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Table 2.1 Characteristics of equilibrium methods
Equilibrium conditions satisfied Practical for
Shape -
Method sOLfrfg;lcpe overall 1ndSll\ir;celual vertical  horizontal hand computer
moment moment force force calculation calculation
Infinite slope plane no no ves yes yes yes
Wedge analysis any no no yes yes yes yes
é=0 analysis circular yes no no no yes yes
Fellenius method circular yes no no no yes yes
Bishop’s modified circular yes no yes no yes yes
method
Janbu’s rigorous any yes yes yes yes yes yes
method
Janbu’s simplified any no no yes yes ves yes
method
Morgenstern and any yes yes yes yes no yes
Price method
Spencer’s method any yes ves yes yes no yes
Frelund and Krahn any yes yes yes yes no ves
GLE
Log spiral log spiral yes — yes yes ves yes
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Fig. 2.1 Complete system of forces acting
on a slice
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Table 2.2 Equations and unknowns in method of slices

For slope divided into n slices:

Equations available: total 3z (vertical, horizontal, and moment equilibrium)

Unknowns:
Force equilibrium
n : Resultant normal forces P’ on the base of each slice or wedge (pore pressure
U known)
1 : Safety factor F used to relate shear force T to normal force P’
—1 : Resultant normal forces E on each interface between slices or wedges( U7,
Ur known)
n—1 : Inclinations 8 of interslice forces
3n—1 unknowns, versus 2z equations
Moment equilibrium
n : Positions a of forces P
n—1 : Heights h of interslice forces
2n—1 Unknowns, versus »n equations
Total unknowns
5n—2 Unknowns, versus 3z equations
Thus 2n—2 assumptions are required for the problem to be statically determinate.

Common assumptions:

n * Position of P taken as center of slice
n—1 : Inclinations @ of interslice forces or heights h of line of thrust
2n—1 assumptions

Total unknowns=52—2

Equations available=3n

Total assumptions=2n—1

This implies that the problem is overspecified
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Table

2.3 Assumptions in equilibrium methods

Methods

Assumptions about interslice forces

Infinite Slope

Wedge analysis

Fellenius method
Bishop’s modified method
Janbu’s rigorous method
Janbu’s simplified method Horizontal

Morgenstern and Price method

Parallel to slope

Define inclination

Resultant parallel to base of each slice
Horizontal (No vertical side forces)

Define thrust line (location can be varied)

Pattern of variation of side force inclination (6) from slice to slice :

=X/E =2f(x) The value of f(z) is assumed at each interslice boun-
dary, and the value of A is an unknown

Spencer’s method
Frelund and Krahn GLE
Log spiral

Parallel (6 =const)
0=X/E=Af(z)

Shape of failure surface is a logarithmic spiral
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Failure is assumed to occur by sliding of a slab of soil on a plane slip surface which is parallel to

the ground surface.

Soil properties: ¢’ ¢’ 7
Water unit weight 7.

Slice weight W=7zb
Pore pressure at base u=7u.h
and ru=u/7z

For slice shown: at base total normal stress o, shear stress z, pore pressure u

Since the slope is infinite: QL=Qr

Resolving perpendicular to slope: P=W cos =0/ so U:JZL cos?

parallel to slope T=Wsin 8=1/ so s——‘b‘ sin 8 cos

Failure criterion s=c¢'+ (6—u)tan ¢’
Mobilized shear strength z=s/F where F is factor of safety

Vo, rw 7 \
Hence ‘Tsm 8 cos ﬁ:~l~ <c’ + ’L—b—cosz‘B—uJ tan ¢”’)

¢'+[rzcos’f—ujtang’

so F=— " in foos
_ crztlcosfytand’
or F= sin §cos

If there is steady seepage parallel to the slope:

Fiow nret: M
Piezometer ==
&

w,io : T hw=dyucos?§

Y h If ¢/=0 and d,== (groundwater at ground surface)
".‘/"i. w Tw | tan g’
X//ﬁ F= (1_?'*) tan 8

Note Haefili (1948) examines the case where flow is emerging horizontally through the face of the

slope

Fig. 2.2 Infinite slope analysis. (From Haefili, 1948; Skempton and Delory, 1957)
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The slope is divided into several blocks which are assumed to slide on plane failure surfaces. By
examining the horizontal and verti¢al equilibrium of each block, the factor of safety may be obtained.
An assumption must be made about the interwedge forces.

