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8 Single wedge- multiple intersection failure
° Multiple Wedge-Multiple Intersecting Failure
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pole friction cone
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(Eberhardt, 2003)
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18 Rock Mass Rating

19 Rock Mass Strength

20 Slope Mass Rating

21 Slope Rock Mass Rating

22 Chinese Slope Mass Rating

2 Geological Strength Index

24 Rockslope Deterioration Assessment

25 Slope Stability Probability Classification
26 \olcanic Rock Face Safety Rating

27 Falling Rock Hazard Index
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Tension crack

B

'

c'(H—-z)esey, + (7 cosy, —U—V sin l//p)tan(p'

Rock slope Veosy,+Wsiny,

SF = safety factor
¢’ = effective cohesion
0" = effective friction angle
Y, = dip of slide plane
7 = weight of block
U = uplift force due to water pressure along slide
plane
V' = force due to water pressure in tension crack
H = slope height

¥,, = unit weight of water = tension crack depth

v = unit weight of rock

(Hudson & Harrison, 1997) laxio caSis ¢l p o Jols Julos -VF-Y s

Line of intersection Forces on wedge
Slope face View perpendicular View along
to line of intersection line of intersection

Wedge
W cos q;i Ry R
i §§ A
W sin llli W

Direction of sliding W cos b

1723

i .
£
53X p e (Ry+ Rp)tan o
i W siny,

T Section A~A
L)

_ W cosy, sin B

View along line and Ry + Rp=—:
of intersection su1(0.5 5)
Angles on a K o Where: SF = safety factor
the projection 4 2 ¢ = fiiction angle
by v, = dip of the line of intersection
E e W = weight of block
Direction - &
of sliding B. 6 = wedge geometry factors
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Tapicatalice Where: SF = safety factor
S = effective shear strength
(1.e. S/Ab=c¢" + G tand ")
= dip of base of slice
weight of slice
hydrostatic thrust from tension crack
depth of tension crack (relative to O)

oo R
Il

length of moment arm.
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3,2)5 me loggn ybe 5 5bs, Golae )0 (35S p8 (SSR™) s (5lly slo,lol; 5 (655 (slagm 90
ol sbgy ame G jo |y Sliaed cpl ceal  glaigad YooY S (Little, 2007) wiladl, Sg58150,
Cundg 5 Ml (sl g b )5 4 Ll o)lped g Lo mhans (05 j9idge Cuzr Dl (nl aes
oolatul aileS slagew olmla 5l lacud whaw 225 03,5 j5idge Slp 55 (o0 )18 oolaitnl 890 (elans

.(Call, 1982; Call & Savely, 1990) 5g oo

(Call, 1982) 3ls, cyone Sy (gl Kis 520 e 45as —1A-Y IS

28 Slope Stability Radar
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(Little, 2007) s> (slas 81 Sandsloot jbs, ame ;0 SSR il cuas slail> 5l slaiges -V =Y JS&

Sly oolae 5o (ogass W os) (s ise 5 o 25z 0558l (S slacd 5l 5 (BT by, 0
i Jl ol b sgyon sled & Gyidge ploxl g Slieas cal (Sl g lacd (o9 getizne o 4)
oz 5l ole Jrw 5 383 (IS 4 5l ysb et 5 g (il @ bgrye Sliad a5 > VL
sleosls 3,k 51 .(Call et al., 1993; Sjoberg, 1999) 35, o ;lads 4 (3.35 )l50] pcss j2 sl Colas
2oz 5 b i s 5L ey ol HLad b s o slula liee 5l 0ol Ko jsiise (slapiunw o>9,5
Sl 0jgp alizee bly ;o by obul> il a5 cal g oo job o 0,5 1,8 colaiwl 0,90 U o)lo
Martin & Mehr, 1993; Sjoberg, ) ail goi JolS a9 zd 4 son o >l 5 5 slo Jdo plo!

