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| The Limén Dam is a 43 m high, concrete-faced rockfill dam. The
| dam will divert up to 2 million cubic meters of water per year
| through the 20 km Transandino tunnel to the Olmos River Valley.
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Limon Dam Abutment

90 m high failure with cutting of slope.
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, Rock Slope Enqmeermq, - Limon Dam

Static case, FoS=1.3

Rapid drawdown case, FoS = 1.1

Pseudo-static case under the design earthquake, FoS =1.0

 EOSC 433 (2017)
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Jonts parallel to face

__@: -

Pair of intersecting joints

| A function of scale and
Jjoint persistence.

Clogaly fractured rock

| g;,':’l-.._."r

Weak, massive rock
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~ is that of limit equilibrium, whereby force or/and moment equilibrium
- conditions are examined on the basis of statics. These analyses require
- information about material strength, but not stress-strain behaviour.

»ThT typical output from a limit equilibrium

~_analysis is the "Factor of Safety”: |
! ! ! | { | | | | | | | | | | | | { %i’rr,,rf' e U D D

S o !
S A QAT

T T | DRIVING )=
""""" shear stress | forcel /JF1.-, }| RESISTING force
5 S SRS S S SR SRS SRS U SRS SR SO SR SN SRS SO B o] | © || G.e.shear strength)
| FS > 1.0 represents a stable situation | 4
FS < 1.0 denotes failure N b

Group photo disasters
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Limit Equilibrium Analysis

Although limit equilibrium can be applied to many geotechnical
problems, it has been most widely used within the context of
slope stability analysis. The analysis of slope stability may be
implemented at two distinct stages:

Back analysis -

Forward analysis -

As such, analyses are undertaken to provide either a factor of
safety, identify a potential failure surface, or through back-
analysis, a range of shear strength parameters at failure.

—[ ]« 150r50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

Analysis in Geotechnical Design

The fundamental requirement for a

meaningful analysis should include the Clayton et al. (1995)
following steps of data collection & EVenT DESCRIPTION
evaluation . 1 Preliminary desk study or
fact-finding survey
2 Aerial photograph interpretation
- < H H 2 3 Site walkover survey
site characterization (geological 4 Preliminany subsrface exploration
Condi'ﬁons); 5 Soil classification by description and
simple testing
- groundwa'fep conditions (por‘e 6 Detailed subsurface exploration and
. . ] field testing
pressure dlef‘lbUflOﬂ): 7 Physical survey (laboratory testing)
. 8 Evaluation of data
- geotechnical parameters (strength, g Georechnical design
ope. ope - ield trial
defOf’mOblIl'fy, permeablll*y)' 11 Liaison by geotechnical engineer with
. .s -y site staff during project construction
- primary stability mechanisms - |

(kinematics, potential failure modes). Ideal order of events for a site
investigation.
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Limit Equilibrium - Translational Sliding (Rock)

The solution for
translational sliding requires
that the strikes of the
sliding plane and slope are
paradllel and that no end
restraints are present.
Furthermore, the-solution
incorporates the assumptions
that the rock mass is
impermeable, the sliding
block is rigid, the strength
of the slide plane is given
by the Mohr-Coulomb shear
criterion and that all forces
pass through the centroid of
the sliding block.

Uppor slopo —

FAelease surlsces

Shice of unit
Y, hickness

= Tansion crack
Face

™ Siide plane

Yy |
For siding
L)

Rock slope

Sliding plane

7¥,, = unit weight of water
v = unit weight of rock

Geometry

Free body diagram

P ¢’(H —z)cosecy, + (Wcosy, —U -V siny, )tang’
Veosy, + Wsiny, .
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Limit Equilibrium - Translational Sliding (Rock)

Discontinuity
Angle

Slope Face

Angle

Tension Crack
’C—Cmst T 2 —.1
Location Location

Uplift Pressure
from Water

Tension Factor of safety:

