock quality designation Numertcal form Based on core logging: used in
(RQD) General type other classification systems Deereral. 1967
- " Based on rock strength and
Size-strength classification Nugmerical form block diameter, used mainly Franklin, 1975
Functional type i &
m minmng
Rock structure ranng Numencal form Design of (steel) support 3
classification (RSR) Funcuonal type m mumnels Wickhameral, 1972
Rock mass rating classification| Numerical form Design of runnels, nmnes, and i . in
(RMR) Functional type foundations Bienzaaih, 1973
. Numerical form Design of support in
Q-classification system Functional type nndesgronad sxcavation Bartenn eral , 1974

Typological classification

Descripuive form
General type

Use 1n communication

Maluta and Holzer,
1978

Unified rock classification
system

Descriptive form
General type

Use 1 conmmunication

Williamson, 1980

Basic geotechnical

Descriptive form

classification (BGD) GeBEl type General applicanions ISRM. 1981
Geological strength index Numenical form Design of support in Hoek, 1094

(GSD

Functional tvpe

underground excavation

Rock mass index system
(RMy)

Numencal form
Functional typs

General characterizanon,
design of support. TMB
progress

Palmstrém, 1993

Deer’s Rock Quality Destination (RQD)

» Deere (1964) proposed a quantitative index of rock mass
quality based upon core recovery by diamond drilling;

434422 Surface Excavation & Design

» 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.

26
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Rock Mass Classifications

Deer’s Rock Quality Destination (RQD)

Total length of core run = 200 cms
L=38cm
L X Length of core pieces > 10 ¢cm length
RQD = x 100
L Total length of core run
qd .- -
% tcp?ecesﬂo\:m RQD— 38 + 1? + 20 + x100 = 55%
- 200
L=20cm
r
\
L=35cm
ﬁ Drilling break
L=0
no recovery
.27 434422 Surface Excavation & Design

RQD Estimation from -outcrop

» 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:

RQD = [15-3.3), (), < 4.5)
RQD = 100 exp (-0.1/S) (I + 0.1/S)

» 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.

28 . 434422 Surface Excavation & Design



Rock Mass Classifications

Deer’s Rock Quality Destination (RQD)

ROD Rock Quality
< 28% Very poor
25 -50 % poor
50 - 75% Fair
75 - 90% Good
90 - 100%

Very good

29

Rock Mass Classifications

Deer’s Rock Quality Destination (RQD)

TUNNEL WIDTH - METRES
0 5 10
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Rock Mass Classifications

Geomechanics Classification (RMR)

» Bieniawski (1976) published the details of a rock mass
classification called the Geomechanics Classification or the
Rock Mass Rating (RMR) system.

» The following six parameters are used to classify a rock mass
using the RMR system:

|. Uniaxial compressive strength of rock material.

oA W

31

Rock Quality Designation (RQD).

Spacing of discontinuities.
Condition of discontinuities.
Groundwater conditions.

Orientation of discontinuities.

434422 Surface Excavation & Design

Geomechanics Classification (RMR)

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Patamelet Range of valuas
Strength Point-load >10 MPa 4-10MPa 2-4MPa 1-2MPa For this low range - uniaxal
of strength index compressive st 1§
intact rack pestaed
material Uniaxial comp >250 MPa 100 - 250 MPa 50- 100 MPa 25-50 MPa 5-25 1-5 <
slrength MPa MPa MPa
Rating 15 12 7 4 2 1 0
Drill core Quality RQD G0% - 100% 75% - 80% 50% - 75% 25% - 50% <25%
Raling 20 17 13 8 3
$Spacing of disconfinuities >2m 06-2.m 200 - 800 mm 60 - 200 mm <60 mm
Raling 20 15 10 8 B
Very rough surfaces Slightly rough surfaces Slightly rough suriaces Slickensided surfaces Soft gouge >5 mm thick
Condition of discontinuites Not continucus Separation < | mm Separation <1 mm or Gouge < 5 mm thick of Separation > 5 mm
(See E) No separation Slightly weathered walls Highly weathered walls or Separation 1-5 mm Contnuous
Unweathered wall rock Continucus
Raling 30 25 20 10 0
Inflow per 10 m None <10 10-25 25-125 >125
tunnel length (Vmj
Groundwa | {Joint water press)/ o <01 01.-02 02-05 >05
& LiMajor prncipal o)
General condltions Completely dry Damp Wet Drioping Flowing
Ratng 15 10 7 4 0

32
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(After Bieniawski 1989).




Geomechanics Classification (RMR)

B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)

Sinke ard dip onentations Very favourable Favourable Fair Unfavourable Very Unfavourable
Tunneis & mines 0 -2 5 -10 -12
Ratings Foundations 0 -2 -7 -15 25
Slapes 0 -5 -25 -50
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
| Ratng 100 « 81 B0 81 B0 «— 41 421 <21
Class number I ] n v Vv
| Descnpion Very good rock Good rock Fair rock Poor rock Very poor rock
D. MEANING OF ROCK CLASSES
Class number | ] n ' v
Average stand-up time 20 yrs for 15 m span 1 year for 10 m apan 1 week for 5 m span 10 hrs for 2. 5 m span 30 min for 1 m apan
Cohasion of rock mass (kPa) >400 300 -400 200 -300 100 - 200 <100
Fnction angle of rock mass (deg) >45 35-45 25-35 15-25 <15
33 434422 Surface Excavation & Design
Geomechanics Classification (RMR)
I E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions.
Discontinuity length (persistence) <im 1-3m 3-10m 10-20m >20m
Rati 6 4 2 1 0
Separaticn (aperture) None <0.1 mm 01-1.0mm {-5mm >5mm
Rating i ] 4 1 0
Roughness Very rough Rough Shghtly rough Smooth Slickensded
Rating [} 5 3 1 0
Infifing (gouge) None Hard filling < 5 mm Hard filing > 5 mm Soft filing < 5 mm Soft filing > 5 mm
Raling & 4 2 2 0
Weathenng Unweathered Slighlly wealnered Moderately wealhered Highly weathered Decomposed
atings [ 5 3 1 0
F. EFFECT OF DISCONTINUITY STRIKE AND DIP CRIENTATION IN TUNNELLING™
Strike parpendicular o tunnel axs Stnke parallel o tunnel axis
Drive with dip - Dip 45 -90° Drive with dip - Dip 20 - 45° Dip 45-90° Dip 20 - 45°
Very favourable Favourable Very unfavourable Fair

Drive against dip - Oip 45-80°

Drive against dip - Dip 20-45°

Oip 0-20 - Irrespactive of sirike®

Fair

Unfavourable

Fair

34
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Geomechanics Classification (RMR)

» The RMR value for the example under consideration is
determined as follows:

Table ltem Value Rating

A1 Point load index 8 MPa 12
A2 RQD 70% 13
A3 Spacing of discontinuities 300 mm 10
E4 Condition of discontinuities Note 1 22
A5 Groundwater Wet 7
B Adjustment for joint orientation Note 2 -5

Total 59

35 434422 Surface Excavation & Design

Geomechanics Classification (RMR)

» Guidelines for excavation and support of 10 m span rocl-tunnels in
accordance with the RMR system (After Bieniawski 1989).

Rock mass Excavation Rock bolls Shoterete Steel sets
class (20 mm diameter, fully
grouted)
|- Very good Full face, Generally no support required except spot bolting.
rock 3 m advance.
RMR: 81-100
Il - Good rock Full face , Locally, bolts in crown | 50 mmin None.
RMR: 61-80 1-1.5 m advance. Complete 3mlong, spaced 2.5 | crown where
support 20 m from face. m with occasional required.
wire mesh.
Il - Fair rock Top heading and bench Systematic bolts 4 m 50-100 mm None.,
RIMR: 41-60 1.5-3 m advance in top heading, | N9 spaced 1.5-2m | in crown and
" | inerown and walls 30 mmin
Commence support after each with wire mesh in sides.
blast. crown.
Complete support 10 m from
face.
IV - Poor rock Top 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 mlong, spaced 1-1.5 in crown and spaced 1.5 m where
h-eading m in crown and walls 100 mm in required.
. with wire mesh. sides.
Install suppert concurrently with
excavation, 10 m from face.
V = Very poor Multiple drifts 0.5-1.5 m Systematic bolts 5-6 150-200 mm | Medium to heavy ribs
rock advance in top heading. m long, spaced 1-1.5 in crown, 150 | spaced 0.75 m with
RMR: <20 tall | m in crown and walls mm in sides, steel lagging and
:}c’;:v;:’fn‘f?hzf:r‘:t‘g::‘:;:" vith vire mesh. Bolt | and50 mm | forepoling if required.
as possible after blasting. invert on face. Close invert.
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Slope Mass Rating (SMR)
SMR e RMRbasic - (FI'FZ'FS) -+ F4

* RMR,,;. = Rock Mass Rating)

e F,, F,, F; = adjustment factor related to joint orientation respect to

slope orientation and
 F, = correction factor for method of excavation

434422 Surface Excavation &

37 Design

Slope Mass Rating (SMR)

Values of adjustment factor for different joint orientations (RAMANA, 1985)
Case of Slope Failure Yery Favourable Fair Unfavourable VELY
P Favourable Unfavourable
P lot, - o]
T 1<:LJ -a - 1807 >30° 30-20° 20-10° 10 - 5° <5°
w lot; - o
P/W/T F, 0.15 0.40 0.70 0.85 1.00
L 1B, <200 20 - 30° 30-35° 35450 450
w 1B
P/W F, 0.15 0.40 0.70 0.85 1.00
T F, 1.00 1.00 1.00 1.00 1.00
P 1B - B = ! T 3
w 'B:'le >10 10-00 0e 0-(-10°) <-10°
T IB; + B <110° 110 - 120° >1200 . s
P/W/T F, 0 -6 -25 -50 -60
Note : P - planar failure; T - toppling failure; W - wedge failure

o, - slope strike; o - joint strike; o; - plunge direction of line of intersection
B, - slope dip; f; - joint dip; f3; - plunge of line of intersection
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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
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Slope Mass Rating (SMR)

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

Class No. v 4 111 I I
SMR Value 0-20 21-40 41-60 61-80 81-100
Rock Mass
Descriptian Very bad Bad Normal Good Very good
Stability Completely Uiistable Partially Stable Completely

unstable stable stable
Planar along

Big planar or ; some

Failures soil like | FiAnarorbig | o oand | Someblock |0 ure
; wedges failure
or circular many
wedges
oxahubilg: of 0.9 0.6 0.4 02 0
Failure
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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
Ila 71-80 (None, toe ditch or fence), spot bolting
b 61-70 (Toe ditch or fence nets), spot or systematic bolting, spot
shotcrete
Illa 51-60 (Toe ditch and/or nets), spot or systematic bolting, spot
shotcrete
(Toe ditch and/or nets), systematic bolting/anchors,
IIIb 41-50 g
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 shotcrete, toe wall and/or concrete,
re-excavation, deep drainage
Va 11-20 Gravity or anchored wall, re-excavation
41 434422 Surface Excavation & Design

Rock Mass Classifications

Rock Tunnelling Quality Index, Q (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 tunne| 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:

42

ROD Jy Ty

O

~ J, J, SRF
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Rock Tunnelling Quality Index, Q (NGI)

_ROD Jp T
Jy, J, SRF

Q

where RQD is the Rock Quality Designation

7, is the joint set humber

J, is the joint roughness number

v is the joint alteration number

J is the joint water reduction factor

SRF s the stress reduction factor

b 43 . 434422 Sdrr’farce Exc;vation & Désign

Rock Tunnelling Quality Index, Q (NGI)

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

|. Block size (RQD/)
2. Inter-block shear strength (/1)
3. Active stress (J/SRF)
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Rock Tunnelling Quality Index, Q (NGI)

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 5, i.e. 100, 95, 90 etc. are sufficiently
E. Excellent 90-100 accurate,
2, JOINT SET NUMBER I
A. Massive, no or few joints 05-1.0
B. One joint set 2
C. One jeint set plus random 3
D. Two joint sets 4
E. Two joint sets plus random 6
F. Three joint sets 9 1. For intersections use (3.0 = J.)
G. Three joint sets plus random 12
H. Four or more joint sets, random, 15 2. For portals use (2.0 ~ J)
heavily jointed, 'sugar cube’, etc.
J. Crushed rock, earthlike 20

45
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Rock Tunnelling Quality Index, Q (NGI)

3. JOINT ROUGHNESS NUMBER
a. Rock wall contact

Jr

b. Rock wall contact before 10 cm shear

A. Discontinuous joints

B. Rough and irregular, undulating
C. Smooth undulating

D. Slickensided undulating

E. Rough or irregular, planar

F. Smooth, planar

G. Slickensided, planar

4
3
2
1.5
1.5
1.0
0.5

¢. 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
enough to prevent rock wall contact

1.0
(nominal)
1.0

(neminal)

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 lineations are oriented for

minimum strength.

46
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Rock Tunnelling Quality Index, Q (NGI)

4. JOINT ALTERATION NUMBER Ja ¢r degrees (approx.)
a. Rock wall contact
A. Tightly healed, hard, non-softening, 0.75 1. Values of ¢r, the residual friction angle,
impermeable filling are intended as an approximate guide
B. Unaltered joint walls, surface staining only 1.0 25-35 to the mineralogical properties of the
C. Slightly altered joint walls, non-softening 20 25-30 alteration products, if present.

mineral coatings, sandy particles, clay-free
disintegrated rock, ete.