(1999
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S otige Slopir 5,515, Coyain 3 i IS 5ol g 25 o135 51 b ol 4l 5] o
ogas (31 (6,050 o9 ¢ Jolite 31 o yile JuB 5l o] soumo LSis gl al a0 Ll ) eV aS il o
5O RES 5l (28lg 0 IS G aS sl (59,0 4SS () S8 aldl el o yloges () s 092w g Sl -cle
w9 el )l gaies, lagie JuSid do il iy e 09z alaz 5l (6,500 Sledbl aieils 059 S
potie 4 (lo,Lal 51 o b ol aslol jo cplplo .o asles o)Lal Ll 4 gom slaceadge 4o a5 ol
Al -cde Gl jloges «(5,l3505 sla by, «blite Sl la s slo JuSid 0928 o pi5 4 dapinnes S5

g g0 a1y Ll i 5 (25,5

(S $5ET G s P 3g40 -y-v
St (59, » Blae Sl gl 5 St slasl g b iou 5l (29,5 Do a1y gl T LT
S S ddoan (59 a5 gl 2gd o DMl L g oole (6551 5o S Caely DI ST cpl 45T S o iy a5
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5l Sl o 5 ls pU et slo gy caisS| o ooliinl S5 cpl il egi 4 aS Sla sy g 995 o0
6ol (S 51 A s g9, (law b oS conl (55,0 s Sloj cetaa 9,500, 5l eslaal

(Jiao, 1995) aiil coi sl o a0 ;0B Solw a4 g ol 4 pow o sla g, a5 Lssl w5 )ls 95

S Olgre 4 s S5 sl 0 BT 00001 9 T (VU lang lojen oS Lt (5,95 4 L
|y s OlS5on i et (@) VY JSE) Cal Lo e jpm Sy 0390 5 By s S
Oyge & Olgies ) Seinlple () V=Y JS2) 0,5 (58 (asedne 0 Se e 2 Sge slizl 5l e
Bertalanffy, 1968; ) dge5 iy yo5 (15> QT ool gax b 45 g) 132 plod Jiliie | 1 B [ FSN OOV b

.(Rapoport, 1968

(b) Interac!;ion

Response

Component
Whole > Sum of its Components
Whole (— Interactions of its all Components

(Rapoport, 1968)  eiww ,S&5 pogie -V-Y S5

30 Jiao
31 Bertalanffy
32 Rapoport
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g o 0310 HLES a3 e pile pl b glo e le &y 4 Yone Ciliie (slos )5 55 by
Hill & ) s 1)lo |, (asein e g Jlie Ol 51 dizl 5l ael g S Sloogas slod by yilo oy

Lol 00l ools lis Y-V S 50 poaeas o) (Warfield, 1972

Components

A System A System Matrix

Interactions

Boundary

(Hill & Warfield, 1972) lagiu 5,535, ,Lslo psgie ~Y-1 IS5

(RES) <K  awtigo (S s & K 95 -V
Sl 51 b g glo -V -F-V
ol o el oals ooly las Y-V S (Glaegye Swesy Gy Jildie lyil 5l Jle lsie 4y
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Hudson) gl co azlil Jilise <l 3! playaS 09l oo Jol> yoolyb a5 Sled oS 5 Gl i

.(& Harrison, 1997; Hudson, 1992

/}/ """""" T
: i

tion 1: (Rock structure/stre

-t ©F &C > w
: ( Local stress fiekd affected by Intevactian 2:

discontinuities (Rock structure/water flow)
Water flows along discontinuities

- -

High normal stresses reduce
discontinuity permeability

UNDERGROUN

EXCAVATION //W
U
interaction 4: (Water flow/stress

ater pressure in the discontinuities
reduces the /normal siress

]

'

]

i
Interaction 5: (Water flow/rock structur H
ontinued water flow along a discontinuity )
could alter the mechanical and .
hydrogeological properties X

[

1

'

i

-

Boundary conditions (in situ stresses and hydrogeology)

S5 SBLbl o Ol by 5 Ko o b i oS Hlisle lee (obgo Jolie I s -Y-Y S
(after Hudson & Harrison, 1997) o), ; slas

as S s of (b p S sl S8z blite S0 gl ge 65,50 Lol sla il
ol o bl o b oSl 5l (oal 4350 (63353585 9 S S 5l (o0l Al (6333985 058 oo
ol il el Jlsys5 s 6L Cmal | Ysens al 6 ndiBsi w05 Sylse 5 suige

.M@Ml)Qtip)oj&moss)agiQgﬁ@)ogéﬁ%syw!ﬁasmu&%u
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oy slrojgd )d Sowwodgs (15,5 5 G5 50 S odies LA ol sla (Swgnl d92rg el L]