Example: Stability of a Sloping Core Dam (Seed and Sultan, 1967).

Sloping core

Wedges end forces:

There are eight unknowns: P, P, Z 0 T, T, F, F,

For each block there: Horizontal equilibrium

are three equations  Vertical equilibrium

Mohr-Coulomb T=(C+ (P— U)tan¢)/F

As there are two more unknowns than equations, two assumptions are required. Normally the angle
of the interwedge forces § is assumed, and F; is taken equal to F, A trial and error procedure is

adopted, and the force polygons are constructed assuming various values of F until they close.

VELEN !ijvaR

Ferce polygon:

tond « tond
.

Fig. 2.3 Wedge method of analysis (From Nash, 1987)
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aA #HEAQD. oH 0= HEmS mEe 2 (1980) & AA Fg FAstz Ydor ¢ =
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Hkez 0% HRE e MEENAeT 5 ol = FEBEKIRE co7b (EASHA =)
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Jik #oltd, Lambe and Whitman(1969)¢f < F5HA "ek(zE 2.4).

3t AA e FA e AT WRrHEE 2 o mEmEE amEEd AX —EshA

A7) vlv)gbeh ke, Duncan and Wright 2e wolx o] Hikg 44A AL & Uk

Failure is assumed to occur by rotation of a block of soil on a cylindrical slip surface on which the

undrained strength may be mobilized.

Soil properties: ¢, v

Length of arc=L =AY

T is average shear stress along L
20 T=7.l

VW is weight of soil block

Moments about Q: overturning moment= Wy

restoring moment= TR
Failure criterion: s=c.
Mobilized shear strength y=s/F so r=c./F where F is factor of safety
In equilibrium Wx=TR

LR
F

hence Wx=

The analysis may easily be adapted to take account of varying shear strength, and the presence of

surcharges and water at the toe.

Fig. 2.4 $.=0 method—circular arc analysis. (From Fellenius, 1918)
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Failure is assumed to occur by rotation of a block of soil on a cylindrical slip surface centred on O.
By examining moment equilibrium about O an expression for the factor of safety is obtained. It is

assumed that the resultant of the interslice forces on each slice is parallel to its base.

ﬁ? Force polygon

__MKT”/———\ //;} \\7
‘ 7/ / P

\ | ! \r\/ ) | /
NN N

. z
r‘iﬂ T, ) N L

For slice shown: at base—total normal stress ¢, shear stress 7, pore pressure u
Failure criterion: s=c’+(oc—u)tan ¢’

Mobilized shear strength r=s/F where F is factor of safety

Now P=0l T=tl so T=(c'l+ (P—ul)tan ¢") m

Assume that the resultant of the interslice forces O is parallel to base of slice.

Resolving normal to base of slice P= Wcosa )
Overall MOMENT Equilibrium about O: ¥ WRsina=3 TR 3

(note that interslice forces are internal and their net moment is zero),
so I Wsin azz% '+ (P—ul)tan ¢')
2(c'l+(P—ul)tan ¢’)

hence  Fn= =3y @
. (¢'l+ (W cos @ —ul)tan ¢’
substitute for P: Fp,=-—""— ( S aon dtan ¢”) ®

This equation does not contain F on the right-hand side and so is easily solved by hand calculation.
However the false assumption about the interslice forces results in errors which may be as large as
60/; (Whitman and Bailey, 1¢67).