D. Silty-, or sandy-clay coatings, small clay- 3.0 20-25
fraction (non-softening)

E. Softening or low-friction clay mineral coatings, 4.0 8-16
i.e. kaolinite, mica. Also chlorite, talc, gypsum
and graphite etc., and small quantities of swelling

clays. (Discontinuous coatings, 1-2 mm or less)
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Rock Tunnelling Quality Index, Q (NGI)

4, JOINT ALTERATION NUMBER Ja ¢r degrees (approx.)
b. Rock wall contact before 10 cm shear
F. Sandy particles, clay-free, disintegrating rock etc. 4.0 25-30
G. Strongly over-consolidated, non-softening 6.0 16-24
clay mineral fillings (continuous < 5 mm thick)
H. Medium or low over-consolidation, softening 8.0 12-16
clay mineral fillings (continuous < 5 mm thick)
J. Swelling clay fillings, i.e. montmorillonite, 8.0-120 6-12

(continuous < 5 mm thick). Values of Ja
depend on percent of swelling clay-size
particles, and access to water.

¢. No rock wall contact when sheared

K. Zones or bands of disintegrated or crushed 6.0
L. rock and clay (see G, H and J for clay 8.0
M. conditions) 8.0-120 6-24
N. Zones or bands of silty- or sandy-clay, small 5.0
clay fraction, non-softening
Q. Thick continuous zones or bands of clay 10.0-13.0
P. &R. (see G.H and J for clay conditions) 6.0-24.0
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Rock Tunnelling Quality Index, Q (NGI)

5. JOINT WATER REDUCTION J

w
A. Dry excavation or minor inflow i.e. < 5 I/m locally 1.0
B. Medium inflow or pressure, occasional 0.66

outwash of joint fillings

C. Large inflow or high pressure in competent rock 0.5
with unfilled joints

approx. water pressure (kgffcmz)
<1.0

1.0-25

25-100 1. Factors C to F are crude estimates;
increase J,, if drainage installed.

D. Large inflow or high pressure 0.33 25-10.0
E. Exceptionally high inflow or pressure at blasting, 0.2-0.1 >10 2. Special problems caused by ice formation
decaying with time are not considered.
F. Exceptionally high inflow or pressure 0.1-0.05 >10
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Rock Tunnelling Quality Index, Q (NGI)

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

cause loosening of rock mass when tunnel is excavared

A. Multiple occurrences of weakness zones containing clay or
chemically disintegrated rock, 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 clay, or chemically dis-
tegrated rock (excavation depth > 50 m)

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

surrounding 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 > 50 m)

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

SRF

10.0 1. Reduce these values of SRF by 25 - 50% but
only if the relevant shear zones influence do
not intersect the excavation

5.0

25

7.5

5.0

2.5

5.0
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Rock Tunnelling Quality Index, Q (NGI)

DESCRIPTION VALUE NOTES
6. STRESS REDUCTION FACTOR SRF
b. Competent rock, rock stress problems
G /oy 551 2. For strongly anisotropic virgin stress field
H. Low stress, near surface > 200 >13 25 (if measured): when 5=c4/c3210, reduce o,
J. Medium stress 200-10 13-0.66 1.0 t0 0.80, and g to 0.86,. When 54/54 > 10,
K. High stress, very tight structure 10-5 066-0.33 05-2 reduce g, and g, to 0.6o, and 0.6, where
(usually favourable to stability, may g, =unconfined compressive strength, and
be unfavourable to wall stability) o = tensile strength (point load) and aq and
L. Mild rockburst (massive rock) 5-25 033-0.16 5-10 a7 are the major and minor principal stresses.
M. Heavy rockburst (massive rock) <25 <0.186 10-20 3. Few case records available where depth of
¢. Squeezing rock, plastic flow of incompetent 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).
0. Heavy squeezing rock pressure 10-20
d. Swelling rock, chemical swelling activity depending on presence of water
P. Mild swelling rock pressure 5-10
R. Heavy swelling rock pressure 10-15
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Estimated support categories

; - e - Estimated support
Excoptonaly | Extiemsly Very (P R P categories based on the
poor poor poor Poor | Fair | " Geod ooed] BoELd™Toood 3 i K
100 e = tunnelling quality index
S e i |7 Qarer
- Togeset il £ Grimstad and Barton,
. [ L AaAvy Al § 1993, reproduced from
gl - 0 D At Wt Aylell " ol 2 Palmstrom and Broch,
e 10 (ol tntilllls B 2006).
§53 Bt : il 5
el 3 - ‘ 24
0 I HI
2 Al - : s
3 _ ; il
0001 0004 001 004 01 04 1 4 10 o 100 400 1000
Rock mass quality Q = % X % X ;_:F
REINFORGEMENT CATEGORIES:
1) Unsupportad 6) Fibre reinforced sholcrele and bolting, 0 - 12 em
2) Spot bolting 7) Fibre teinforced shoterete and bolting, 12 - 16 cm
3) Systematic bolting 8) Fibre reinforced shoterele, > 15 em,
4 & i . (and 4-10¢m) reinforced ribs ol shotcrete and bolting
5) Fibre reinforced sholcreta and bolting, 5 - 9 cm 9) Cast concrete lining
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Example

53

54

Item 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 Ja=4

5. Joint water Large inflow Jw=10.33

6. Stress reduction Medium stress SRF=1.0

80 3 0.33
:—X—X—:S
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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Rock Tunnelling Quality Index, Q (NGI)
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Topic 5 Rock Shear Strength Properties
and their Measurement

&= )
[f«:]‘ Prachya Tepnarong, Ph.D.
j prachya@sut.ac.th

Shear stress vs. Normal stress

o
R — Intact,
weak rock

1 it Rock
% L
™ mmmn Fractured, masses
] strong rock
Iz
; p
- s Rough, clean |
) . fracture
% | T
w ~
o Smooth, clean
2 S ——— fracmre’ - Discontinuities
173} £
4 Infilled
fracture
4 w
Cohesion T . -

Effective normal stress, ¢’
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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)

3 434422 Surface Excavation & Design

Coulomb Criterion (Empirical Criterion)

Shear Strength of Planar Discontinuities
» Peak Shear Strength
» Residual Shear Strength

(a) Shear displacement, & (b)
' Normal stress, o ” —Poak shaarsl
— = = 'eak shear strength
& — Residual shea
t w strength
]
@
e @
Shear stress, t
Shear displacement, &
a
(c) Peak shear strength (d) Peak strength
- t=c+alang, t=Cc+olangd,
8 .
@ g
& 2
£ #p clandp @
] &
2 r=clang,
" w s
Cohesion, ¢ Residual strength
Normal stress, o Normal stress, o
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Coulomb Criterion
» Peak Shear Strength

T =c¢,totang,

A
I

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

» Residual Shear Strength

T = o tan ¢,

A
1l

(c-u) tan ¢, (Effective Stress Law)

where u is the water pressure within the discontinuity
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Coulomb Criterion

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

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

Shear strength on an inclined plane

R l ! 7,=1 Cos?i - 6 sin i Cos i (6.3)
{lr’ ‘ ;=0 Cos?i -osiniCos i (6.4)
Ty T

nll
FNIIND

Tc If it is assumed that the discontinuity surface has zero
i = asperities cohesive strength and that its shear strength is given
by
1;= o3 1an @ (6.5)

sub equation 6.3 & 6.4 into equation 6.5

t=oc Tan (¢ + i) (6.6)
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Patton Criterion
Shear strength on an inclined plane

Average dip
56-60°

Average dip Average i angles for second-
43.5° order asperities

Average dip
31°
Average i angles
for first-order asperities
0 25 50cm
—
Approximate scale
Figure 4.10 Patton’s observations of bedding plane Figure 4.11 Measurement of roughness angles i for
traces in unstable limestone slopes (Patton, 1966). first- and second-order asperities on rough rock

surfaces (Patton, 1966).
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Patton Criterion
Shear strength on an inclined plane

i=tan~"{(3./d;)

Figure 4.12 Effect of surface
roughness and normal stress on
friction angle of discontinuity surfacc
{Transportation Research Board,
1996).

!

o2

Dilation/shearing

Shear stress, ©

ay 0 Normal stress, ¢
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Ladanyi and Archambault Criterion
Surface Roughness
e o(l —as)(\'r +tan ¢) +a,.tT,
1-(1—a,)vtan ¢

= proportion of the discontinuity surface which is sheared

where  a
through projections of intact rock material
=AJA
v = dilation rate dv/du at peak shear strength

= shear strength of the intact rock material
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Ladanyi and Archambault Criterion
Shear strength proposal by Fairhurst (1964):

v

n

1
Ji+n —1{ G ]5
N " | 1+n

= uniaxial compressive strength of the rock material (o)
= ratio of uniaxial compressive to uniaxial tensile strength
(cc/ot)

Hoek (1968) has suggested that, for most hard rocks, n is
approximately equal to 10

K L
:{l—ij tani  and a =1—(1—£J
O, T3

where, for rough rock surfaces, K =4 and L = 1.5.

p 11
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Effect of asperities on stability of sliding block

(a)

(&)

b= 26°
A )-\(SG—IOD mm

iy=13°

Figure 4.13 Effect of asperities on stability of sliding
blocks: (a) shear strength of displaced block
controlled by first-order asperities (i1); (b} tensioned
rock bolts prevent dilation along potential sliding
surface and produce interlock along second-order

asperities (7).

12
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Barton Criterion

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

t=o0 tan| ¢, +JRC.Log,, e 3
c

where JRC = Joint Roughness Coefficient

1.3

Barton Criterion
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Typical roughnass profiles for JRC range:

14
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= ok PR
0-2 e I -
E:’ Ladunyi and Archambault's eguation
e -
¢ 2ot
2-4 el ,/
A g /’ "o
a6 E g :;:n:;‘:.e:::”:: // 3"‘(" . \uhrmn'i equation
4 E ‘g in this range. e
6-8 H Residual strength of
; .g 0.2 F smooth rock surfaces
5
B-10
10-12 91
12-14
— o "
— 0 0.1 0.2 0.3 0.4
Effective normal stress i
Joint compressive strength LA
16-18
mii For comparison the residual strength of a
smooth joint with ¢ = 30° and Ladanyi and
V'om  Scale Archambault’s equation for i = 20 and ¢ = 30



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

2
G, =0, +\/mccc3 +50,

where O = uniaxial compressive strength of the intact rock pieces and

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

1=Ac, (c/c;—T)B

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

T=%(m—\/m2+4s)
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Hoek and Brown Criterion

TABLE tv - APPROXIMATE RELATIONSHIP BETWEEN ROCK MASS QUALITY AND EMPIRICAL CONSTANTS
S K] V )
-t - - L
Br 3 g f - 5 3 |B% g 8
Brpirical feilwre criterion| = d 3 o8 oz B |==2 3 E¥uw o5
= # =3 E x5O < PR Zao¥ BEg
sy % |5 Bs (532 B IEE 33 |83 4.3
op = ot dmcay e e 3 (2 BE |28 F |22 iR |oand Bi%
= 3 =] - l} oo O 'l’? - - 5. w2 Sed ted
25 3 pd =5z § |S8n -4Any ZaY¢ $EV
T = hc[""a’ - T)e | =2 274 = i Wi > z2 e SE= ~':§1'5
< wa s |8 ?;32 388w g =8 4 29w TE
EE Hel 547 |Bexf 8 |85 43 wo2 4%
wher T« e - AT+ W) |23, RI|Zo 8% |$323 8 |ecg 8 [£3F Fa7
228 3|58 Fu |EEES & |3z i3 |53 PR
sag 3 S2 £a% |EHEC & |52 8% SZ% k&
INTACT ROCK SAMPLES m= 7.0 m=10.0 m e 15.0 m=17.0 m = 25.0
Laboratory size specimens s = 1.0 5= 1.0 s = 1.0 s = 1.0 5=1.0
free from joints A= 0.816 A= 0.918 A= 1,04k A= 1,086 A= 1.220
CSIR rating 100 8 = 0,658 8 = 0.677 B = 0.692 B = 0.696 B = 0.705
NGI rating 500 T = -0.140 T=-0.039 T = -0.067 T = -0.059 T = -0.040
VERY GOOD QUALITY ROCK HASS| m = 3.5 m= 50 m=7.5 m= 8.5 m= 12,5
Digktly interlocking wndis-| s = 0.1 s = 0.1 s = 0.1 s = 0.1 s = 0.1
turbed rock with weosxather- A= 0, - 88 8
o Fotiti gt e A = 0.651 739 A = 0.848 A = 0.883 A= 0.99
CSIR rating 85 B=0.679 | B=0.692 8 = 0.702 B = 0.705 B=0.712
NGI rating 100 T=-0.028 | T=-0.020 |7 =-0.013 [T=-0.012 T = -0,008
GOOD QUALITY ROCK MASS m=0.7 m=1.0 m=1.5 - 1.7 me2.5
Presh to alightly weathered| s = 0.004 s = 0,004 s = 0.004 s = 0.00k s = 0.004
rock, slightly disturbed
with Jm‘ﬁ. i':r 1to am. A=0.369 | A=o0.427 A= 0,501 A= 0.525 A= 0.603
CSIR rating 65 B = 0.669 B = 0.683 B = 0.695 B = 0.698 B = 0.707
NGI rating 10 T=-0.006 | T=-0.004 |Tw=-0.003 |T=-0.002 |[7ax-0,002
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Hoek and Brown Criterion