Lrack, B {cA + [W(cos¥, —asin'¥y) — U — V sinWWy+ T cos8] tan¢}

[W(sin'¥, + a cos¥,) + V cos'¥,~ T sinf]

Hosbisiil where

Waer Force H = height of slope face;

¥ = inclination of slope face;
W: = inclination of upper slope face;
¥ = inclination of failure plane;
b = distance of tension crack from slope crest;
a = horizontal acceleration, blast or earthquake
loading;
T = tension in bolts or cables;
6 = inclination of bolt or cable to normal to failure
plane;
¢ = cohesive strength of failure surface;
¢ = friction angle of failure surface;
7, = density of rock;
v, = density of water;
Z,, = height of water in tension crack;
Z = depth of tension crack;
U = uplift water force;

Discontinuity
Surface

Hoek & Bray (1981)

V = driving water force;
W = weight of sliding block; and
A = area of failure surface.

—[J<— 180f50
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Effective Stress

High pore pressures may adversely affect the stability of a slope
due to a decrease in effective stresses.

T {otan ¢ +
Fs = F - (Gninn _d)‘ c)
S T [T 1= Wsina
Factor h
of -Safety
Total Normal
l, Stress, G,
voids
Pore Effective
This intergranular stress, or Pressure Stress
effective stress, may-be-viewed B o
as the sum of the contact forces grains
divided by the total area.
—[ < 190f50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

Effective Stress

ToTaI Normal

constant = Stress, G,

vouds

Pore Effective
Pressure S'rr'ess

grains

The effective stress cannot be
measured; it can only be calculated.

However, the total normal stress and
pore pressure can be calculated based
on the overburden weight and location
of the groundwater table.

~ 1W

u//

== |G’ =0,- W

constant

1Fs = _}- ( [k{ kiltan ¢ + ¢

T T

As precipitation infiltrates the ground, the total normal stress remains relatively
unchanged but the pore pressure increases decreasing the effective normal stress
acting on the sliding surface (thereby decreasing the frictional strength component).

—[J<— 200r50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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Drainage blocked at toe
(uniform pressure on slide plane)

U=AVwiw

70 Water table below tension crack |

7| (triangular pressure on slide plane) 9~

= 3m gy IR N U T O O
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""""" With slope reinforcement
. . /1;1.52MNImslopahon
~a installed at 6=50°
187 ~ I
5 ~
21s ..
> qad Without siope ~
514 reinforcement ~.
{ § 13 Ta
< - ~
{ g 127 .~
____________ .
@ |
{ ; L
0.9 Unstable conditions !
A4
0.8 T LA R T T T
0 01 02 03 04 05 06 07 08 09 1
Water DepthvTension Crack Depth Zw/Z)
. Sensitivity to Acceleration

»

LN Wllh s\opa reinforcement { { { { { { { { { { { { { { i { t
14 . T=152 slope face
. mstallsd at 9_50, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

~

| - calculation of factor of safety vs.
|| different depths of water in the

| tension crack, and vs. horizontal
) o 0.‘05 OI.I 0.15 0‘.2 0.‘25 0‘.—3 0.35 0.4 acce,eration' V V V

Horizontal Acceleration (%g)

Factor of Safety (F.S.)
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, ‘RQ

~ In weak materials such as highly weathered or closely fractured rock, and
~rock fills and soils, a strongly defined structural pattern no longer exists,
—and- : fai : : . “the line-of least resistance. -
~ These slip surfaces generally take a circular shape.

Classes of
rock strength

I ; £

b
_— ,-"

Joints paraliel 1o face Clasaly fractured rock

— o

[[>F— W
J ! — 7]
\‘J'<f \:J

Pair of intarsecting joints Weak, massive rock S 1 r
Usediscontinuity | 0 | Userockmass | o
ahear strength { t t t t t t
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~assumed!);

| .. resisting forces required to equilibrate
. disturbing forces are found from static | i
. solution (summation of forces/momemts); ] shallow failure |

~ .. the shear resistance required for
~ equilibrium is compared to the available shear
~ strength to solve for the Factor of Safety:

deep-seated
failure

: ... the slip surface with the lowest FS is found
~ by iteration;

.. the Factor of Safety is assumed to be R A S NN I S PO
| ! . | Morgenstern (1995)
- constant along the entire slip surface I R A R A

—>[/J«— 240f50  Erik Eberhardt - UBC Geological Engineering  EOSC 433 (2017)
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Limit Equilibrium - Method of Slices

The most commonly used solutions divide
the mass above an assumed slip surface
into vertical slices. This is to
accommodate conditions where the soil
properties and pore pressures vary with

location throughout the slope.