Fig.2.5 Ordinary method of slices(or Swedish method of analysis), (From Fellenius, 1927,1936.)
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a2 Bt & Hiked WE BRES ¥
7ol o] REE Rliliste AEelch =3
1} Frelund and Krahn(1977)o] —#%R R4
(General limit equilibrium ; GLE) Y8 7§

1

T

Hdozs oAE & METHES LA B
= NS e FES & oA 59
o},

GLE tjwze-ﬂ E7E 23 2,64 ke

drh Z2FEE FIE X HilEsimst 3kh
iRl &l st = = JEREEGEE A
ol Afolx BARMEA (Fictional center of
rotation) & #iFHsHA Hoh EOE st
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209 A& & + Ak

interslice forces.

[P

/
;_._.____‘/;"l\_s. O (assumcd centre of rotetion)

Failure is assumed to occur by sliding of a block of soil on a non-circular (or circular) slip surface.
By examining overall moment equilibrium about an assumed centre of rotation or overall force

equilibrium, two expressions are obtained for factor of safety. An assumption must be made about the
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For slice shown: at base—total normal stress o, shear stress 7, pore pressure u
Failure criterion: s=c¢’+4 (o0—u)tan ¢’
Mobilized shear strength 7=s/F where F is factor of safety

Now P=ol T=tl so T=k (¢'I+(P—ul)tang’) %h)
Resolve vertically: Pcosa+ Tsina=W—(Xzg—X1) ©)

Rearranging and substituting for T gives

P=W—(Xg—X1) = (¢'Lsin a—ul tan §'sin a) /me (3)

B tan ¢’
where ma-cosa(1+tana F )
Resolve horizontally: Tcosa—Psina+Egr—EL=0

Rearranging and substituting for T gives
Er—Ez=Psin a—— (¢/l+(P—ul)tan ¢ Jcos & @

Overall MOMENT equilibrum (about O) : Z Wd=23 TR+2 Pf )
Rearranging and substituting for 7 gives

_ 2+ (P—ul)tan¢’JR
- S(Wd—Pf) (6)

For circular slip surfaces f=0 d=R sina R=constant
2[4+ (P—ul)tan ¢']

Fm

s0 Fn= 2Wsina (6a)
Overall FORCE equilibrium
In the absence of surface loading Z(Er—EL)=0 (7a)
Z(Xr—X1)=0 (7b)
so from(4) J(Ex—EL)=2 Psin a—zFLl (¢'l+ (P—ul)tan ¢')cos a=0 (8)
2(c’'l+ (P—ul)tan ¢')cos a
so Fy= J Psina ®

In order to solve for F,, and Fy, P must be evaluated, and this requires evaluation of Xz, P the
interslice shear forces. As the problem is indeterminate an assumption must be made. Some common

assumptions are:

Xr-X.=0 Bishop(1955)
—f =constant Spencer(1967)
X .
5 =2f(x) Morgenstern and Price(1965)

In general F.=F; and Bishop (1955) showed that F. is much less sensitive to the assumption about

interslice forces than Fy

Fig. 2.6 General method of slices. (From Fredlund and Krahn, 1977.)
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Fig. 2.7 Plot of factor m. against inclination
of base of slice a.
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® Bishop 9] fE{FEE:

Bishop(1955)& 2% 2.8¢] 2al wuhs} 7o)
Bk #hiaol #e PETERTES BESY
ok 2y o] Fke R EEhoE FHEF
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o] Jhe UIRR fER o) AP MO Z (F
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EHS Pe ohest 2o

P=(W—4(cIsina

(2.10)

A7)A ma = A Q.Y AL 29 2.749A4%E
T 4 9t} Bishop fifEES] ME7F 29 2.8
o #m=e gt

—ultan ¢'sin a) mL

o & (W= Folal,

X (@9 Migel %RF] YOBE KRKE
RiFEREe 2 KBk 3 Higd) L2 7
BEE EEshn R (@] %l 4z 4
5e HET AR KREE fHigd A
A4 HEE KM T kREd ERI 4
e Aold el %a%E BEY waE