FAIR QUALITY ROCK MASS m= 0.1k m = 0.20 m = 0,30 m = 0.3h m = 0.50
Several sets of moderately | s = 0.0001 s = 0.0001 s = 0.0001 s = 0.0001 s = 0.0001
zegt::r;d Jjoints spaced at | , _ o g8 A= 0,234 A = 0.280 A =0.295 A= 0.34
. . i
CSIR rating bk B = 0.662 B = 0.675 8 = 0.688 = 0.691 8 = 0.700
NGl rating 1.0 T =-0.0007 | T=-0.0005 | T=-0.0003 |T =%-0.0003 T = -0.0002
POOR QUALITY ROCK MASS m = 0.04 m = 0.05 m = 0.08 m = 0.09 m=0.13
Numerous weathered joints s = 0.00001 | 5 = 0.00001 | s = 0.00001 |s = 0.00001 s = 0.00001
at 30 to 500mm with same - i A=0.172 Aaini20
gouge - clean vaste vock. A= 0.115 A=0.129 A= D.162 7 3
CSIR rating 23 8 = 0.646 B = 0.655 8 = 0.672 B = 0.676 B = 0.686
NGI rating 0.1 T=-0.0002| T=-0.0002 | T=-0.0001 | T =-0.0001 T = -0.0001
VERY POOR QUALITY ROCK MASS| m = 0.007 m = 0.010 m=0.015 m=0.017 m = 0.025
lhumerous heavily weathered | 5 = 0 s=0 s=0 s=0 s =0
Joints spaced < 50mm with A = 0.042 A = 0.050 = - 5 ;
gouge — Waste with fines. phicy ; 5 A = 0.061 A = 0.065 A =0.078
= 0. B = 0. = ot
CSIR rating 3 539 8 = 0.546 B = 0.548 B = 0.556
=0 T= - & 5
NG! rating 0.01 ) 9 .70 T=0 T=0
17 434422 Surface Excavation & Design
.
Shear Strength Testing
. .
Field (In-situ) Tests
A - 200 ton jacks
B - 15Ux15"x8" rock sample
C - Spherical seats
D - Dial gauges
E - GroutTed anchors for frame
[0 SUPPOFT gauges
F - Pivot shoe
G - Tinmber blecking
H = Spacer column
0 ' z 3
e
Approx. scale - fi.
N A
(4
[/ = 0 2
A
T (o)
v
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Shear Strength Testing

p 19 434422 Surface Excavation & Design

Shear Strength Testing

Portél;i; Dii'ect Sl-leaI;_M;(_:_lline

Rape load egqualiser

Hormal load jack

Concrete or plaster
cast specimen mount

Gauge for measuresent of
shear displacement

p 20 434422 Surface Excavation & Design



Direct Shear Strength Testing

________________________________________________________________________________

i ﬂ% Designation: D 5607 — 02 {Reapproved 2006)
I ¢

L)
| INTERNATIONAL

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

This standard is issued under the fixed designation D 5607; the number immediately following the designation indicates the year of
caiginal sdoption o, in the case of revision, the year of kast revision. A pumber in parentheses indicates the year of last reapproval. A
superscnpt epsilen (€) indicates an editorial change since the last revision or reapproval

Objectives: to determine shear strength of intact rock

21 434422 Surface Excavation & Design

Direct Shear Strength Testing

Apparatus

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

Normal Load System

* + + + + + + /'Encnesuluting Material
s s on g r Rock Specimen

Specimens

Sheer Lood System

Minimum Area 3 in?

Specimen Holding Ring

T o o - e

Rollers
FIG. 2 Schematic Test Setup—Direct Shear Box with Encapsulated Specimen

22 434422 Surface Excavation & Design



Direct Shear Strength Testing

SOFRATECEEN. T

= "Sfgar Load

Laboratory Direct Shear Machine

éa»- 23 ' 434422 Surface Excavation & Ijésfgn

]
8
+

2 B

Portable DirectShear Machine

b 24 - 434422 Surface Excavation & Design
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" Sheapload

[
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FIG. 5 Specimen Supported in Place By Modeling Clay Pins

Which Are R d After Encapsulating Material Cures and the
Resulting Holes Filled With Encapsulating Material

Note 1—In both Fig. § and Fig. 6 the shear box is eylindrical. Square
boxes work just as well
FIG. 6 Lower Hall of a Specimen Encapsulated in Holding Ring

Name 1—Note the spht plastic plases Tor polating the thear rone.
FIG. 3 View Showing Pouring Encapzulating Material Around
UpgeCHAR 61 Spscimen FIG. 7 Removing Spacer Plates After Encapsulating Material Has

- SESohE  GSPpeps Cured
p 25 434422 Surface Excavation & Design
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Direct Shear Strength Testing

(a) e Sﬁear displacément, a (b)
Normal stress, & e R " i
——>| | e eak shear streng
7 @ ~— Residual shea
T é @ strength
@
(1]
i &
Shear stress, ©
Shear displacement, &
(g
(c) Peak shear strength (d) Peak strength
& t=Cc+0 tang, t=c+otangd,
o
3 "
& @
i 8
2 B o tan dy § |
w o
r t=a tan ¢,
Cohesion, cI w2 Residual strength
Normal stress, ¢ Normal stress, o
27 434422 Surface Excavation & Design

Direct Shear Strength Testing

Calculate the following engincering stresses:

Pﬂ
Apparent normal stress ¢ = -
PS
Apparent shear stress T =
where
P, = normal load.
P, = shear load, and
A = nominal initial cross-sectional area

For Core Specimens

the area is determined by: il
" A FTeos®
where:
D = core diameter, and
® = angle of tip.

28 434422 Surface Excavation & Design



Direct Shear Strength Testing

DIRECT SHEAR TEST

L600

2500
[}
'g 1400 0 n
< (] & 2000
"5 1200 / s :ﬁ
/A 3
. 1000 // i ] 100
g Y1 T :
= 8oy 1] o /
a | !
" o ¥t E ot /y
i v s A
2 a0
- /‘ 4 500 -
200 / é /
o °
] L0085 .01 .01% o2 .025 .03 0 500 1600 1500 z000 2500
Shear Displacement - in Jace Srreds 1b£/in%y
W) b
rolant NORMAL SHEAR DISP CYCLE SLIDING FRICTION RESULTS
ebtuze: STRESS STRESS in. HO. 8= + ()
= : Wi/ie*2 1bf/in 2 COHESION= 1bf/in 2
Spec. no.: PHI= deg COR COEF=
Index no.:
Tested By:
Date Tested:
Area:
FIG. 8 Typical Presentation Sliding Friction Test Results: (a) Shear Stress and Shear Displacement and (b) Shear Strength and Normal
Stress
p 29 434422 Surface Excavation & Design

Direct Shear Strength Testing

Post-Tested

30 : ] 434422 Surface Excavation & Design
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Standpipes

Water table
/

Pressure increase
with depth along an

%equipmential line
=
s | ==

i i :‘ Reference
datum

|
434422 Surface Excavation & Design

Topic 6 Groundwater Flow and Pressure

Prachya Tepnarong, 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)

2

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

7 1434422 Surface Excavation & Design



The Hydrologic Cycle

Glacier C_,/::D

Evaperation
;i Transpiration
é ) Tailings & i
; dam Evfpora}on
1
! !
l?

Figure 5.1 Simplified representation of a hydrologic cycle showing some typical sources of ground water
imodified from Davis and de Wiest {1966}

Water Table

Almost constant rain Frequent rain Infrequent rain

ASARALE AR ARY ooy

Temperate

Variable recharge
Almost no
Fiuctuating ~. _ y recharge

water table-~-¥L. -

Figure 5.2 Relationship between warter table level and precipitation (medified from Davis and de Wiest (1966)}.
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Darcy’s Law

Borehoia for Homogenous Materials

Water table — . _ ) V= Kl

where v = velocity of fluid
K = hydraulic conductivity
(m/s, ft/s)

Relerence
datum

i = hydraulic gradient ((h,-h,)/])

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

Q = KAi

v 5 434422 Surface Excavation & Design

Darcy’s Law

®n.,  Borghole from

Q =KAi

Water table — -~ ._

so that;

K = Q/Ai

subi = (h,-h,)1
KzAhQIh " Vlh
_KA(h,-h,)
1

5)
or Q

V = Q/A = discharge velocity

6 434422 Surface Excavation & Design



Hydraulic Conductivity

Karstic limestone Crrirzrrrr iz
Fractured/ointed basalt erzrrrrrrrrrerrrrrra ‘L
Fractured igneous and metamorphic recks Iz I7IIirzs

Carbonate rocks (limestone and dolomite) ezzzrrrrrrrn
Sandstone ezzmzrImzrrrITa Rocks
Unfractured igneous and metamorphic rocks EZZZzrrrrzrrrrrza
Shale ezrrrrrrrrrrrra
Marine clay mzrrrrrrrr
Glacial il 77y ZrZr Iy rrrra

i Worwrrrresrrrsse] Unconsolidated
Siity sand Geposits

Clean sand Ezrzarzzrrrra
Gravel Trzrrrrr2

101070 1007 108105 10 1010107 1 10 1P
[ 1 ] i 1 ! 1 /! 1 i | ! ]
K {cm/s)

102107 105 10F10 1% 10210 1 10 107 107 10t 10°
| 1 | (1 1 1 i i 1 I 1 1 [ |

K {midj

Figure 5.4 Hydraulic conducrivity of various geologic marerials {Atkinson, 2000}

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,

T -bK

where T'=transmissivity (m%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 =k Y/ L

where,

k = permeability, (m? or ft?),

Y = unit weight of fluid

M~ fluid absolute viscosity, (N s/m? or Ib s/ft?)

8 434422 Surface Excavation & Design



Bernoulli Equation

\

Pressure Head

\’%;,,c_ Borghole v2 P’a(P—PO)
zg+—+ J'— = constant
b 2 A p
Water table ~ -
Tf or Velocity Head
hy i'
¥

z) % Friction Head = Total Head
i

Elevation Head

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

TotalHead=z+£ = z+i
pg Tw
Y., = density of water
9 434422 Surface Excavation & Design
Flow Nets in a Rock Slope
/ Water table
Standpipes ?/ \ \
| 1
Flow lines
I Py 2
_ 7w
. ) gy Pa Pressure increase
:i—:r?:;DOtem'm X FAI with depth along an
A equipotential line
-..ZA}

ERIES
1= T T E=———=\" Reference
datum

Total Head =z + i
b
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Discharge / Recharge Area

(@)

¥y

=
."\I‘\"‘\*I
/
- ’
A
- Equipotential
line

,' Flow line

1
#
/
p
-
-

Equipotential
line

Figure 5.6 Ground water conditions for pit slopes in

regional (a) discharge and (b) recharge areas (Patton
and Deere, 1971).

p 11 434422 Surface Excavation & Design

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 vertica%_ jr_)ints
and relatively high vertical hydraulic conductivity
{modified from Atkinson {2000})).
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Flow in Clean, Smooth Discontinuities

The Hydraulic Conductivity, K

3

ge
12vb

i~
-~

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 105 m?¥s for pure water at 20°C)
Assumptions of Discontinuities;
-parallel
-smooth
-clean
-laminar flow

13 434422 Surface Excavation & Design

Flow in Clean, Smooth Discontinuities

1.0

10!

1072

102

10~ e
w05, /
10°® / Vd

" ”

Hydraulic conduclivity, K (cm/s)

AVAVAN

1077

| Figure 5.8 Influence of joint aperture e
10°3 ; £ n
and spacing b on hydraulic conductivity
0.01 0-05_ 0.1 05 1.0 K in the direction of a set of smooth
Joint aperiure, e {(mm} parallel joints in a rock mass.
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Flow in Filled Discontinuities

The Hydraulic Conductivity for Fracture Systems

ek,

K= +K

T

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

b s 434422 Surface Excavation&]jési‘gn

ﬁ. —_ ta_nal_ Water table ~—, o g
K, tand, -
~ Unconfined
Piezometer _ZSrt aquiter {f)
— Aquitard (')
St — Conlined
aquiter {K)
Sandstone — ~ Aguitard (')

Shale -

Figure 5.9 Water tlow and pressure distribution in aquifers and aquitzrds formed by dipping sandstone and
shale beds {Dr P. Ward, plots by W. Zawadzki).

» 16 434422 Surface Excavation & Design



Anisotropic Rock

(a)

Isotropic
1

Figure 5.10 Flow nets in slopes with isotropic and

) anisotropic hydraulic conductivity: (a) isotropic rock;
1 v {b) Khorizoncal = 10 % Kyerricals
—t— 10 {€) Kparallel to slope = 10 X Kperpendicular to slope
e (plots by W. Zawadzki).

W

Fignre 511 Relationship between geology and ground water in shapes: (a] vananion in water pressure in joints
related to persistences (b} comparison of water tables i slopes excavated in porous and jointed rock; (c) faults
as low conductnaty ground water barrier, and high conductivity sub-surface drain (Patton and Deere, 1971,
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Measurement of Water Pressure
Types of Piezometer
Open Piezometers (Observation Wells)
Standpipe Piezometers
Closed Hydraulic Piezometers
Air Actuated Piezometers (Pneumatic Piezometers)
g Electrically Indicating Piezometers (Electronics Transducers)

>19 - 434422 Surface Excavation & D;ési_gn

g
£

(=2

| Bentonite-Cement Grout

v
{ || | Water Level produced by
J pore-water pressure at the
2] ||| fitertip

Bentonite Seal

Water level in standpipe (Casagrande) piezometer is
produced by pare-water pressure at the filter tip.