]

w
Ei4
: San

? |/ (¢ + 0} tan ) I;
X :\‘\dﬂi

i
u,

The forces acting on a typical slice, i, are:

W = weight of slice

(8]

’
.

c Q

= effective normal forces on base

¢ = mobilized shear forces at base of slice
|
| = water pressure force on base

E = side forces exerted by neighboring slices.

—[J<— 250r50
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Method of Slices - Equations & Unknowns

Analysing the summation @, extens losding [
of forces and/or moments - I =1 shea force
- . seismic 1x.. ] i X
for these slices (i.e. forees 4y ! it * ’
. . 1 .
IM=0, =Fx=0, ZFy=0), it e el
Y . E; " rasolves into | | plus E | Milmdl effective
is soon recognized that — CTE i v 1 R P
W, ! | "
there are more unknowns — |wow s Fl ‘ | N
H i e 1
fh 1.‘ & - l =75, shear force jo)
an equations. ‘_‘: =
N : N [~
P, watar prassure force { = wl) A‘ nf"f';;lﬁ':‘-'eclwe %)
AS SUCh' the for‘ces sl ;_;,”;lllc”;:‘- e " ’”‘"""“j‘ ""““‘".J o #  [Junkssown toros componsns | °
involved are statically — e — |
indeterminate. Various Equations Condition
Moment equilibrium for each slice
methOdS have therefof'e Znn Force equilibrium in two directions (for each slice)
been developed 'fo make up n Mohr-Coulomb relationship between shear strength and normal effec-
. tive stress
the balance between the an Total mumber of equations
number of equilibrium Unkaowas Variable
. 1 FOS
equa'hons Qnd *he numbef' n Normal force at base of each slice, N’ §
of unknowns in the e e, . &
-1 Interslice f L Z
problem. e s toes, 8 <
n—1  Location of interslice force (line of thrust) e
6n—2 Total number of unknowns 8

—[J<— 260f50
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Method of Slices - Assumptions

METHOD

LIMITATIONS, ASSUMPTIONS, AND EQUILIBRIUM CONDITIONS SATISFIED

Ordinary method of
slices (Fellenius 1927)

Factors of safety low—very inaccurate for flat slopes with high pore pressures; only for circular slip surfaces;
assumes that normal force on the base of each slice is W cos @; one equation (moment equilibrium of entire
mass), one unknown (factor of safety)

Bishop'’s modified Accurate method; only for circular slip surfaces; satisfies vertical equilibrium and overall moment equilibrium;
method (Bishop 1955) assumes side forces on slices are horizontal; N+1 equations and unknowns
Janbu's simplified Force equilibrium method; applicable to any shape of slip surface; assumes side forces are horizontal (same for
method (Janbu 1968) all slices); factors of safety are usually considerably lower than calculated using methods that satisfy atl
~ ) conditions of equilibrium; 2N equations and unknowns )
Lowe and Karafiath’s Generally most accurate of the force equilibrium methods; applicable to any shape of slip surface; assumes side
method (Lowe and force inclinations are average of slope surface and slip surface (varying from slice to slice); satisfies vertical

Janbu’s generalized
procedure of slices

(Janbu 1968)

and horizontal force equilibrium; 2N equations and unknowns o
Satisfies all conditions of equilibrium; applicable to any shape of slip surface; assumes heights of side forces
above base of slice (varying from slice to slice); more frequent numerical convergence problems than some

other methods; accurate method; 3N equations and unknowns

Spencer’s method
(Spencer 1967)