Table 2.4 Comparison of factor of safety equation

Factor of safety based on

Method Assumption Moment Force No;rlnuiii%rce
Equilibrium Equilibrium
Fellenius X/E=tana X Equ.(2), Fig.2.5
Simplified Bishop Xr—X1L=0 X Equ.(2), Fig.2.8
Spencer X/E=tan@ X X Equ.(3), Fig.2.12
Janbu’s Simplified X=0 X Equ.(2), Fig.2.9
Janbu’s Rigorous Thrust line X Equ.(2), Fig.2.11
Morgenstern and Price X/E=2f(x) X X Equ.(3), Fig.2.6
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It is assumed that the interslice forces are horizontal.

|
AN L H WI
Soil properties: ¢’ @' N [t i

Failure is assumed to occur by rotation of a block of soil on a cylindrical slip surface centred on O.

By examining overall moment equilibrium about O an expression for the factor of safety is obtained.

777NN

For slice shown: at base—normal stress ¢, shear stress 7, pore pressure u
Mohr-Coulomb failure criterlon: s=c¢’+ (6—u)tan ¢’
Mobilized shear strength z=s/F where F is factor of safety
Now P=gl T=tl so T= (c'l-+(P—ul)tan ¢')

Resolve vertically: Pcosa+ Tsina=W—(Xg—X1)

Assuming Xz=X,.=0 (i.e. interslice forces horizontal)
P= [W— —}p— (¢'lsin a—wul tan ¢'sin a)]/ma
an ¢’

where ma=cosa <1 +tan a~t—F —)
Overall MOMENT equilibrium (about O) : ¥ WRsina=2 TR

Rearranging and substituting for T gives

_ Z(c'l (P—ul)tan ¢’)
" 2 Wsina

and so the method is suitable for hand calculation, although it is time consuming.

77T

n

(@

3

C))

As this equation contains F on both sides it has to be solved iteratively. Convergence is usually quick

Fig. 2.8 Bishop’s simplified method of slices. (From Bishop, 1955.)
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Failure is assumed to occur by sliding of a block of soil on a non-circular slip surface. By examining
overall force equilibrium an expression for factor of safety is obtained. It is assumed that the interslice

shear forces are zero, but a correctinn factor is introduced to allow for them.

777

Scil properties: ¢ 9" ¥

/ J7/77 W 77

For slice shown: at base—total normal stress ¢, shear stress y, pore pressure u.
Failure criterion: s=¢’+ (¢ —u)tan ¢’
Mobilized shear strength v=s5/F whereF 1s factor of safety.
Now P=gl T=zl so T=k (¢'l+(P—ul)tan ¢") M

Resolve vertically: Pcosa+ Tsina= W—(Xr—X1)
Assume Xr=Xr=0 (i.e. interslice forces horizontal)

Rearranging and substituting for T gives
P=[ W~k (¢/1sin a—ul tan ¢'sin @) | /. (@
Resolve parallel to base of slice: T+ (Er—Er)cosa=(W—(Xr—X1))sina

again assume Xp=Xgr=0; rearrange, and substitute for T

’

tan
where m.=cos a<1+tan a ar}f

so Er—Ep= W tan a——},r(c’l+ (P—ul)tan ¢')sec « 3

Overall FORCE equilibrium:
In the absence of surface loading Z(Er—Er) =0 (4)
so J(Er—Ep)=2Wtana— JFZ(C/Z+ (P—ul)tan ¢")sec a=0 (5)

whence F,= 2l (g_\;gfzqﬁ Jsec (6)

To take account of the interslice shear forces. Janbu et al. applied a correction factor f, (see Figure
3.9

where Fi=f,.F, @)
Note In their original formulation, Janbu et al. eliminated P and obtained the expression

Fe 2c’b+ (W—ub)tan ¢'] /na
e 2 Wtana

in which ne=cos a.m.

Both these expressions are equivalent to the expression for Fy (Figure 3.5 equation (9)) obtained by
Fredlund and Krahn by resolving vertically and horizontally for each slice.