» 20 434422 Surface Excavation & Design



Air Actuated Piezometers (Pneumatic Piezometers)

Pressure gauge

”T Airflow indicator

Plastic tubes

Air supply

Figure 60 : Typical circuit for
an air actuated piezometer.

Air valve

Diaphragm

434422 Surface Excavation & Desigh

Field Measurement of Hydraulic Conductivity
» Falling Head Tests

» Constant Head Tests
» Pumping Tests

22 434422 Surface Excavation & Design



Field Measurement of Hydraulic Conductivity

Water loual at zere -r-‘--- si a - quantity of warer
. St required te main-
| ___\\(_— tain constant head
) .
- H
! H ":) I I —]
I q 0.5
H H, p_t,.—__._.t.- Hr'
2 1 |
v* 0.3} \ v I
o) Rest water level \ : Rest water level
Casing 0.2
d/ ? L |~ Casing
2 ...
See table for See rtable for
shape factor F Ly shape factar F
[}
0 1 2 ] 4
Falling head test Time t - hours Constant head test

» Falling Head Tests
K = A In( H Ly where
E(t,-t,) H,

» Constant Head Tests

K=—0_
FH,

p 23 ' 434422 Surf:

Shape Factors

A = cross section area of the water column.
F = shape factor
H,, H, = water levels in the borehole
measured from the rest water level,
at times t1 and t2 respectively.
q = flow rate and
H, = water level, measured from the rest water
level, maintained during a constant head test.

Fnd eonditions

Shape factor F

F = 2.754
1g fluah wich b
imparmeable 5 F=2.0d
1 fa ol
L Log_{(2L/D)
}_ e
for L > &b

in a atrati
mags with d
and vertica

Borehole extended a distanve L
bayond the end of the casing 27l

For determination of k,:

s
fied scil or rock

‘ferent horizontal
1 permeabilities.

Fe —
Ltog ( 2m L/D}

where m = (kp/k,)?, L = 4D

F e 2xL
Loge (4L/D)
for L > &D

[.,x.- 24 ' 434422 Surface 'Excavat'ion&'Desig'h



Pumping Tests

»  Pumping Well and Observation Well

Pump q — pumping rate

qIn(2 *?)

K=
— // T 2nL(H, —H,)
_______ . i
—|

2

D e '

< 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

H, = total head measured at a distance R from the borehole.

p 25 434422 Surface Excavation & Design

Pumping Tests

»  Pumping Well

Pump [—=-# q- pumping rate

i — 4InCm )
G 2mlLH,
—

where in this case, m = (KJ'KP)”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
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434422 Surface Excavation & Design
Topic 7 Plane Failure

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

5 434422 Surface Excavation & Design

General Condition for Plane Failure

» Rare

» Strike of sliding plane // strike of slope face (+ 20 degrees)

» Daylight (y; > y,)

» Overcome friction angle (y,> ¢)

» Upper end of sliding surface intersects upper slope / tension crack

» Release surface

(a) (b) (c)

Release surfaces

Slice of unit
; thickness

For sliding
V> Y>> ¢

Figure 6.2 Geomeury of slope exhibiting plane failure: (a) cross-section showing planes forming a plane failure;
(b) release surfaces ar ends of plane failure; (c) unit thickness slide used in stabiliry analysis.

6 ' - 434422 Surface Excavation & besign



Plane Failure Analysis

The geometry of the slope is defined two cases:

(a1 Aslope having a tension crack in its upper surface
by Aslope with a tension crack in its face.

X b '
(a) Tension crack in upper r— 574 ‘/A_T_

" surface of slope

Slide plane

{b} Tension crack in face

Slide plane

> 7 434422 Surface Excavation & Design

Assumptions Required for Analysis

» Both sliding surface and tension crack strike vpz;rallel to the slope surface.

» 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 = ¢ + ¢ Tan ¢

» Release surfaces is no resistance to sliding.

- 8 434422 Surfac.e Exca\.fa“tion & Design



Symbols

A = areaof sliding block y¢ = dip angle of slope face
U = uplift force y, = dip angle of failure plane
v = water pressure in tension crack Yy, = dip angle of upper slope face
H = slope height F = unit weight of water
b = horizontal distance b/w slope crest Yr = unitweight of rock
& tension crack zZ = depth of tension crack
W = weight of sliding block z, = vertical depth of filled water
9 434422 Surface Excavation & Design

Normal Stress acting on Slide Plane

1.0
09 |-

0.8 |

0.7

0.6

0.5

Dimensionless normal stress ratio, a/y,H

0.4 /
0.3 0

rso /
0.2 A

0.1

L
{
10/
B0

0 10 20 30 40 50 60 70 8O0 90
Slope face angle i (degrees)

‘o _[(1=(2H)*)cotyi,— cotyy] sinys,

wH 2(1-z/H)
where z/H =1~ (coty, tany,)"?, and ;=0
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F.S. Calculations

FS Resisting Force

Driving Force

S o cA+(W.cosy, —U~—V.sin y )tand

W.siny  +V.cosy,
where
A = (H +b.tan y, - z). cosec y,
U = Y2y, .z, (H+b.tan y, - z) . cosec y,
¥ = Yy, o5,
11 434422 Surface Excaﬁgt}t;n & Design

E.S. Calculations

For the tension crack in the upper slope surface
W = y[(1-cot y; tan y,) (bH + Y2 B2 cot yp) + ¥2 b2 (tan ;- tan ]

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

W = Y2y H? [(1 - (z/H)?) cot y, — Cot y]
(for y,= 0, upper slope face is horizontal)

For the tension crack in the slope face
W =12y H, [(1-2/H)* coty, (cot y, . tan y;—1)]

, 12 434422 Surface Excavation & Design



Simplify the Calculations

In case of = 0, upper slope face is horizontal,
following dimensionless form :

(2c/y,H)P+ (Q.cot v, —R(P+ S))tand)

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

(a) tension crack is in the upper slope surface:
Q =[(1 —2z/H)? cot y,, - cot y; ] sin /A

(b) tension crack is in the slope face:
Q= [(1 - z/H)? cos y, (cot y, . tan y; - 1)]
R = .Y_w’ Z LA i
Y. z H

z z
S = — . —sin
z H Ve

13 434422 Surface Excavation & Design

P - chart & S - chart

6.0 \
1.0, e
5.0 A
\ 0.9 i
'R a : Values of the
ratio P for various slope /
h.o geometries. 0.8 4
e
\ .7 /
2wz L~
= e
P \\\ 0.6 ‘ 1.0 /
3.0 / —
\ \ e 0.75
AN | o
2.0 \ 04— 0.5
N\ 2/ // B2
\ 0 ~ 0.3 // //
\ 0.25 /
1.0 \\ o.s\t —— 0.2 V/// .25
b.75 ] L1
0.1 AV/ —_
o
060 20 30 40 50 & 70 B0 SC 0 10 20 30 40 50 60 70 B0 90
Vp ¥p
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Q - chart
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Influence of Groundwater
Dry slopes (forces V and U are both zero)

F.S. =C_'—A+ cot y .tan ¢
W.sin vy,
2c P
FS. =——. —+cot .tan
v H V,-tan ¢

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

c.A +(W.cos y —Vsin y )tan ¢
W.sin y + V.cos vy

ES. =

S = 2¢/y H.P +(Q.coty , —RS)tan¢
Q+RS.coty,

17 434422 Surface Excavation & Design

Critical Tension Crack Depth and Location

critical tension crack depth (z,)

be
_—--—r— ] zclel—\/Cot\pf.Tanwp

position of the tension crack (b,)

b /H = Jcot Y .cot y —coty,
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Critical Tension Crack Depth (dry slope)

{3)10 g
: | 90,
22 k\\i\\ T~ 89, [%]
0.7 \\\\ \\\\ \\ ’ ’
T 06 NI s L1\ ¥
VN AW H i
0.4 \\\\\\\\ \\ ) W
NN 2N %
0.3 ‘ 60—\ : s
S RTRMEANAVEL
01 102092 N NN £ : \&
VAN N NN

0 10 20 30 40 50 60 70 80 90
¥p
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Critical Tension Crack Location (dry slope)

(b) Ratio (by/H)
0.2 04 06 08 1.0 1.2 14 16
0
Vo
LS N s e £
20 [~
30 ~J ™ \
b 20
~ 40 Y
= \ 30
\40
60 A
\o?
70 B0 //
80 /// //
o ? L1
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Critical Slide Plane Inclination

For dry slopes this gives the critical failure plane inclination v, as

Wpc =12 (Wf + (I))

21 434422 Surface Excavation & Design

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

TA

ES.=—
Wsiny

_© tan(¢p+JRC log,y(c;/0)A
B Wsiny

FS.

Wcosy,

Sub o= in Equation

< tan(¢+JRClog,,(c;/ o)) Barton Criterion

tany,

_ tan($p+1)
tany

FS. Patton Criterion
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Reinforcement of a Slope

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

23 434422 Surface Excavation & Design

Reinforcement with Tensioned Anchors

— cA+(W.cosy, —U—V.siny, +T.cos(yq+y,))tand

Wsiny  +V.cosy =T.sin(y, +v )

AN AN S

Tsin (yrp+ir7)

4

T cos (Y +yr)
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Reinforcement with Fully Grouted Untensioned Dowels

cement
grout

faceplate

25 ' 434422 Surface Excavation & Design

Reinforcement with Fully Grouted Untensioned Dowels

Stee! dowel
[} Zone of plastic strain in steel
Joint 3 Grout

Figure 6.9 Strain in fully grouted steel dowel due to shear movement along joint (modified from Spang and
Egger (1990)}.
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Reinforcement with Fully Grouted Untensioned Dowels

FS. = cA+Ntanp+R,
S
FS.— cA+(W.cosy, —U-V.siny )tanp+R,

W.siny, +V.cos y,

R, = 0,,[1.55+0.0116:7sin(0.+1)]x 5> (0.85 + 0.45tan¢)

R, = shear resistance of dowel joint (kIN)
i = roughness of joint (asperities)
o = dowel inclination (about b/w 30-45 degrees)
(o = compressive strength of rock and grout (MPa)
Oys) = tensile strength of steel bar (kIN)
by Spang and Egger (1990)
27 434422 Surface Exiciaﬁ\;ation & Design

Reinforcement with Buttresses

Steel dowel/concrete buttress

Waste rock buttress

#743

Figure 6.10 Reinforcement of slope with buttresses.
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Upper slope surface,
which can be obliquely
inclined with respect
to the face

(@)

Plane B

434422 Surface Excavation & Design
Topic 8 Wedge Failure

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

»3 434422 Surface Excavation & Design

Wedge Failure
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General Condition for Wedge Failure

» Two plane always intersect in a line
(trend o, and plunge )
» Daylight and overcome friction angle

Vs > V> 0)

» Line of intersection is between

N ng
o; and o’ i
Face
)ﬂ
e Pﬁwﬂ‘"“'
Note: The corvention adopled in this
analysis is thal the flatter piane is always
referred to as Plang A.
{c)
Uine of intersaction
5 434422 Surface Excavation & Design
Trend ¢; and Plunge v,

_l(taanA Cosa, —tan\y, CosOly

o, = tan : .
tan y, sinoy —tany, sino,

y; =tany, cos(a, —a,) = tany, cos(a, — ;)

Direction of
sliding
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Analysis of Wedge Failure

» The E.S. of wedge assuming that sliding is resisted by friction only and that the
friction angle ¢ is the same for both planes

(R, +Ry)tand
W sin

ES.=

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

Direction cf
sliding

7 434422 Surface Excavation & Design

Analysis of Wedge Failure

» In order to find R, and Ry, resolve horizontally and vertically in the view along the
line of intersection :

Rysin(B-%2E) = Ry sin(B-1%2¢8)
Rycos (B-%2E)+Rg cos(B+128) = Wceosy,

» Solving for R, and Ry and adding :

R, +R, = W.Cos 1|{i.SlnB
Sin —
> g
» Hence: . ;
FS = smlB . and
sin e g g
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Wedge Analysis including Cohesion, Friction and Water Pressure

The numbering 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
5 — Intersection of plane A and B
(a) Upper slope surface,
which can be obliquely

inclined with respect
to the face

.