.(Hudson, 1992) ol ge

Ol gy 53 41 B 055 n bl s, 5 I3l (5 20 S oS el gl 0053 Ll 4 425
sy Joldie I ST ols lis g @l o paas e (ybg, oo lid g a3 lai o 1) Llae ol
Shol 5 Jsb 5 5 5,90 ol (slo el (FF S5 aslge it 1 (sbogm il 3l eolicd
ol g g Com Yl plys 0 A Sy w098 go 000 TV ISS j0 a5 4isF ples 105505 o0 )8 e Sle
5B 5o, A il oo lis Ceuly Cooms YU aslys el w185 15 oy 5le o) Coos Gl 40 0 B
A ile sl Jgol @ly )0 o (ndr Abligo A (55, B 5l saims a5 o G oy il
ot sloerlys 5 e SIS 588 L o 5 ol a8 Jobs 5 ol sl el (88 ] i

.(Hill & Warfield, 1972; Hudson, 1992) <.cwl
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(Hudson, 1992) B 5 A 2y 53 b sotns sl (iliite 31 s yilo pogie —F-Y S5

) Influence
Subject A
of AonB
Box ii Box ij
fluence
Influe Subject B
ofBon A
Box ji Box jj

slyls a8 el YxY e rle a5l oaly Hlas ¥-Y Ko o A:J)..Jm o Sy cd 3 p

wiln sholid alys Lid imen 5 ol b,z g b i «Fow sl ol Lol ki s aylys au

Rock Fractures The fracture
affect the network
___S_t_ry_qt_q[e__‘ values and governs the
F orientations of secondary
i] the stresses permeability
Stesses can Rock In general, the
open or close higher the
frgztures, and ---§1[§§-s---‘ no:rgal stress,
also create O the lower the
them il permeability
Continval Normal Water
water flow in stresses
fractures reduced by r_____El_O_V_V____
affects their water K;
properties pressure l]

oo T L s S Sl gla ol ly (gl WY Llize i1 ey ile 0-Y S5
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(after Hudson, 1992)

Slslals pl ols sezg JLolpe slaaslis jo Sledbl &ljl 5 ols lis gl G565 sla s,
ol Ol ssb Grer il snel gz a Sl oSl Sl ST Jolis sl oo i
Sl S5 eolaial alaie ol gl o ol (F-Y D) ol Lol (S31LF oo ) ) b panlSe
(O Jad) el golpainn b, Lol ol 3l as ail oo b 2ol )b o blae Sl 51 g aglys (g la5aS

5510595y alize Ll o sogasn Ll leadol sla by, 5l SO ye SO LB

Open
discontinuity
rotates stress

Stress

Closure ; TR

5 o Siogl Jalds o ilo o (sl il oo blie Sl 31 S35 gl F-Y IS
(Hudson, 1992) o o la s
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S 9,555, )0 ool jslaie 4y (558 ()15l laie 4 Jlie Sl gla s Slo (LS Gis o

¥ la S o sad B yme 500 ol else 15 slapmaslSe ools lis 5 (RES) Kiw oo
O i ools Gruled p93 a4 (SIS L (Lo a0 a4 alle oo bl (pl 45T oo £ 5 0
e sy 45k ek cnl sl 0gd w8 S a0 by el )y ol (ilugdne (Sl il (Jl>
o &S00Sy 69, 2 Ll S (Sse Bk ool 5l oS cl Blite S e le )l380S

25,5 Hla (g33e O jae s 9250 SlapansSe

3979 Jlite 5l sle (S0 ilide by, @l RES 3,505, 0uiiS (Byme ygwile 3 3l
sl (61505 090 (1l 40 .l g yme T SBgo B9y 4 Jol b, (Hudson, 1992) (V-1 i) ol
9y &S (e y0 109l o0 B, Hlai o Deald b g, Sl g0 3l (SO Sjge a0 slil g0 e wle
A 50 Ghgels Sl Sl s 50 S oS (Jyge )3 g 03,5 JouB 1) wxly jlade L5 5500 a0 cally
@ bgrpo pyilo aile YYXVY s 5o SO 50 0,05 0 1,8 T b bgre aulyo 10 Jh0 ke gl a8 5
ds>g ol e 1,0 VYT (Hudson, 1991) o)) b yas ol p Sow  cwdige B puailSe bl
Slr Sl Ol ar a8l cslin £5,0 (6l S)lse w555 cnl jo Wlgi oo (2699 Jsl (g, a5 3,0
w o WY gl cans oy Jlade baslo 4 Ls obgo g, b (6,13808 51 o (o pile (i
b 9> )0 o Jlail g b g Jolas 13 Sl it oS 28l nlss )0 wiley (Sb (Agels el