Fig. 2.9 Janbu’'s simplified method. (From Janbu et al., 1956.)
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(Whitman and Bailey, 1967). a=¢.’ —90° ©]
i o] 3 & FKo] Eltk o7 A tan ¢n'=tan ¢'/F
o]t} (Wright, 1975).
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o] ke RMENMITIESL ARHHEIIFENT R
EF EAY ¢ ded BlE B del ele
FHikoldh. F5E Tzadz oz TH7F BEEE
= k(3 2.12 BIA).

Bishop(1955)-& Yl fERHY A&E EE
e WEEE BRIy, HEC 285 E
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2 Hde AY #HAEA &2 A

@ Janbu o] fEfEE
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AT = Je i fHitEd ROcERmEs
BEERSG T o] HEY WEsh 29 2.9 &
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Janbu o] kA AE % WA Qe {F
ke ) (X, X0 Foleti BETH.
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Fig. 2.10 Correction factor f, for use in Janbu's
simplified method. (Reproduced from
Janbu et al., 1956.)
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Failure is assumed to occur by sliding of a block of soil on a non-circular slip surface. By examining
overall force equilibrium an expression for factor of safety is obtained. The interslice forces are
evaluated by considering the moment equilibrium of each slice. For this it is necessary to assume a

position of the line of thrust of the interslice forces. Overall moment equilibrium is satisfied implicitly.

B -~
Sotl properties: ¢’ ¢’ v’ ; - — Q’“S’hne / 77y
T \K -

For slice shown: at base—total normal stress o, shear stress 7, pore pressure u.
Failure criterion: s=c¢’+ (s —u)tan ¢’
Mobilized shear strength r=s/F where F is factor of safety
Now P=gl T=1l so T:—I{:(c'zﬂP—uz)tan ¢ m
Resolve vertically: Pcosa+ Tsina=W—(Xzg—X1)

Rearranging, and substituting for T gives

P={ W—(Xr—X1)— L (¢’lsina—ul tan ¢’sin @) |/ma 2
F
where ma.=cos a< 1+tan ai%%ﬂ)

Resolve parallel to base of slice: T+ (Er—Er)cos a=(W—~(Xz—XL))sina

Rearranging, and substituting for T gives
Ez—Er=(W—(Xz~X1))tan a—— (c'l+ (P~ul)tan ¢ )sec o (3

Take moments about centre of base of slice (for thin slice) :
Er btana;— Xrb—(Er—EL)hc=0

or Xgp=ZFErgtan a;—(ER—EL)"’;;‘ 4

Overall FORCE equilibrium:
In the absence of surface loading 2(Er—EL)=0 (5a)
2(Xr—X1)=0 (5b)

so from(3) Z'(ER——EL):Z'(W—(XR—XL))tana—}%Z’(c’l—l— (P—ul)tan ¢’ Yseca=0 (6)

whence Ff:—Z"fW— (Xr—Xi))tan a )
The solution is reached iteratively. First it is assumed that Xr—X;=0. Then values of E and X are
calculated using (3) and (4) above; the values of shear force X lag by one iteration. As moment

equilibrium is satisfied by (4), Fy="Fn.
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- T X(W=(Xr=X)tana

in which n.=cos a. m.

Note In Janbu's original formulation P is eliminated and the following expression for F is obtained:

Ze'b+ (W— (Xr—

This expression is equivalent to the expression for Fy (Equation (9) in Figure 3.5) obtained by

—X1)—ub)tan ¢’“/na ’
|

Fredlund and Krahn by resolving vertically and horizontally for each slice.

Fig. 2.11 Janbu’s rigorous analysis. (From Jarbu 1954, 1957.)
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By examining overall moment equilibrium and overall force equifibrium two expressions are obtained
for the factor of safety. The interslice forces are assumed to be at a constant inclination, and the

! Failure is assumed to occur by rotation of a block of soil on a cylindrical slip surface centred on O.
| inclination is found at which the two expressions give the same factor of safety.
|

For slice shown: at base—normal stress 7z, pore pressure «
Mohr-Coulomb failure criteria: s=c¢’+ (¢ —u)tan ¢’

Mobliized hesar strength v=s5/F where F is factor of safety.