Satisfies all conditions of equilibrium; applicable to any shape of slip surface; assumes that inclinations of side
forces are the same for every slice; side force inclination is calculared in the pracess of solution so that all
conditions of equilibrium are satisfied; accurate method; 3N equations and unknowns

Morgenstern and

Satisfies all conditions of equilibrium; applicable to any shape of slip surface; assumes that inclinations of side

Price’s method forces follow a prescribed pattem, called f(x); side force inclinations can be the same or can vary from slice o~ ~
(Morgenstern and slice; side force inclinations are calculated in the process of solution so that all conditions of equilibrium are g
Price 1965) satisfied; accurate method; 3N equations and unknowns E
Sarma’s method Satisfies all conditions of equilibrium; applicable to any shape of slip surface; assumes that magnitudes of ~
(Sarma 1973) vertical side forces follow prescribed patterns; calculates horizontal acceleration for barely stable equilibrium; g
by prefactoring strengths and iterating to find the value of the prefactor that results in zero horizontal Q
acceleration for barely stable equilibrium, the value of the conventional factor of safety can he determined; §
3N equations, 3N unknowns O
The various Method of Slices procedures either make assumptions o make the
problem determinate (balancing knowns and unknowns), or they do not satisfy all
the conditions of equilibrium.
—[ < 270t50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
Method of Slices - Assumptions
The treatment of side forces, corstant warable
is one of the key assumptions u 0
that differentiate several of
the various Method of Slices g
pf‘OCCdUI"CS . Ordinary method Bishop’s simplified Spencers Morgenstem and
of slices method method Price method
Force Equilibrium Moment Equilibrium
Method 1st Direction 2nd Direction
(e.q., Vertical) (e.g., Horizontal)
Ordinary or Fellenius Yes No Yes
Bshop's Simpified Yes Mo Yes
Janbu's Smpified Yes Yes No
Spencer Yes Yes Yes
Morgenstem-Price Yes Yes Yes
GE Yes Yes Yes
Corps of Engineers Yes Yes No
Lowe-Karafiath Yes Yes No
—[J<— 280r50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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Method of Slices

- Assumptions

Upper Soil‘i.a\reré\ e

Elevation (m)

Lower Soil Layer > U

66.86

/\

22.63

Slice 7 - Ordinary Method

‘ T 50.56

66.86

Distance (m) 98.60

A

Because different methods use different
assumptions to make up the balance between
equations and unknowns (to render the problem
determinate), some methods do not satisfy all
conditions of equilibrium (i.e. force and/or moment)

60.23

s

119.67

-—

25.64

Slice 7 - Bishop Method

—[J<— 290r50
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Ordinary Method

- Computation

Tl i il - | Slice No. w | u c o u Ny N2
\ Sios waght Srale 1 112 5.3 -32.0 359 0.0 0 -60 191
e webTih) l B 297 49 220 359 0.0 0 EET] 177
L | ean o 709 a7 EEX) ) 00 ] ETH 169
| 4 726 46 4.0 35.9 0.0 0 -51 165
- 5 903 46 40 359 00 o 63 165
6 1,028 4.7 13.0 35.9 0.0 0 231 169
L B 1,003 49 220 359 50 0 376 77
4“ :3?, Nt s 818 53 320 359 0.0 0 433 191
\‘ Q 2 \s \\\\:!\\\l\\\‘ 5 ek Eani 9 587 6.7 430 48 35.0 ) 400 333
N\&%&&&\\\\\\\\ :::""""" 10 128 56 55.0 48 350 0 105 79
Farm sl ¥= 173 kemd [ 0
11
2 0 0
5 0 o
The “ordinary method” only 1 0 °
resolves the forces acting at 15 e
the base of the slice. This B z=
- W = weight of slice - kN/m
allows for the side forces 10 || - coesion norcopt - km2 Ni=Wsino

be neglected and for the
problem to be easily solved.