Sg,y50 Hleds 4y lolad (g0l o U e il 0l j oy, slaaslyo slass (31 WSl o jls I3
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Matrix Coding Methods

1 Binary - Mechanisms are switched on or off: (1,0)
2 Expert Semi-Quantitative (ESQ):
0 - No Interaction
1 - Weak Interaction Main eoding method
2 - Medium Interaction described and used
3 - Strong Interaction in this book
4 - 'Critical’ Interaction
3 According to the slope of the P; vs. P relation
Coding
Value
P, P

4 More numerically via solution to partial differential
equations, e.g. solution to first order PDE is
exponential or negative exponential

n

Explicitly via complete numerical analysis of mechanism

(Hudson, 1992) RES S5, ;o iz il e yile o 3808 (alises gl is, V=Y IS5

5l pens g3 s> 0 oSl Bgyme (BSQTT) 03 (g0a Al gy 4 pd (5,150S s
Sp e by A (gan S (pl j0 . allb e YU - 5l (g la50S WMS il lle a5 el SUgs o,
2l g Sl Sl T g 6e8 slp ¥ odhwgie @l Viams Jlie Jl glp ) (blie 51 0g2g pos
Oygo 434S ((2bg0) (LS gy 4 Cod (6 i Colus 51 l350S g, cpl 0gh so a3 5 Jlaj o
@ by pe iy, shol s ol 1595 5 90 g0 e | Lul)s 392 (990l L (59 Lo o0l [l

Sl oS o i yo |y OT:\SML»L_SA al,o & b WIS jawazs o QT R P VOISR VRUOE S

34 Expert Semi-Quantitative
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g whnd (pl Gibe lp K08 pam e Ghg, ST 899 pae Lo 4 (b pl b cwl el gl abogs e
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hyo0 B A oy (o) 90 5l Sieele (eres (g (al 42 STl (nl b tiBlo walss 0929 0 g
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Jyad 5 o ion ;o Ll as bgiye o lse plos 9 oo )5 cnl 9550 50 sl ouds Slatig 9 )lge 31 65k 5
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35 Explicit
36 Cause-Effect Plot
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3 S Wigd oo ALl (Effect) €3 ol 4y ygiw 12 polde fgemme job e g (Cause) «Cde» ol 4
QLW-‘Ej W]‘fpi u‘).».aL 09.76 ;43‘)‘(: ‘Lf")"l"" .Mé}f‘soE 5C LQLQ)},“’ QMT 9959 A o wl.e‘.u

Main paramelers Interactions I,i in
P; along leading off-diagonal boxes !
diagonal
Column |: i “n
Influence of ! g
other :3
parameters | Z Ii: =C
1 P
onP; | S| over ) i
if43:] (columne)
G
Row i: - g (CAUSE)
Influence of i 9
P;onother p— g
| __parameters i q Construction
...... mx
Post-Consyuction Aspects \-/
T
|
|
L e E
21 Ep (EFFECT)
(rows)

(Hudson, 1992) ke 5l e ile ;5 5l g ol ol gmme (655 IS 0975 ~A-Y IS5

adsl (B sl ol JEI Sl -cde jloged ol ar (s )l3ge (59, 2 Wlgioe bl yo sln Lo oo polia
Sy cal ool ools Las A=Y S 10 aS 0gd 0 Con yelyl 90 (GE) Hloges (59, p loil (psebe oyl
Aol oo ¥ ooae doygin b bayhas glp polie gemxe ESQ (5 3505 g, 5l ool b o cun jlo puim
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el 00U 43‘)‘ Q)LMJA.C 9 u)lM Lstbw).»Lo )‘ Ls:LthL.A L: o‘;.o.ﬁ 9 Sl 00l sald W}.&A‘)L’ dw

ool azg5 BB C=E L3 59, p P (o 1Sils lgic 4 P (6,05 )18 iman

(Assume I|l can take values 0,1,2,3 or 4)
Example

Ei=lyy Ep=li2

The P|(C,E) co-ordinates are

4
Py(l12.12¢) and Py(l5y.115) Pd
. "
Fa(23) P=(2.52.5 0 "o
P,(3,2) ke re P,
C p=(Cy+Co)2 = (I, y41, V2
E p=(Ey+Ep)/2 = (Ipy+1y5)/2 0 CAUSE 4