Plane A § Plane B

Face

o] 434422 Surface Excavation & Design

Wedge Analysis including Cohesion, Friction and Water Pressure

The factor of safety

BS=— (o, K#e, Y)+( ~;—“’X]tanc])A +(B —;—“’Y)tan(j)B
Y

v H i
where ¢, and cg = cohesive strengths of planes A and B
b, and dg = angles of friction on planes A and B
Y, = unit weight of the rock
Wiy = 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 water pressure
distribution

10 434422 Surface Excavaﬁon & Design



Wedge Analysis including Cohesion, Friction and Water Pressure

The values of parameters X, Y, Aand B :

X = sinB,,
sin0,5 cos0,
¥ = sin0,,
sin@,; cosO,
A COSV, - COSY,,:c089,
SinWSSin 292na.nb
B = SOV, - cosy,.cosO .
. 5_ o
SlanSln eZna.nb
11 434422 Surface Excavation & Design
Stereoplot of data

Greal circle
plane A

Great circle
plane B
Pole of
plane B
Poeof /N 7 el
plane A o
[
3’::01:““ Plane Dip  Dip Properties
direction
A 45 105 ¢A = 20", CA = 24 kPn
i B 70 23§ ¢ = 30°, c = 48 kPa
S;;:: ::ﬁoac:‘ Slope face 65 185 ’
Direction of sliding Upper 12 195
surface
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Wedge stability calculation sheet

Input data Function value Calcidated values

¥, = 45° cos v, = 0.707 €OS Yy — COS Y5 COS brgrp  0.707 +0.342 x 0.191

=g sga== D4 B S e = 038x00es ¥

ws =31.2° sin ys = 0.518 Sin s $in” Bua.ni SRR

Vinanb = 101° cos %ubfo_gé?l PO ¥p — COS Vo COS Bramp _ 0.342+0.707 x 0.191 —
0 Wit = 2l N T P T TR

91.5 = 65° s?n 9}_4 = 0.906 sin 9’.’.4 0.906

flgs = 25° sin fg5 = 0.423 X == R T T

O 0z = 50° €08 Gy ny = 0.643 Nakivomfa  Pasial

ty3 = 62° sin 8;3 = 0.883 . 0.98

B35 = 31° sin 035 = 0.515 e ;’“ 9'3ﬁ = 051'58 305 =3.429

By = 60° cos By o, = 0.500 S b

¢y = 30° tan ¢y = 0.577

¢3 = 20° tan ¢g = 0.364 . 3 I Yo o 4 Yo <,

y,:lik;\]/ms el 2ye = 0.196 ES = ?rH(c,\X +q.5})+(.»‘:— 2T’r.x)l:m ¢A-z-(B— i;l)tan @B

Yo = 9.81kN/m®  3ca/yH = 0.072

ey = 24kPa 3cg/yH = 0.144 FS = 0.241+0.494 + 0.893 — 0.376 - 0.348 — 0.244 = 1.36

cp = 48 kPa

H=40m

13 434422 Surface Excavation & Design

Analysis of Wedge Failure

» In other words:

FS., =KFS.,

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

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

14
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Wedge Factor, K

I
WA

View along line of

| 60|
= \ W\EOIQ intersection
40 )
10 |20 30 T\ Wedge factor K =sin p/sin (12 £)
x15 ‘\ \ \\\!\\\~ forf>¥%¢
- \ &% :
Two dimensional plane failure m
| whenforf<¥aé l
" | | |
§ I i ‘
0 | | | 1 ' ‘
0 20 40 60 80 100 120 140 160 180
Included angle of wedge {—degrees
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Wedge Stability Charts for Friction Only

If the cohesive strength of the planes A and B 7irsiiér0 and the slope is fully drained,

ES.=Atan ¢, + B tan ¢

Plane B

Note: The flatter of the two planes is
always called plane A.

Factor of safety

FS= Atan ¢, + Blangg

- 16 434422 Surface Excavation & Design



Dip Difference 0 degree

A/B chart—dip difference 0°
5.0 1|
il 1 I
O } I -
4.5 H
i L]
= —
4.0 / ]
7 . Note: The flalter of the two planes is
3.5 { B always called plane A.
ri I .
rarsls
o 3.0 ] Factor of salety
E i FS=Atandiy+ Blangy
° 25 Dip of plane | 29 A
E 7 Jg
T 20 30
40z
- ALE0 g0
< AT
': AL
1.0
=
05 T :: &
1 1
11 1
o T 1 I I
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Difference in dip direction—degrees
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Dip Difference 10 degrees

A chart—dip difference 10° B chart—dip difference 10°
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Dip Difference 20 degrees
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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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Dip Difference 50 degrees
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Dip Difference 60 degrees

A chart—dip difference 60° B chart—dip difference 60°
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Dip Difference 70 degrees

A chart—dip difference 70° B chart—dip difference 70°
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Example

+  Inorder to illustrate the use of these charts, consider the following example:

dip®  dip direction® friction angle®
Plane A 40 165 35
Plane B 70 285 20
A chart—dip differencae 30° B charl—dip difference 30°

o
o

L
BEnsss

jRenss

=TT

—td
1

: _%égfsm;{ A A=15
EERC R e —
'_i_l;_'?x};\i‘i;ii":‘_“'_"i 1 e B=0.7

Em RN SR
: N

'._’ z ;_35"—;'__;‘..- SEEmEECE

Jesssissssis = e T i _r‘__i__"_____i_“_”;' = 1.5 tan 35 + 0.7 tan 20
0 20 40 &0 80 100 120 140 160 180 o 20 40 60 80 100 120 140 160 180 =130
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Ditfarence in dip direction—degrees Ditference in dip direction—degrees
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Topic 9 Circular Failure
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Conditions for Circular Failure and Methods of Analysis

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

» The particles are not interblock
For examples: - Soil slope
- Rock filled / waste rock slope
- Heavily-fractured rock
- Highly altered and weathered rocks

L
i e
L Sl
vi%-:!.‘*' L gr
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Stability Analysis Procedure

Defining the factor of safety of the slope as

FS = Shear strength available to resist sliding (c + ctang)
" Shear stress required for equilibrium on slipe surface (t,)

and rearranging this equation, we get

_c+otand i | e
E.S A

e

glatatand)A,
FS

AN
Circular sliding aj A
surface Forces acting on slice, /

434422 Surface Excavation & Design

Derivation of Circular Failure Charts
Assumptions
b Homogeneous material

> Coulomb criterion shear strength (t=c+ o. Tan ¢)

» Circular failure surface passes slope toe

8 Vertical tension crack exist
Locations of tension crack and of failure surface are critical (minimum FE.S.)

Groundwater conditions, varying from a dry slope to a fully saturated slope

Defining the factor of safety of the slope as

FS = Shear strength available to resist sliding (¢ + ctand)
" Shear stress required for equilibrium on slipe surface (t,)

and rearranging this equation, we get
SHEIC +oc.Tand
¢ F.S
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Groundwater Flow Assumptions

X

(a) < »
1 Tension
cracl
Face
Phreatic surface
H : —— Assumed equipotentials
Assumed flow lines
h Sliding surface
"r/
Face angle Figure 8.3 Definition of g_round
water flow patterns used in
(b) Surface recharge due to heavy rain circular failure analysis of
o - . slopes in weak and closely
1 Tension crack fractured rock: {a) ground water
flow partern under steady state
Sliding surface drawdown conditions where the
H phreatic surface coincides with
5 the ground surface at a distance
/—Assumed equipotentials x behind the toe of the slope.
The distance x is measured in
multiples of the slope height #;
- Assumed flow lines {b) ground warer flow pattern
in a saturated slope subjected to
< \ surface recharge by heavy rain.
9 434422 Surface Excavation & Design

Use of the Circular Failure Charts

Step 1 :

Step 2 :

Step 3:

Step 4 :

10

Decide upon the groundwater conditions
(chart no. 1-5)

Calculate the value of the dimensionless
ratio
c

yH tan¢

Find this value on the outer circular scale
of the chart.

Follow the radial line from the value found
in step 2 to its intersection with the curve
which corresponds to the slope angle under
consideration.

Find the corresponding value of tand/FS or
¢/yHFS, depending upon which is more
convenient, and calculate the E.S.

434422 Surface Excavation & Design



Groundwater Flow Conditions

Ground waler flow condilions Chart number

Fully drained slope

Surface water B siopa height
bohind toe of slope

Surface water 4x slope height ©
behind 100 of slope

Salurated slope subjected to
heavy surlace recharge

p 11 434422 Surface Excavation & Design
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Figure 8.6 Circular failure chart number 1—fully drained slope.
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Circular Failure Charts No.2
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Figure 8.7 Circular failure chart number 2—ground water condition 2 (Figure 8.5).
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Figure 8.8 Circular failure chart number 3—ground water condition 3 (Figure 84).
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Circular Failure Charts No.4
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Figure 8.9 Circular failure chart number 4—ground water condition 4 (Figure 8.4).
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Fignre 8.10 Circular failure chart number S—fully saturated slope.
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Example of Circular Failure Analysis using Chart

Given:

Slope height, H=15.2 m.
Slope angle, y; = 40 degrees
Soil density, ¥, = 15.7 kN/m?
Cohesion, ¢ =38 kPa

Friction angle, ¢ = 30 degrees

Surface water source 61 m behind toe

Step 1 : Decide upon the groundwater conditions
(61/15.5) ~4 = Chart no. 3

Step 2 : Calculate the value of the ratio

C

—=0.28
vH tand

Step 3 : Corresponding value of
tan ¢ / ES. = 0.32 (for y; = 40 degrees)

Step 4 : Calculate the E.S.
ES.=(0.32/tan 30) = 1.80

. )
2.0 T -,.._?_“#ﬁ ® o
T % o
18 { il / .oomn
i fb W,
16 7 1,
s c
¥ H A 5/ S8, pHung
“ TR
NI / 0% 77 2
! 7 J\ /
12 v, / s
tangs k Jy. A, X ol
FS 1 (-' 7 WAL 4 _.!’:// S 20
LN/ giiv //’ 35
oa LK X A b s P 25 NP W
KN e
¢ “ /\ a j» I — -
0 :"/ ,:1 ’T’.‘?u
:——‘:-—‘:Eqﬁl
F L[ s
e H— 20
f"’t ] jn.o
K [
6 28 50 2 34
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Location of Critical Slide Surface and Tension Crack

» Locations of both the critical failure circle and the critical tension crack for limiting

equilibrium (E.S. = 1).

A

Location of center of
critical circle

— b

Y| % Zo Y
Tension
H crack

Y Drained slope

il

Location of center of
critical circle

g )

Ground water
surface

Tension crack
Slope with ground water

S f/\

Failure through
toe of slope

Drained Slope

‘\ (chart number 3)
Failure through
toe of slope

Slope with Groundwater
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Drained Slope

T
Lecation of center of 0.4
H=10
203 ~~
Y oo 30.2 =2
1 Tension & =20~ d =gl —1—
@ K L——-—\
crack
H, 041
| |
Y
AT Drainad siops % 10 20 30 40 50 60 70 & 90
Failure through Slope face angle (°) ;
toe of slope Location of critical tension crack position
Distance X
-3H -2H -H 0 H 2H 3H
4H T TE T T OOT T T T T R T T a4H
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Location of center of critical circla for failure through o2

Slope with Groundwater (chart no.3)

0.4 B
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20 =
Ground water & #=30 L ——
H surface Eot / T
; a0
Tension crack ! //° pox P
Ty Slope with ground water 0 ... [l} P bl 1
{chart number 3) 0 10 20 30 40 50 60 70 80 90
Failure through Angle of slope face (°}
toe of slope Location of critical tension crack position
Distance X
-3aH -2H -H ] H 2H aH
4,0,'3....‘ T ...'lm...n. ...u.-..|. T
;
: - 207 s E
» 8 \,ﬂ i E
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2 700 ;QH’;’"W \:‘WQ’{}\ E
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Location of center of critical citcle for failure through tce
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Distance Y

Example of Find the

Given: 0.4
Drained Slope | h=10
_ 0.3 el
Slope height, H=15.2 m. :1',:5 : [
= 002 A
Slope angle, y; = 30 degrees | / g=2—7] 1 |
Friction angle, ¢ = 20 degrees 0.1 f« ] LT N\
: H=40"
Distance X 0
g GEH B " B T 0 10 20 30 40 50 60 70 80 90
4H M T T T T T T T T T T T T T T T Ty 4H Slopefaceang!e(")
E 20" Fliction angle g Location of critical tension crack position
E A ¢=10°"| 10°\ ]
3H F n@e \ I” 1 3H
E o |\ | / N X=02H
- = ™ o | ]
E RPN\ N E Y=185H y
2H [ % o ‘\ A P yoy 2H \r
- DIImn“\\\\ \l\, RN " b=0.1H
: B(;o..,%\\{ < L 3 X=02H—] —
GBI ~ > 1y ¥ [¢—b=0.1H
2 ] Y=185H
OEIIIIII|II INEENEER RN AN RN N JANNEENI IEERERSET] IlIIILlLEO
~3H -2H -H 4] H 2H 3H

Location of center of critical circle for failure through toe
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Bishop’s Simplified Method of Slices (vohr-Coulomb)

! X _ Canter of rotation (see Figure 8.12)
b -

T T T

\ o
5

\

|+

¥

H \

™ Faduro thiough 1oe Water lorce= Fultaldxicos gpl

of slope
oW ]| Factor of safety:
e af1e YIFS)
YZ+0
whoee

X=[co (rh=y,0,) 10 §] {AX/c0S by)
Y=land, tang
Z=y,hAxsing,

Shee waight O='%3,22{xiR)

=7,hAx

Nota: angle v, s negative when sliding uphill

B3)

8.4)
(B.5)
8.6)
@7

The loliowng conditions must be satisiied for each shce:

. nh=1uh, - € (lan g, /FS)

) &'s —
1+ YIFS

(2) cos gy (1 + YIFS)>02

22

8.8)
89)

Figure 8.16 Bishop’s simplified
method of slices for the
analysis of non-circular failure
in slopes cut into materials in
which failurc is defined by the
Mohr-Coulomb failure
criterion.
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3‘,/ \‘/ Water force = 7, A {AXICOS ¥y

Factor of safety:
_LIXH1+YIFS)
FS= ’W (8.10)

where

X=[e+{ph-ruho) tang] (1+tan?y) ax - (8.11)

Y=tan g, tang (8.12)

Z=yhAxtanyy, (8.18)

Q=72 (8.14)
Note: angle y,, is negative when sliding uphill

Approximale correction factor fo

fy=1+ K(diL=1.4{dIL)D) (8.15)
for ¢'=0;K=0.31

c¢'>0, §'>0; K=0.50

23 - 434422 Surface Excavation & Design

Factor of safety:
rs.i‘“"""*’"“’“ﬂ 18
T AxSin oy Yo 1 alF
where
"= 1,1 008% o, =7 N\ (Fellenius sclution) 8.47)
and
. W=Tally = (6180 yyFS)
e Gan iy, E  (Bishop soluton) (8.18)
agirt [ Sem e
b E!(H-uzuhsm[»n-s,r;' a4

g tal1 42084 (1= aimy s (o4 mye !
1+ )2+ a)- [T+ [6am (5+ m,s5,)" 11+ s}z + a)]
Whore =0y, = 03 ma/Cs

(4.25)

The concitions which must b satisfied for each sice ara:
(1) &>0, whera o' is calculated by Bishop's method
(2) o8y [1+ (tan g, tangy)FS]>0.2

Figure 8.18 Bishop’s simplified method of slices for the analysis of circular failuce in slope in material in
which strengrh is defined by non-linear eriterion given in Section 4.5.