4 = friction angle - degrees

u = pore pressure - kN/m2

a = angle between base of slice and horizontal - degrees

1= length of slip surface segments measured along base of slice - m

N2=[Wcosa —ul]ban¢+cl

F=Z (N2)/ Z (N1} =1.43

—[J<— 300r50
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Bishop's Modified Method - Computation

Fe = calculated F

| = length of slip surface segments measured along base of slice - m
Fa = assumed F

[Htanutanq; ]
Fa J
Fe=Z N2/ Z(Ni)=___

Duncan (199

6)

Fa= !
Shce No. T < - u ™ Nz Nz [ Nz

7 - The "Bishop's Modified

2 " .

3 Method” includes

C interslice side forces,

6 but requires an

7 . .

0 iterative procedure to
2 determine the Factor
il of Safety.

13
14
5 66.86
P
Fe= 98.60
W = weight of slice - kN/m ¢ = cohesion intercept - kN/m2 Ny =W sin o 119.67
& = friction angle - degrees u = pore pressure - kN/m2
{[JN— - ul]tan¢+cl }
@ = angle between base of slice and horizontal - degrees MNp=2tCosa 1

—[ < 310f50
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Bishop's Modified Method

Computation

-
Fa=| 1.43 1.51 1.52
[SiceNo.| W T G O > [ Ny Nz N2 Nz Nz
[ 1 112 53| -32.0 35. 0.0 1] -60 192 192 192
Tral wip corsle —, 2 297 49] -220 35. 0.0 1] -111 177 177 177
Sice weght S 3 499 47| -13.0 35. 0.0 [1] -112 170 170 170
weBLinm) _L 4 726 4.6 -4.0 35. 0.0 ] =51 165 165 165
H 903 4.6 4.0 35. 0.0 1] 63 165 165 165
6] 1,02 4.7 13.0 K .0 ] 231 170 170 170
7] 1,00 4.9 22.0 . .0 4] 376 177 177 177
8 81 s.3 32.0 B .0 ] 433 192 192 192
9 58 6.7 43.0 4. 35.0 1] 400 408 415 416
1 128 5.6 55.0 4.8 35.0 [{] 105 108 111 111
3| 1,.274| 1,025 1,034 1,935
Fe=| 1.51 1.52 1.52
W = weight of slice - kN/m ¢ = cohesion intercept - kKN/mZ : Ny =Wsina

Fa = assumed F

¢ = friction angle - degrees

u = pore pressure - kN/m2

o = angle between base of slice and horizontal - degrees

Fe = calculated F

| = length of slip surface segments measured along base of slice - m

[ - uftans+a }i

[1+lanm «o“i :
zmyz§ Sulain

Duncan (1996)

—[J<— 320r50
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1. leferenf methods use different .
assumptions to make up the balance
between equations and unknowns to
render the problem determinate: or

et |

2. Some methods, such as the ordinary . P
and Bishop's modified methods, do not =« 623 Lo
satisfy all conditions of equilibrium - S T N
(i.e. force and/or moment). | : :
|

| General Limit Equilibrium (GLE): Method that encompasses key elements of

-| several Method of Slice solutions, calculating one Safety Factor based on

| moment equilibrium and one based on horizontal force equilibrium. The

| method also allows for a range of interslice shear-normal force conditions,

‘| making it the most rigorous of all the methods, satisfying both force and
moment equlhbrlum for circular and non-circular slip surfaces.

| Krahn (2003)
—>Z| — 33 0f 50  Erik Eberhardt - UBC Geological Engineering . EOSC 433 (2017)

' In cases where fhe shear fallure sur-face is noT known |'rs an‘hcupated

" location can be found from analysis of the whole range of possible
~surfaces, and taking the actual surface to be that which gives the lowest
~ factor of safety. This procedure can be quickly carried out using
—computer-based slip surface search routines.

Hand or spreadsheet calculations
can take hours to solve for a
smgle slip surface, whereas a
computer requires only seconds to
solve for hundreds of potential
slip surfaces.