Note: If 1,,=1,, (the Interaction matrix is symmetric),
then P, (C,E) =P,(C,E) = P(C,E)

ol Sl-cde Jloges g oo (5,135 VXY plite 31 s sle SO 51 (glaiges -A-Y IS
(Hudson, 1992)

Yy
%mu Ci=(l2+13) Parameters, with
Co=(lyy+lpg) co-ordinates (C,E)
= = are plotted on
=(ly+! = =
Co=llgitlas) C= E=ZYN Cause-Effect
E1=(lp1+13¢). Eo=(l15+135), Eg=(l;3+l25) diagram
3 Examples (assume I--.—.0 1,23 0r4)
Symmetric Matrix Asymmelnc Matrix Asymmemc Matrix
P 1]3]4
1 kP4 2 |3
3|2 kPays
4 3 5§
Pa(d,4) P=(14/3,14/3)
8 8 .
P5(5.5) P(5.5 P3(5.7)
S [PraaZ G [Paaarg” 5l -
s E' =-—p Bl P 4 Pa(5.8)
w P2(3.3) w P4(3.3) & P4(4,3)
0 " CAUSE 0 ""CAUSE ° 0 " CAUSE 8

Sl 5o 5l olo Jls ol jor 4y il by a5l 00 00ld ppots (C,E) Slogad =V -V S
(Hudson, 1992) - lae e 5 oy like
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a el b IS 060 ol jo sl samlice B el b N 4y 00l 00l puesd (GE) Sloges N V=Y S 5o

Assume |;; can take values 0,1,2,3 or 4

P.1 h2 lyi o
l2{P> C,
S The P, (C.E) are
Iy : plotted in
Cause-Effect

space below

L] p1
v .>e
Different types of P2 .
. L]
system will lead o7 e
: f
to different P, Ellgst & @
constellation pe Pn
configurations }
0 Cause 4(N-1)

(Hudson, 1992) ;e )by N &y ouis o0l eass (CE) Jlogas -1 V- S

5o 0dl g I8 aS polas (gly cewl ouls ool lis pu o Dyge @ (GE) Hloged JuSid NY-Y S o
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Given the matrix coded in the form 0-4

z Using the second coding
= ) method (ESQ
Plasid.i2.. 3 1 ke
0 - No Interaction
1 - Weak Interaction
0 P?_ 1 4 5 2 - Medium Interaction
3 - Strong Interaction
2 1 Ps 3 6 4 - "Critical’ Interaction

Wae find from the sums
4 2 P, 6 of the rows and columns

0
(given around the matrix)
=2 g & 10 the following P; coordinates

Mean

value 12
Most dominant: P, (9,2) o Py

(]
Most subordinate: P, (5,9) 5 Pz
w

Least Interactive: P4 (6,5) pe % P
Most Interactive: P, (6,10) w P3
Mean Value: P (6.5,6.5) 0 P,

0 CAUSE 12

(Hudson, 1992) $x¥ L ile oKy sl 3l —cde Jlogei 5 51 Jle =) V=¥ IS5

Pa by o5 Mkl Job el by 5o blito S 35 otnoplis S ~ode (5L o blEs ey
Cewol P3 g P1 (gl el )b 4 bogy o 3ud Jladil g Jod o S .l CHE e oy i (sllo a8 | 1> ol oo
Slade oo pien o Ll o 0 Pr el b (o idalae) (o 5T Il okins CHE polie oy yieS (glyls oS
|y s sl ol sl SRS585 P (5, 2 ot 43T 51 i &5 il ixa o pl bl g0 CE