24 434422 Surface Excavation & Design

Figure 8.17 Janbu's
modified method of
slices for the analysis of
non-circular failure in
slopes cut into
materials in which
failure is defined by the
Mohr-Coulomb failure
criterion.
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Topic 10 Toppling Failure

Prachya Tepnarong, Ph.D.
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Type of Toppling Failure

Goodman and Bray (1976)

» Block Toppling

» Flexural Toppling

» Block-Flexural Toppling

» Secondary Toppling Modes

p 4 434422 Surface Excavation & 6e$i_gh



2. Flexural Toppling

434422 Surface E;xca;fation & Design

3. Block-Flexural Toppling

434422 Surface Excavation & Design '



4. Secondary Toppling Modes

b} Slide base toppling when
steep'y dipping beds are
dragged along by instability
of averlying material.

a} Slide tee toppling when
steeply dipping beds of
bhard rock are loaded by
instability higher up the
s lope.

£ g == e
<) Slide head toppling when d) Toppling and slumping 3y

movement lower in the slope frees of columnar rock by e en e} Tension crack toppling in cohesive
block te topsle. weathering of underlying material. materlats:
b7 434422 Surface Excavation & Design

4. Secondary Toppling Modes (cont,

(a)

Tension cracks

2050 Circular sliding
surfaces

2000 +
1850 - Toppling at
1900
R S
1850 - sandstone
1800 -
1750

b 8 434422 Surface Excavation & Design



Kinematics of Block Toppling Failure

| Block Shape Test
Y, < 0, (Stable)
Ax/y < tan y, (Topple)

2. Inter-Layer Slip Test
(180 — Wy —wy = (90- ¢y)
or Y= (90-yp + b,

3. Block Alignment Test
l(o-0y)l < 10°

9 434422 Surface Excavation & Ijésigﬁ

Limit Equilibrium Analysis of Toppling on a Stepped Base

1. Block Geometry

2. Block Stability

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

10 434422 Surface Excavation & Design



Limit Equilibrium Analysis of Toppling on a Stepped Base

1. Block Geometry

o] stable

Topple
I:l B Figure 9.7 Model for

_ limiting equilibrium
E Slide  analysis of toppling on a
stepped base (Goodman

and Bray, 1976).

e H {c:osec(\pb )+ ( COt(_\p") —coty,) ]sin(\ps )}
Ax sin(\W, —W;)

b 11 434422 Surface Excavation & Design

Limit Equilibrium Analysis of Toppling on a Stepped Base
1. Block Geometny in position below crest of slope

Yn — n(al -b)

above the crest

Ya=Yna - - b

a, = Ax tan(\y, - W)
a, = Ax tan(y, - )

b = Ax tan(\y, - /)

Y, = dip of the base of the block
Wy = dip of the orthogonal planes forming the faces of the block = (90 - )

W, = dip of the base plane (a stepped surface with an overall dip)

1.2 - 434422 Su'rféte Excavétion'&rbesign'



Limit Equilibrium Analysis of Toppling on a Stepped Base
| Block Geometry i, Smeabuasenis ¢ S - B -
in position below crest of slope
(@) M, =y,
Lo=ya-9

is the slope crest
Mn = Y=y
l“‘n =Ya- Yy

above the slope crest
Mn = Yoz
L[I = }II'I

13 434422 Surface Excavation &'Design

Limit Equilibrium Analysis of Toppling on a Stepped Base

For limit friction on the side of block

Qn = Pll tan ‘i)d
Qn-l = Pn-I tan q)(l

g = friction angle of the side of block

14 434422 Surface Excavation &
Design



Limit Equilibrium Analysis of Toppling on a Stepped Base

normal and shear force acting on the base
of block

(b)
R,=W,cos y,+ (P,-P, ) tan ¢,
Sn = Wn sin ‘pp + (Pn-Pn-I)

¢4 = friction angle of the side of block

P,_qtandgy
check for sliding does not occur on the
base

R,> 0

IS,| >R, tan ¢,

15 | 434422 Surface Excavation & De5|gn

Limit Equilibrium Analysis of Toppling on a Stepped Base

to prevent toppling

rotational equilibrium

P, ;.= [P,(M, — Ax tan ¢,) + (W /2)
(¥, sin W, —Ax cos y)] / L,

to prevent sliding

p = Pn - [{WH(COS Wp tan (b) -

n-1.s

sin W) /{1 — tan ¢, tan ¢, }]

If P.it > P, blockis on point of toppling

If Poyt <P,ys,blockis on point of sliding

16 434422 Surface Excavation &
Design



Cable Force Required to Stability a Slope

the anchor tension required to prevent toppling of block 1

_ W1 /2(yy sin ll/p — Axcos le) + P1(y1 — Axtan gy}

T Ly cos(yp + ¥7)

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

TS P1(1 —tan ¢p tan ¢yq) — Wy (tan ¢p cos Yp — sin ¥p)
* tan ¢p sin(Yp + Y1) + cos(¥p + ¥7)

.....

¢¢¢¢¢

17 434422 Surface Excavation & Design

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,

R, =P, tan ¢, + T sin (y,+y,) + W, cos y,

{e)

S =P, =T cos (y,+yg) + W, sin

- 18 . 434422 Surface Exéavation & Design
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434422 Surface Excavation & Design
Topic 11 Numerical Analysis

Prachya Tepnarong, Ph.D. |
- prachya@sut.ac_:._t_l__u_____:

Rock Slope Stability Analysis

1. Deterministic Methods (Analytical Solution)
Limit Equilibrium (Factor of Safety)
Kinematics Analysis

2. Numerical Methods (Computer Simulation/Modeling)

3. Block Theory Method (Discontinuity Vlethod)

4. Artificial Intelligence Methods (Expert System)

p 2 434422 Surface Excavation & Design



Numerical Methods

Advantages :
»  Allow quick calculation

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

3 434422 Surface Exc&avation & Design

Numerical Methods

Disadvantages :

»  Only give approximate solutions, accuracy is always less than analytical
solutions

»  True and in-depth technical knowledge is necessary
»  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
»  Results auditing is necessary, but usually overlooked
»  Required precise and representative material properties

4 434422 Surface Excavation & Design



Numerical Methods

Conditions Requirement for Numerical Analysis
»  Equilibrium

»  Strain Compatibility

»  Stress-Strain Relation

»  Boundary Condition

2 434422 Surface Excavation & Design

Numerical Methods

1 Finite Element Method (FEEM) /Finite Difference Method (FDM)
Boundary Element Method (BEM)
1 Discrete Element Method (DEM)
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1. Finite Element Method (FFIEM) /Finite Difference Method (FDM)

Domain Methods

Continuum Material

Mesh (Element & Nodal Point)

» Properties = Element
Location - Nodal Point

» FEM -> Integral Solving

DM ->Differentiation Solving

v v v

h 4

Finite
Finite Element
Difference
Operator
=
Y e |
7R A I
7R S |
Figure 1.1 Finite Difference Grid Figure 1.2 Finite Element Mesh
s 434422 Surface Excavation & Design

2. Boundary Element Method (BEM)

» Infinite medium prbblems
» 1 type of medium
» Required only surface grids

Boundary

Figure 1.3 Boundary Element Mesh

8 434422 Surface Excavation & Design



3. Discrete Element Method (DEM)

»  Discontinuity Method

»  Mesh (Element & Nodal Point)

> Dynamics Equilibrium

> Not deformation (Movement only)

N
g
DA
Nk

AAMMNS

P9 434422 Surface Excavation & Design

7

Z
Z

SN

Example for Finite Element Method

4

i)
anaEl i
m#%ﬁe QVTRR
POSKRNORReS
| Pwﬁ‘“‘%@ﬁ%
| lﬁ&% LIDE0
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Example for Finite Element Method

imj:‘ili
| I\‘--‘@!P
U 400

;m;;y
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Example for Fin.ite Element Method
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Example for Finite Difference Method
FLAC SLOPE 4.0

T FLAC/SLOPE 4.0 - Bad0s Coneulting Giowp. bae

Fie Staw Tedh Vew Hep

waoeis | | sawe] it

()- ] mlﬂ @ |
awltoas| Clone)Sam|Farama| Datits

1] [ QO T 381 B A S[RA1 =]

waisat 1
Poirdet arad Qui 33k 5 mind
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Example for Finite Difference Method
FLAC SLOPE 4.0 Al \ |

FLAC/HOFE 4.0 - Rasod Comsulling 6iowp e
Fio Stas !r\m. Halp
wml wn| ke _poi|
’
l"‘l;iég
3
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FLAC SLOPE 4.0

» 15 434422 Surface Excavation & Design

Example for Finite Difference Method

FLAC SLOPE 4.0
i._«_wm"&.r'l Weak rock:
Maeuks L}
DElig e FS =103
=™ ¢ =skPa
o ¢ =20°
Fal
A
0
-14
0 i 1 3 4 5 ] ]
(*10both)
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Example for Finite Difference Method

FLAC SLOPE 4.0
T
Reviem s | Weak rock:
o FS =103
msmm
c =skfka T .
3 P
Fa
i
0
14
] i 2 3 (";.Omb) 4 7 s
17 434422 Surface Excavation & Dééign

Example for Finite Difference Method

FLAC SLOPE 4.0

Eain

b T FS

1 Weak rock:

0.77 :
5 ee

20°

nop i

= 0

H
C10bott)

b 18 434422 Surface Excavation & Design



Example for Finite Difference Method

FLAC SLOPE 4.0

{2

19

20

Fucur of Sebey 0.1]
Ser Camezs
Al e = 0.00+30
Wea T

M = M

w

Weak rock:
FS = 0.77

c =5kPa
b

........
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434422 Surface Excavation & Design
Topic 12 Slope Excavation Methods

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

Introduction for Slope Blasting
Blasting Rock Slope
» to obtain good fragmentation

: Total
» induce less damage to the W

remaining rock slope e

i /\ Loading and hauling

Cost
-~
7

N Drilling and blasting
) \/

~

———

<«— Fragmentation——>
Finer Coarser

Figure 11.2 Effect of fragmentation on the cost of
drilling, blasting, loading and hauling.
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Mechanisms of Rock Fracturing by Explosive

(a)
Tangential strains

Free face

2

Pulverized rock ~ i
DY
Radial cracking .' $ = ©
TR
Compressive B
wave positions High-pressure
Velocity about 2,000 - 6,000 m/s explosive gases A
b :
bl Tensile Expanding
wave blast hole
Expanding
blast hole

Relief-of-load
fractures

3 434422 Surface Exéé;rétion & Design

Production Blasting

Drill-and-Blast Parameters

» Type, weight and distribution of explosive

» Blasthole diameter

» Effective burden

» Effective spacing

»  Sub-drill depth

» Blasthole inclination

»  Stemming

» Initiation sequence for detonation of explosive

> Delays between successive hole or row firing.