T T T T T

—>Z]. — 340f 50 Erik Eberhardt - UBC Geological Engineering  EOSC 433 (2017)
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[RADIUS INCREMENT DETERMINES
- |MUMBER OF CIRCLES BETWEEN
[MIPIMLM AND MAXIMUS RAD

""" —— o™
""" Slore s N
—>. — 350f 50  Erik Eberhardt - UBC Geological Engineering  EOSC 433 (2017)

- |For a non-circular slip surface, a block search routine is used that
- | analyzes a limited number of slip surfaces relating to the division of
| the slide mass into an active, central and passive slide block.

—>. — 36 of 50  Erik Eberhardt - UBC Geological Engineering ~ EOSC 433 (2017)
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Advanced Limit Equilibrium Analysis - 3D

Most limit equilibrium ; Do ELZem
formulations are two- L om
dimensional even though

actual slope failures are _<-'E|.1om
three-dimensional. Fo=1.19 Exentof
However, there are a 2) 2D analyses
few 3-D limit equilibrium
* 40| : 4{/ Clilicaler?lﬁepsoid
grograms employlng"a g W Ff-;m Piezo Surface
method of columns §
%20
approach. 5
The 3-D analysis program e S I
o . . ge Distance (meters)
CLARA divides the sliding mass b) 3D analysis <) Critical ellipsoid
into colu!nns, rather than ‘sllces Hungr et al, (1989)
as used in the 2-D analysis
mode.
—[ ]« 370r50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

Limit Equilibrium Analysis - Limitations

Although limit equilibrium methods are very useful in slope

analysis, they do have their limitations and weaknesses:

1.

The implicit assumptions of ductile stress-strain behaviour
for the material (stress-strain relationships are neglected):

Most problems are statically indeterminate;

The factor of safety is assumed to be constant along the
slip surface (an oversimplification, especially if the failure
surface passes through different materials):

Computational accuracy may vary;

Allow only basic loading conditions (do not incorporate in
situ stresses):

Provide little insight into slope failure mechanisms (do not
consider stress state evolution or progressive failure).

—[J<— 380r50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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Uncertainty

Geotechnical engineers must deal with natural conditions that are largely
unknown and must be inferred from limited and costly observations. The
principal uncertainties have to do with the accuracy and completeness with
which subsurface conditions are known and with the resistances that the

materials will be abl

e to mobilize (e.g. strength).

Uncertainties

Position of the critical slip surface
Modeling of static and cyclic load history
Strain-softening

Progressive failure

Testing procedures in reference tests
Scale effect

Rate of shear

Stress conditions

Redistribution of stresses
Anisotropy

Structure stiffness

Model of soil profile

Drainage assumptions

Plane strain versus 3D analysis

—[ < 390r50

Erik Eberhardt - UBC Geological Engineering

EOSC 433 (2017)

Sensitivity Analysis

Sensitivity analyses allow for the determination of the "sensitivity" of
the safety factor to variation in the input data variables. This is done
by varying one variable at a time, while keeping all other variables
constant, and plotting a graph of safety factor versus the variable.

i

ateiy
L
..

i

BRElEd

L
o

o =

(AU
|WATER TABLE| _
|BOUNDARY

WATER TABLE [NORMAL 7=
BOUNDARY

[l 0.6
| MEAN WATER TABLE [re]

1 Increasing Water Table Location

D MEAN = [ Yw Y )|
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Probability Analysis

Probabilistic analyses consider the variability of input parameters, and
provide the probability of failure based on a given probability distribution
function (defined through a known mean and standard deviations).

0.10

Probability distribution: A probability X

density function (PDF) describes the nos !

relative likelihood that a random variable % 008 J o

will assume a particular value. The area |§ P

under the PDF is always unity. a Lo

002 E i 25%

The normal distribution is the most - 2« 0
common type of PDF. It is used for most Friction angle & - degrees

probabilistic studies, although for some

68%
parameters, a different distribution may T e
be more applicable (e.g. joint spacing). o0 7%

A small standard deviation indicates a tightly clustered data set while a large
standard deviation indicates a large scatter about the mean. For a normal
distribution, 68% of the test values will fall within an interval defined by the mean
* one standard deviation while 95% will fall within two standard deviations.