Now P=gl T=tl so T=—} (c'l+(P—ul)tan ¢") &)
Resolve vertically: Pcosa+ Tsina=W—(Xr~—X1) (2
Rearranging, and substituting for 7T gives
P= [W— (Xa—X1)— 5 (¢'Isin a—ul tan ¢'sin a)}/mu (3)
where my=cosa ( 1-+tan a&FW‘)
| Resolve horizontally: Tcosa—Psina+Eg—EL=0 (4)
Rearranging, and substituting for T gives
Ex—Er=Psina— % [c'z+ (P—ul)tan ¢']cos a )
Assume that —2{ =tan § =constant throughout the slope. (6)
Overall MOMENT equilibrium (about O) : 2 WRsina=2TR s

Rearranging and substituting for 7 gives
2+ (P—ul)tan ¢’)

n= 2Wsina ®

Overall FORCE equilibrum:
In the absence of surface loading Z(Er—EL)=0 (9a)
J(Xr~X1)=0 (9b)

So from (5) Z(ER—EL):Z’Psina-FlﬁfZ'(c’l+(P—ul)tan ¢ )cos a

1 S (' I+ (P—ul)tan ¢ )sec a
whence  Fr=—"yiu % %) tan a (10)

The solution is reached iteratively. First it is assumed that Xg—X;=0. Then values of E and X are

calculated using equations (5) and () ; the values of shear force X lag by one iteraiton. The inclina-
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tion & of the interslice forces is adjusted so that F,=F.

Note In Spencer’s original formulation the resultant of the interslice forces @ is used so that Q cosé
=FEp—FEg, Qsinf=X.—Xr. P and T are eliminated from equations (2) and (4) abave to find an
expression for @. Overall moment and force equibrium are satisfied by the conditions 2 QR cos(a—8)

=0, 2Q=0 and a value of 6 is found at which both expressions yield the same factor of safety.

Fig. 2.12 Spencer’s method. (Adapted from Spencer, 1967)
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Fig. 2.13 Variation of F, and F; with inclination

of interslice forces. (Reproduced from
Spencer, 1967)
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(Reproduced from Fredlund and Krahn, 1977)
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Fig. 2.15 Variation of the factor of safety with
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1 O
A %e A

[ 2 - g 6 . T 3 . _ =
¢ =29KN/m? ; ¢’ =20° ; »=18. 9KN/m? ; 7, =0. 25 b, E BEREOIA BRG] s
SFe A AH A, A (ERERS (LA, Bigo] dejukA g 2.

e BE A HEHE L5 dokd 4 9ot Hamel (1968) & Morgenstern and Price J5i%
= AL U Fad AHdeloh HahES o HEalE AEdte HiEoE K 2.6 BE
Table 2.6 Admissibility criteria for evaluating Morgenstern and Price solution for soil and rock

slope stability problems, (after Hamel, 1968).

Soil slope problems

Criteria
1. The effective normal forces on the sides and bases of slices should be compressive.
2. The height of the point of application of each of the effective normal side forces should be
between 0. 25H and 0.65H, where H is the height of any interslice boundary.
3. The average friction angle required (or mobilised) on the sides of any slice (when cohesion is
considered fully mobilised) should be less than 80% of the average available friction angle along
that surface.

Bock slope problems

1. The effective normal forces on the sides and bases of slices should be compressive,

2. The height of the point of application of each effective side force should be between 0.15H and
0.75H where H is the height of any inter-slice boundary.

3. The average friction angle required or mobilised on the side of each slice (when cohesion is con-

sidered to be fully mobilised) should be equal to or less than the average available friction angle.

Notes: (1)The criteria for rock slope problems are somewhat less conservative than those for soil slope
problems.

(2) The criteria may be modified at the discretion of the geotechnical engineering expert on the
basis of experience.

(3) In general it is difficult to satisfy the criteria simultaneously for all slices. Therefore the
criteria may be relaxed somewhat near the crest because theorejical and experimental investigations
have shown that tensile stresses generally exist in the region.