& 434422 Surface Excavation & Design



Production Blasting

Definition of Bench Blasting Term

p: 15 434422 Surface Excavation & Design

Drill-and-Blast Parameters

1. Type, weight and distribution of explosive.

The strength of an explosive is a measure of the work done by a certain
weight or volume of explosive. This strength can be expressed in absolute units or

as a ratio relative to a standard explosive such as gelignite or ANFO (Ammonium
Nitrate / Fuel Oil)

Charge Factor = Explosive Weight (kg) / Rock Weight (ton)

Example:
Charge Factor = 0.5, Hydrogel = 77 kg
Rock Weight 1 ton = ANFO = 0.5 kg
ANFO - Weight Strength = 100%
Hydrogel = Weight Strength = 111 %
-2 (0.5x100)/ 111 =0.45 kg

» 6 434422 Surface Excavation & Design



Drill-and-Blast Parameters

TALLE VI - STRENGTAS OF EXPLOSIVES COMPARED TO ANFO

Explosive Weight strength  Bulk Strength Specific
% ANFO % ANFO Gravity
ANFQ (Gravity loaded) 100 100 0.82
ANFO (Pressure loaded) 100 109 0.92
A.N. Gelatine Dynamite '75' 11k 195 1.40
A.N. Gelignite '60' 95 174 1.50
A.N. 'Ligdyn 40° 85 149 1.43
A.N. 'Ligdyn 25' 68 119 1. 42
'Anzite' Blue 114 193 1.40
'Anzite' Red 114 193 1.40
‘Anzite' Yellow 97 165 1.43
"Aquamex ' 100 170 1.39
Blasting Gelatine 127 233 1.50
‘Exactex’ a0 107 0.96
'Geophex' 85 163 1.55
‘Hydrogel’ 111 205 1.50
"Hydromex' M1 g5 124 1.50
‘Hydromex' M2 127 «33 1.50
'Hydromex' ML 152 279 1.50
434422 Surface Excavation & Design
Drill-and-Blast Parameters
TAELE VI - STRENGIHS ,0r EXPLOSIVES COMPARED TO ANFO
Explogive Wetghi ptréngth | Bulk ¢ trennth Spectfic
X ANE %“ANFO Cravity
‘Molanal' A 82 140 1.3-1. 4
‘Malonal' D 114 195 1.3-1.4
‘Molonal' DQ 114 195 1.3-1.4
‘rlonograin' 90 107 0.90
'Plastergel’ 95 174 1.50
‘Quarigel’ 101 186 1.50
Quarry 'Monobel! 100 121 0.98
'Rollex' 60 97 174 1.45
‘Roxite’ 63 121 1.65
'‘Seismex"' 101 174 1.10
‘Seismex' (Aluminised) 113 151 1.10
S.N. Gelignite 50% 89 163 1.50
Semigel 106 226 1.20
Semigel No. 2 99 135 1.12
*Ajax' 71 135 1.50
'Dynagex' 57 84 1.39
'Dynobel' Na. 2 81 109 1.10
'Morcol! 80 116 1.20
‘Polar' A3 'Monobel’ 7" 86 0.98
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Drill-and-Blast Parameters

2. Blasthole Diameter

Blasthole diameter d < Bench height/40

too large

too small

- fly rock
—> damage to the remaining rock
> air blast

—> choking

o i .
(usalsinaaznszunniivaanunléi)

434422 Surface Exca\-/-ation &-Ijesign

Drill-and-Blast Parameters
3. Effective Burden U\ -

® — 5
B, = 40 times of Blasthole Diameter : lf

or

B, ~0.33H to 0.25H

too small

too large

.10

= fly rock
—> venting problem
(leak along fracture)

—> choking

, -l = P
(wsalinaaznszunniiuaanunli)
—> poor fragmentation



Drill-and-Blast Parameters

4. Effective Spacing

e O © © o © o ©
a o o o o -] o o
1S.=1.25B,. |  (Experience suggests) _"__%__"_;_T"JT“_:F.
f
a) Squere pattern Borden/spacing ratia 1:1
B, and S, depend not only upon the blasthole o o 6 0 o o
pattern but also upon the sequence of firing. 6 @ & & 8 6 &
a o o a o o o o
b) Staggered pattern  Burden/epacing ratio 1:1.1§
too small —> desensitization
(guing 4 stidiaann) « E T ®
. o o o o o
too large - poor fragmentation T 7 7 T
¢} Swedish patcern Burden/spacing ratlo 1:h
9 0o © 0 o 0 © o o©
o o e © © © o o © O
-;T_F Ep Eo ﬁ_ﬁ% :T—
d) Use of caser holes {E) to move front
row burden.
11 434422 Surface Excavation & Design

Drill-and-Blast Parameters

5. Sub-drill depth

» base of the bottom load in the form of an inverted
cone with sides inclined at 15° to 25°

Sub-drill depth = 0.2-0.3 (S, or B,)

which use smaller

OO O T

o1
Bench l -
ﬂoor — s T e e e o e s e ——
Sub-drill ——;

depth ;|: ; \l
15° to 25°
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Drill-and-Blast Parameters

6. Blasthole inclination

» Inclined blastholes are obviously advantageous for the front row and, by drilling the
blastholes parallel to the bench face, a constant front row burden is achieved.

» Some blasting engineers would argue that the use of blastholes drilled at between 10°
and 307 to the vertical will give better fragmentations, greater displacement and
reduced back-break problems.

p 13 434422 Surface ExcaQétion & Design

Drill-and-Blast Parameters

7. Stemming

» Dry and well graded angular materials

» 10-15 mm crushed rock,

» The optimum stemming length depends upon the properties of the rock

Stemming depth = 0.67 - 2 (B,)

too little -> ﬂy rock

(shorter than —> air blast

two thirds of = backbreak problems

the burden) - reducing the effectiveness of the blast
too large - poor fragmentation

14 434422 Surface Excavation & Design



Drill-and-Blast Parameters

8. Initiation sequence for detonation of explosive

» The firing or initiating line will normally be connected to the middle of the front row
trunk line.

» The blasting sequence, after the initiation of the first row, is controlled by the use of
delays.

©)

Freo end

Figure 11.7 Typical detonation sequences: (a) square “row-by-row” detonation sequence; (b) square V™
detonation sequence; (c) hole-by-hole detonation using both surface and in-hele non-electric delays
(W. Forsyth).

15 434422 Surface Excavation & Design

Drill-and-Blast Parameters

9. Delays between suceéessive hole or row firing
» Typically, delay intervals of 1 to 2 milliseconds per foot of burden
(3 to 6 milliseconds per meter) are used in production blasting

too fast —> desensitization (mauding 7 suilana)
=> air blast (;uu)

Front row - instantaneous
Row 2 - 35 milliseconds delay
Row 3 - 70 milliseconds delay
Row 4 - 105 milliseconds delay

» The use of delays in a blast in one of the most powerful weapons in the fight against
excessive blast damage and the instability of benches in open pit mines.

16 434422 Surface Excavation & Design



Drill-and-Blast Parameters

i) Hormal row by row delaying

iii) Along row delaying

1i) 'Vee' cut and en echelom
delaying

iv) delaying a choked blast

Fiping sequence mni ——e—2r Initisting line

direatior of rock

Bousnent hote - safety lines ara
emitted for clarity.

—4— 35 miilisecond delay

—4— 17 miilisacond delay

17 434422 Surface Excavation &- Design

Controlling Slope Damage.

1 Choke blasting into excessive burden or broken muck piles should be avoided.

2 The front row charge should be adequately designed to move the front row
burden.

3 The main charge and blasthole pattern should be optimized to give the best
possible fragmentation and digging conditions for the minimuim powder factor.

4 Adequate delays should be used to ensure good movement towards free faces and
the creation of new free faces for following rows.

5. Delays should be used to control the maximum instantaneous charge to ensure
that rock breakage does not occur in the rock mass which is supposed to remain
intact.

6 Back row holes should be drilled at an optimum distance from the final digline to

permit free digging and yet minimize damage to the wall. Experience can be
used to adjust the back row positions and charges to achieve this result.

If all of these conditions have been satisfied and a bench instability problem
due to over-break still exists, consideration should be give to the use of special
blasting techniques such as buffer blasting, Pre-splitting and smooth-wall
blasting,

18 7 434422 Surface Excavéf—idn_ & bes-igﬁ



Buffer Blasting

» Buffer or cushion blasting involves increasing the distance between the back row
charges and the final digline. Obviously, there is a limit to the amount this distance

can be increased before unacceptable digging conditions are created increased before
unacceptable digging conditions are created at the final digline.

» The burden and spacing in the back row can be decreased to approximately one half
that of the main charge and the holes can be charge with a lower strength explosive
than that used in the main blast. The buffer holes are fired last with a delay of 1 to 2
milliseconds per foot of burden.

p 19 434422 Surface Excavation & Design

Pre-splitting

Pre-splitting or pre-shearing is a technique which is used very extensively and very
successfully in civil engineering excavations in hard rock. It§ use in mining,
particularly with large diameter blastholes, is less common but the technique merits
serious consideration by open pit engineers.

A row of closely spaced and usually small diameter holes is drilled along the line of
the final face. These holes are lightly charged and the charge is de-coupled from the
rock by leaving an air space between the charee and the walls of the blasthole.

The row is fired before the man charge and the reinforcing effect of the closely
spaced holes together with the very large burden results n the formation of a clean
fracture running from one hole to the next. A good pre-split face is characterised by
a clean fracture running between the parallel half barrels of the blastholes as
illustrated in the margin photograph.

Pre-split blasting is not usually successful in well jointed hard rocks, particularly
where the joints are open and are inclined to the pre-split line. These open joints
allow the explosion gases to vent and fracturing follows the joints rather than the
intended pre-split line.
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Pre-splitting

TABLE X - RECOMMENDED DIMENSIONS FOR SMOOTH-WALL AND PRE-SPLIT BLASTING

Dr:fl”wle (E'haz'ge Explogives .":‘HOUTH—_H‘ALL RLASTING PRE—.S‘PLH" BLASTING

diameter diameter Spacing Burden Spacing ‘4
mmin mm in  kg/m 1b/ft m ft m ft m ft
30 1.25 " 0.5 0.07 0.05 0.5 1.6 0.7 2.3 0.25-0.3 0.8-1.0
37 1.5 17 0.63 0.12 0.08 0.6 2.0 0.9 3.0 0.30-0.5 1.0-1.6
4 1,75 17 0.63 0.17 0.11 0.6 2.0 0.9 3.0 0.30-0.5 1.0-1.6
51 2.0 22 0.88 0.25 0.17 0.8 2.6 1.1 3.6 0.45-0.75 1.5-2.5
62 2.38 22 0.88 0.35 0.23 1.0 3.3 1.3 4.2 0.55-0.8 1.8-2.6
75 3.0 25 1.0 0.50 0.34 1.2 4.0 1.6 5.2 0.60-0.9 2.0-3.0
87 3.5 25 1.0 0.70 0.47 1.4 4.6 1.9 6.2 0.70-1.0 2.3-3.3
100 4.0 29 1.13  0.90 o0.60 1.6 5.2 2.1 6.9 0.80-1.2 2.6-4.0
125 5.0 uo 1.63  1.40 0.94 2.0 6.6 2.7 8.8 1.00-1.5  3.3-4.9
150 6.0 50 2.0 2.00 1.34 2.4 7.9 3.2 10.5 1.20-1.8  4.0-5.9
200 8.0 52 2.0 3.00 2.02 3.0 9.8 4.0 13.0 1.50-2.1 h.9-6.9
250 10.0 65 2.5 3.38  2.27 3.6 11.2 4.5 14,8 1.8C-2.u 5.9-7.9

* Base on Nitro Nobel’s Dynamex B explosive, charge per unit length of hole.

** The burden is assumed to be infinite since the pre-split charge is fired before the main
charge

21 434422 Surface Excavation & Design

Smooth-wall Blasting

»  Smooth-wall or post-spit blasting is similar to pre-split blasting except that the line of
holes of fired after the main blast. This means that a free face exist close to the line

of charged holes and hence a burden and spacing design has to be specified for this
blast.

»  Smooth-wall blasting is sometimes used as a clean-up operation to minimize the
danger of rockfalls from a face which has been heavily blasted or where jointing has
created loose blocky conditions on the face

22 434422 Surface .Ekcava-tion.& Dééign



Blast damage

Type of blasting damage are identified

1. Structural damage due to vibration induced in the rock mass
2. Damage due to fly rock or boulders ejected from the blast area
3. Damage due to airblast

4. Damage due to noise

23 434422 Surface Excavation & Design

Blast damage control

»  Control of fly rock : Fly rock problem are caused by catering as a result of
inadequate stemming or too small a front row burden.
Eliminated by
reducing the power factor to 0.2 kg/m?,
increase the front row burden,

increase the stemming column length of 40 blast hole diameters and the
optimum stemming column length of 0.67-2 time the burden.

»  Airblast and noise problem associated with production blasts : Factors contributing to
the development of an airblast and to noise include

overcharged blasthole

poor stemming

uncovered detonating cord,

venting of developing cracks in the rock

and the use of inadequate burdens giving rise to cratering.

»  The propagation of the pressure wave depends upon atmospheric condition including
temperature, wind and pressure-altitude relationship.

24 434422 Surface Excavation & Design
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434422 Surface Excavation & Design
Topic 13 Stabilization of Rock Slopes

l Prachya Tepnarong, Ph.D.

Rock slope stabilization :

1) Removal of Unstable Rock
2) Catchments

3) Flattening of Slope

4) Buttresses

5) Surface Protection

6) Reinforcement

7) Drainage

»2 434422 Surface Excavation & Design
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Types of Rock Slope Supports (Stabilization)

Rockbolts
2, Dowels
3. Cable bolts
4 Shotcrete
5 Wire mesh

6 Pre-cast Concrete
7 Retaining Wall
9. Gabions
3 434422 Surface Excavation & Désign
1. Rockbolts

1.1) Mechanically anchored rockbolts

anchor

tapered washer

Grout injection arrangements for a mechanically anchored rockbolts.
4 434422 Surface Excavation & Design



1. Rockbolts

1.2) Resin anchored rockbolts

fast-setting anchor
cartridge

slow-setting resin cartridges

Typical set-up for creating a resin anchored and grouted
rockbolt.

b5 434422 Surface Excavation & Design

2. Dowels

2.1) Grouted dowels

Grouted dowel using a deformed bar inserted into a grout-
filled hole.