—[ < 410r50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

Probability Distribution Functions

In addition to the commonly used normal distribution there are a number
of alternative distributions which are used in probability analyses. Some
of the most useful are:

e Beta distributions (Harr, 1987) are very versatile distributions which can be used
to replace almost any of the common distributions and which do not suffer from
the extreme value problems discussed above because the domain (range) is
bounded by specified values.

e FExponential distributions are sometimes used to define events such as the
occurrence of earthquakes or rockbursts or quantities such as the length of jomts
in a rock mass.

o [Lognormal distributions are useful when considering processes such as the
crushing of aggregates i which the final particle size results from a number of
collisions of particles of many sizes moving i different directions with different
velocities. Such multiplicative mechanisms tend to result in variables which are
lognormally distributed as opposed to the normally distributed variables resulting
from additive mechanisms.

e Weibul distributions are used to represent the lifetime of devices in reliability
studies or the outcome of tests such as point load tests on rock core in which a
few very high values may occur.

—[J<— 420r50 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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Probability Analysis - Monte Carlo Simulation

The Monte Carlo method uses random or pseudo-random numbers to sample
from the probability distributions and, if sufficiently large numbers of
samples are generated and used in a calculation such as that for a factor
of safety, a distribution of values for the end product will be generated.

Relative Frequency

o

4 5 ]
Cohesion (kPa)

=~Monte-Carlo sampling-(relative
frequency) of cohesion taken as-a
random variable - 1000 samples,
with those producing a factor of
safety <1 highlighted in red.
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Probability of Failure
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Remember that the PF and RI
calculated for the Overall
Slope, are not associated with
a specific slip surface, but
include the safety factors of
all global minimum slip surfaces
from the Probabilistic Analysis.

=
o
=

Frobability
- - r
= n =]

=
e

(1]

20 25
Waler deplh i tension crack z, - m

The Probability of Failure is simply equal
to the number of analyses with safety
factor less than 1, divided by the total
Number of Samples.

The Reliability Index is an indication of
the number of standard deviations which
~ , | | separate the Mean Safety Factor from

10

15
Factor of Safety

2 **1 | the critical safety factor ( = 1).
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| Usoi Dam

volume = 2.2 km?

length = 5 km

average width = 3.2 km

height from the lake bottom = 567 m

Lake Sarez
length - 55.8 km
maximum width - 3.3 km

"""""""""'"'".;' maximum depth - 500 m
; : maximum water volume - 16,074 km3 |
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| the accumulated water break

hrough the dam, causing a catastrophic

" pegime of its evolutionary development. - | The Usoi Dam is the
..................................... highesf dam, anur‘al or‘
e 1000 T T T T T T
g cron noe, loAD engineered, on Earth.
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Case History - Usoi Rockslide bam
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) gﬁ ::"m 3 ::: Uscy Landelde Du; Tabiderin & Lake Sarez o
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***** I

%‘ ; 3 Ot W | Probabilistic_analysis:
z of* TRd '
£ T 7 *|| Gamma’ distribution |
£ ﬂ skewed towards lower
s 5 -ﬂi values of ¢, with a )
& o — L g
tens o azrrmed Eﬁ]—l fj s e s s e e o—| mean value of 40°. |
Landslide Dam Friction Angle (degreesy |
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Computer-Aided Probabilistic Analysis

Eberhardt & Stead (2006) | ey

Relative Frequeney

Friction Angle idegrees)

' Sensitivity analysis of earthquake loading,
followed by probabilistic analysis to

account for parameter uncertainty.

Fagtar of

| FEM groundwater analysis to
calculate pore pressures to be
used in a stability analysis of a
rockslide dam.

‘Scismic Coefficient {Horizonial)
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