A CE o %S (6Tl 4 o oo Pa 5 P2 s b el )b (o soglie) (5™ el camo o )13 5 cou

Floas a5 cwl ggoge ol 0aisS lo UG pl jo aes o lis | sl kalls ¢ Jlie 31 ool
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13-Spacing
14-Mechanical properties
15-Rock mass strength
16-Hydraulic conditions
17-Slope orientation
18-Slope dimensions
19-In situ stress
20-Potential instability
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1
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. Dry Specific Weight UCS
Slope No. Specimen No. (kN/m?) (MPa)

s1 A-1-1 26.5 375
A-1-2 26.5 42.7

52 A-2-1 26.8 28.2
A-2-2 26.8 335

s3 A-3-1 27.4 25.9
A-3-2 27.4 23.2

sS4 A-4-1 26.1 34.1
A-4-2 26.1 31.6

S5 A-5-1 26.7 48.5
A-5-2 26.7 38.3

6 A-6-1 26.9 38.9
A-6-2 26.9 35.1

S7 A-7-1 26.7 56.2
A-7-2 26.7 47.5

S8 A-8-1 27.1 52.9
A-8-2 27.1 447

S9 A-9-1 27.6 41.3
A-9-2 27.6 38.2

A-10-1 26.4 29.5

510 A-10-2 26.4 31.1
A-11-1 27.4 18.8

St A-11-2 27.4 15.5
A-12-1 26.9 29.5

S12 A-12-2 26.9 27.5
A-13-1 27.3 22.7

513 A-13-2 27.3 19.1
A-14-1 27.3 24.4

S14 A-14-2 27.3 15.6
A-15-1 26.1 23.8

S15 A-15-2 26.1 35.2
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. Max. Shear Strength (MPa)

Slope No. Specimen No. C (kPa) 0 (°) under Normal Load= 1 MPa
S1 A-1 600 32 1.22
S2 A-2 750 29 1.3
S3 A-3 620 31 1.22
S4 A-4 950 33 1.59
S5 A-5 670 25 1.14
S6 A-6 470 27 0.98
S7 A-7 380 29 0.93
S8 A-8 620 30 1.19
S9 A-9 510 27 1.02
S10 A-10 670 26 1.16
S11 A-11 520 23 0.94
S12 A-12 410 27 0.92
S13 A-13 560 30 1.14
S14 A-14 420 24 0.86
S15 A-15 470 26 0.96
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. Joint Sets Joints Joints Jo_ints Join_ts
Slope No. Weathering . N Aperture Persistence Spacing
Number Orientation

(mm) (m) (m)
S1 Severe 2 1 16 6.5 0.12
S2 Severe 3 2 9 8.2 0.08
S3 Severe 4 3 22 12.1 0.14
S4 Severe 3 2 19 13.5 0.28
S5 Change in color 3 2 8 4.3 0.23
S6 Change in color 2 1 7 2.7 0.20
S7 Change in color 5 3 11 4.5 0.05
S8 Change in color 2 1 18 12.1 0.12
S9 Severe 4 3 12 5.6 0.05
S10 Severe 4 2 7 16.7 0.03
S11 Severe 3 1 6 114 0.18
S12 Change in color 3 2 9 7.9 0.15
S13 Change in color 2 2 11 11.2 0.30
S14 Change in color 4 3 10 8.5 0.27
S15 Severe 4 2 8 7 0.13
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Slope Lithology Faults & Previous Hydraulic Slope Slope
No. Folds Instability Conditions Height (m) Angle (°)
S1 Sandstone Minor Quiescent Dry 55 82
S2 Sandstone & Limestone Minor Active Dry 4.3 78
S3 Sandstone & Limestone Minor Active Dry 4.2 85
S4 Sandstone & Limestone Major Quiescent Dry 3.5 84
S5 Sandstone No Inactive Dry 6.1 79
S6 Sandstone & Limestone No Quiescent Dry 14.2 73
S7 Sandstone Minor Active Dry 19.5 79
S8 Sandstone & Limestone Minor Active Dry 4.8 76
S9 Sandstone & Limestone Major Active Dry 5.1 85
S10 Sandstone & Limestone Major Active Dry 12,5 81
S11 Limestone Major Active Dry 17.4 78
S12 Sandstone & Limestone Minor Quiescent Dry 7.3 81
S13 Limestone No Inactive Dry 54 73
S14 Sandstone & Limestone Minor Inactive Dry 115 67
S15 Sandstone & Limestone Minor Quiescent Dry 13.2 77
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