6 434422 Sﬁrface Excavation & Désign



2 Dowels

b7 434422 Surface Excavation & D-e5|gn
2. Dowels

bih) chllex’ Avernle

,I ! « 25t0 2smm diameter W

folded tube

T
& expanded
“ o dowel
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3. Cablebolts

—

TYIE LONGITUDINAL SFUTION CROSS SECTION
ey | | 63 o
— | 2 : aOp Summary of the development of
Birkiaed £CD . .
i % @ cablebolt configurations. After Windsor
e Astirode Node
Sing'e .
(Hant & Aserw, 1VTT) P W e
Coaed
et | &S 6 88
Rt
bubens etal 1980 | Doudie Acing Twin Ancher 7 “:;;" ”:':H'E
i )
sy Lo} @
W | s e
——— e — @:c—m
l;;:::d 3
Wlasching et all. 1990y w A.;h::l.: N:
Rudbed
e ———— 1 ®
+Garfond. 19901 M:Nt Nde
£ —=————1"]1 °
“Wiandwar, 1990) Animode Kexde
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4. Shotcrete

1) Dry mix shotcrete
2) Wet mix shotcrete
3) Steel fiber reinforced micro silica shotcrete

4) Mesh reinforced shotcrete

10 434422 Surface Excavation & Design



4. Shotcrete

;Qpr.e-dampened shotcrete

Pt
mix

vz Typical dry mix shocrete
machine.

compressed

air
Simplified sketch of a typical dry mix shotcrete system. After
Mahar et al. (1975).

vacuum helps to restore air and

pumping tube to normal accelera

shfmpe rotating roller

i

pipe

suctio  'rofhQhg Hiades

Typical wet mix shotcrete machine. After Mahar et

al. (1o7s).
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5. Wire mesh
Cross section
L ! Top slope__
M
Wire rope
net
Rock Bolts
or Anchor
Road way
— ’
Plan
fetes—]
e goame e
Cla R EXA AL O
A=k Ay :J’ S\ e —
. BT AR: AR ;;”E?F:’
(H BE5 ErASS L8 s e s
b 8 il 123 W'M;‘ F7] Nl‘?;g:’;)ﬁ‘r
WA
u & s rJT—
|
w Seam rope
s Chain-link
fence
Rock Bolts
or Anchor
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5. Wire mesh

6. Pre-cast Concrete

p 14
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7. Retaining Wall

FORCES ON RETAINING STRUCTURES

BESISTING

WATER PRESSURE ( Pw) WATER PRESSURE (Pw)

PASSIVE SOIL PRESSURE (Pp) ACTIVE SOIL PRESSURE (Pa)
FRICTION (F) WEIGHT (W)

FOUNDATION PRESSURE (PY) SURCHARGE LOAD (L)

» 15 434422 Surface Excavation & Design

8. Gabion

PERMEABLE
MEMBRANE

» 16
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Safety Requirements

Type A is for the slope toe nearby the residential structures or power plant facilities.
Type B is for the slopes along he main highways, railroads, and large bridges.
Type C  1is for the slopes along the small roads and reservoirs.

Type D is defined for the temporary access or small roads in open pit mines.



Design Parameters

1. Slope failure from rock strength (Circular Failure)
— Orientations and dip angle of slope face
— Height of slope
— Length of Slope
— Unit weight of rock

2. Slope failure from rock fracture (Plane, Wedge, and Toppling Failure)
Orientations and dip angle of slope face

Height of slope
Length of Slope
Unit weight of rock

Orientations and dip angle of failure surface

— Joint spacing

19 434422 Surface Excavation & Design

Design Methodology and Criterion

1. Stabilization Method
» Rockbolt / Cablebolt
* Rockbolt / Cablebolt + Wire Mesh
Rockbolt / Cablebolt + Wire Mesh + Shotcrete + Drainage
Spot of Rockbolt / Cablebolt
* Drainage

2. Slope Modification

3. Combined Methods
¢ Slope Modified + Rockbolt / Cablebolt
* Slope Modified + Rockbolt / Cablebolt + Wire Mesh
* Slope Modified + Rockbolt / Cablebolt + Wire Mesh + Drainage

- 20 434422 Surface Excavation & Design



Design and Selection of Support Types

21

Parameters
Considered

Functional Design
Requirements| Solutions

Design
Components

Constraints|

Design Specifications:

1-5 MPa

g, = 025-1&

G, =5-25 MPa

G, = 5-25MPa

\’[P'\

5-50

Solution :

Reduce 5
drving force | Modify

slope
shape

1. Slope
height

2. Slope face
angle

None

m & working face = 30°

5-7m/35°"
7-10m/ 30°
» 10 m / bench width >

A&B

. 3-10m/ 50°
. 10-15m / 45°

15-20m 7 40°
> 20m / bench width >
m & working face = 40°

C&D

. 10-15m/ 55°

5-10 nv 60°

15-20m / 50°
20m / bench width >
m & working face = 50°

A&B

.5-7m/ 65°

7-10m/ 60°
10-15m / 50°
15-20m / 45°
» 201/ bench width >
m & working face = 45°

C&D

.5-7m/ 75°
. 7-10m/ 70°

1
b4
B
4
1
2
3
4
4
1
2
3
e
4
1
2
3.
4
3.
4
1
2
3.10-15m/ 60°
4
3.
4

15-20m / 55°
> 20m / bench width =
m & working face = 55°

434422 Surface Excavation &7 Design

Design and Selection of Support Types

. D

1. Dip
direction of
failure plane

. Average
Joints
spacing

3. Slope

height

4. Slope

length

5. Slope dip

direction

6. Slope dip

angle

7. Rock umt

werght

8. Groundwate

rlevel

9. Intact

strength

(]

1. Increase
resisting
force

2. Reduce

driving
force

Solution : 1

Rock bolts

(B8]

Solution ;

Rock bolts
Wire mesh

4y

Solution :

Rock bolts
Wire mesh
Drained pipe

Solution : 4

Drained pipe

Solution : 6

Rock bolts
Bench design

(A.B.C
or D)

Solution : 7

Rock bolts
Wire mesh
Bench design

o

Solution :

Rock bolts
Wire mesh
Drained pipe
Bench design

Solution : 9

Drained pipe
Bench desien

—_———s s, ,

= Uniaxial Compressive Strength. * Slope Height / Slope Face Angle,
**Willilams Form Engineermg Corp (2002),

A, B. C and D = Slope Tvpes (Safety Requirements)

Rock bolts'

Fully grout steel rebar (A &B)
Rock anchored (C & D)
Grout materials

Resin (A) Cement (B)
Wire mesh

Galvanize (A)

Drained pipe

PVC or Steel pipe

Same as solution : 1 to 5 but
If Intact swength = R3 to R4
and Slope height > 30 m (A
&B)or=40m(C & D)
Then Bench width =4 m
and Slope face angle < 60°

434422 Surface Excavation & Design



Design Specifications

1. Rockbolts

2. Grout Material
3. Wire Mesh

4. Drain Pipe

5. Ditch

6. Safety Area

23 434422 Surface Excavation & Design

Control of Rock Fall

Rockfall modes and protection system
suggested by Ritchie (1963)

Check fences may be
used on long slope

24 434422 Surface Excavation & Design
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Objectives for Slope Monitoring

434422 Surface Excavation & Design
Topic 14 Slope Movement Monitoring

Prachya Tepnarong, Ph.D. I

prachya@sut.ac.th

Typical measurement objectives

b

3 To determine absolute lateral and vertical movements of a
sliding surface.

»  To determine the rate of sliding (accelerating or
decelerating) and thus warn of impending dangers.

»  To determine the depth and shape of the sliding surfaces.
»  To determine the relative movements within a slope.

»  To monitor groundwater levels and pore pressures so that
analyses can be made.



Objectives for Slope Monitoring

overall objectives

»  To maintain safe operational procedures for the protection of
personnel and equipment.

»  To provide advance notice of instability so that mine plans

can be modified to minimize the impact of slope
displacement.

»  To provide geotechnical information for analyzing the slope

failure mechanism, for designing appropriate remedial
measures, and for conducting future redesign of the slope.

434422 Surface Excavation & Design

Instruments suitable for examining slope stability during
excavation A

Measurement Suitable Instruments

Surface deformation Surveying methods

Crack gages
Tiltmeters
Multipoint liquid level gages

Subsurface Inclinometers

deformation Fixed borehole extensometers
Slope extensometers
Shear plane indicators
Multiple deflectometers
In-place inclinometers
Combined piezometer-inclinometer

system

Acoustic emission monitoring

Groundwater pressure  Single piezometers
Multipoint piczometars
Combined piezometer-inclinometer
“ system

434422 Surface Excavation & Design



b
4
4

Overview of routine and special

monitoring
Application Measurement
Routine monitoring Surface deformation
Groundwater pressure
Special applications Subsurface deformation
Load in rockbolts
Temperature

434422 Surface Excavation & Design

Criteria for Selecting Site-Specific Instruments

Measure the obvious things first
Simpler is better

Precision costs money
Redundancy is required

Timely reporting is essential

434422 Surface Excavation & Design



All instruments have certain requirements in common

»  Range

»  Resolution

»  Repeatability
»  Accuracy

»  Survivability

7 434422 Surface Excavation & Design

Accuracy and Precision.

© ©

Precise but not Not precise but Precise as well
accurate average is accurate asaccurate

8 434422 Surface Excavation & Design



Possible layout of instrumentation for monitoring an

excavated slope in soil.

‘ — Surveying methods

” Inclinometer casing

o Piezometer
Water-filled
surface crack \R «—»  Crack gage
N
Potential
failure o
surface >
[s]
e 434422 Surface Excavation & Design

Possible layout of instrumentation for
monitoring an excavated slope in rock.

Joint set parallel

to fault Fault zone identified
during field mapping H Combined inclinometer casing
l. _ i_.' and multipoint piezometer
\ —a—  Multipoint fixed borehole extensometer
<«—— Crack gage

{ —* Surveying methods

o Piezometer

Excavated
rock slope

—& Contlnuous clay-
— filled shear
—— observed during

excavation
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Instrumentation & Monitoring

The use of geotechnical instrumentation is not merely the selection of
instruments but a comprehensive step-by-step engineering process
beginning with a definition of the objective and ending with ,
implementation of the data. !

Engineering objectives typically encountered
in soil and rock engineering projects have

" led to the design and commercial marketing
of numerous instrument types, measuring
for example:

* femperature

* deformation

* groundwater/pore pressures

decreasing
reliability

* fotal stress in soil and stress
change in rock

p11 434422 Surface Excavation & Design
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- D6PS |

.. satellite measurements and base-stations at known locations are used
to provide simultaneous corrections and refinements to the computed
locations of one or several differential global positioning system (DGPS)
stations positioned on the slide bodly.

Advantages: automated, economical (especially over large areas).
Sensitivity: better than 1 ¢m in ideal conditions
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Surface Measurements - Cradkmeter's

.. used to measure and monitor the opening of surface fractures and
tension cracks.

Advantages: simple, ideally suited for early warning systems.
Sensitivity: <0.01mm with 50-100 mm range

p 13 - 434422 Surface Exéavatioh & Desi.g-n !

Advantages: can detect and monitor complex slope deformations and
displacements along multiple shear planes. :
Sensitivity: +10 arc seconds (+0.05mm/m)

b 14 434422 Surface Excavation & Design



Inclinometer Casing

GROOVES TO ALXON
INCLINOMTTIR SENSOR

[[| " FOASETTLEMENT

R v 1 PROTE WHEN
MAKING SETTLEMENT
MEASUAEMENTS
Lol ALUMA | m.
= POP NIVETS AT e

END OF COUPLING

P e |
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Subsurface Measurements - Extensometers

ROTARY POTENTIOMETER CONNECTED TO PULLEY
CONSTANT TENSION SPRING

FLANGED PiPE
13-mm [0.54n) GROUT TUBES

RS S S
PLASTIC PLUG
WINET

EXTENSOMETER
10 REMOTE READOUT

.. extensometers measure the relative change in position between
several Fixed points.

Advantages: simple to install, inexpensive, can measure larger slope
displacements than inclinometers.
Accuracy: +0.01 mm/m

17 434422 Surface Excavation & Design L
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Subsurface Measurements - TDR

CABCE YESTER

TDR Vollage Response
| COVER et ] 145 ;
|

PN} o P

of Shear Plana
40 m (132 W)

Time Domain Reflectometry (TDR) - wses characteristics of returned
electrical pulses to determine the amount of strain, or the existence
of a rupture, in a coaxial cable.

18 434422 Surface Excavation & Design

Dowding & Huang (1994)



Borehole Piezometers

i
Vibrating wire piezometers '
consist of a diaphragm, which 8
when deflected by pore e
pressures,can be measured by R
an electrical transducer. i
These have the advantage of | W,"_““ . —
a negligible time lag and being | i o
extremely sensitive. i § o et m
——PRRUs LTONL fiLt(R

—=—§TIEL CONICAL TIP

b MAND O SAND

AND GRAVEL
BACKIILL
o ) = 04
FERFORATED L
sCTiONOf ey | 14
TR 1
Vs LONG
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83w Nt Tme13N
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