(4) The criteria may also be relaxed for slopes which are failing progressivel

(5) While different solutions (based on different side force assumptions) lead to different factors
of safety, the difference is not significant if the above admissibility criteria are satisfied in each solu-

tion. The difference in F seldom exceeds 0.05 for soil slopes or 0.08 for rock slopes.
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Fig. 2.16 Variation of thrust line position with
distribution f(x) of the interslice
force inclination (Whitman and
Bailey, 1967)
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Table 2.7 Comparison of factors of safety F obtained by different methods of slices

Value of F
Examples
O.M.S. B.S.M. M.P.M.

1. Homogeneous soil and no pore pressure 1.49 1.61 1.58~1.62
2. Long term stability of embankment on organic silt. 1. 09 1.33 1.24~1.26

Three different soils
3. Immediate stability of same embankment as in 2 0. 66 0.7~0.82 0.73~0.78
4., Submerged slope of rockfill resting on inclined core 1.14 2.00 2.01~2.03

of cohesive soil 1.84*

0O.M.S. =Ordinary method of slices (also called Fellenius Method).

B.S.M. =Bishop Simplified Method.
M.P.M. =Morgenstern and Price Methon.

*The first value corresponds to use of total unit weight and pore pressure and the second to use of
submerged unit weight. This points to a special difficulty of the ordinary method of slices in exceptional

cases.

Note: The range of results in M.P.M. is based on choice of assumption concerning interslice forces. The
two values for case 3 by B.S.M. were due to some difficulty in determining the shear force at the base
of a slice near the toe. These difficulties in B.S.M. have been discussed by Whitman & Bailey (1967).

HE7F dolvke A, ol E45 WHIES FAolst
grop=| Al = et

Duncan and Wright & 2} @Rl #kr)
15 TOKE: fAE)NA 3.5:1 744, .8 &
o] 004 0.6 7= W3te o A5 Bt
qovt £ 2.8 £ 2.9 = el EHREA
3.5: 1o A& 7k %% 05} 0.6 F BF
Z #Rsta gtk 4714 r. = Bishop(1954) ¢
%KM L (Pore pressure ratio) 24 o3 7
o] Ezx=rh

o u
Yu— rh (2. 14)

A7 A wu=A 7 stE B HBKE, r=&9 &
BEEAEE, =2 B LHSA
o] kel A ¢, ¢, r, HS] 7t& Log spiral Fol

o3t #gFo] 1o HEE M%d Zolg. =
¥ Log spiral Jiike Wk kel okdH, ol
FHike BE FEEES WRAERZ &
& HEsted RIS Kige] I 4 gl7] W ol
t}. Log spiral Fike& #2A9 ERF(Upper
bound) & HESE Aoz 4¥A AU

Whitman and Bailey =223 Duncan and
Wright & HessRolA ch&st 2 HES ¢
% s,

@ BE PhlEES WEAY = RIELERNT
#:(Log spiral, Janbu, Spencer, Morgenstern and
Price) 2.2 T8 #&4L A4 FA—3chs &
F 9wk o] FHiEEel A% waREE TR
ek 8 5% LIRS |z vl flers HA
Lo Es Efgs AAdE AR gl

Table 2.8 Minimum values of F for a 3.5 on 1 (horizontal on vertical) slope with r.=0

Analysis procedure

Log spiral
Ordinary method of slices
Bishop's modified method

Force equilibrium (Lowe and Karafiath’s assumption)

Janbu’s generalized procedure of slices
Spencer’s procedure; also

Ace
0 2 5 8 20 50
1.00 1. 00 1.00 1.00 1.00 1.00
1.00 0.94 0.94 0.95 0.96 0.98
1.00 1. 00 1.00 1.00 1.00 1.00
1.09 1.02 1.01 1.00 1.00 1.00
1.00 - 1.00 - 1.00 1.00

Morgenstern and Price’s procedure with f(x)=constant 1.00 1. 00 1. 00 1. 00 1. 00 1. 00
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Table 2.9 Minimum values of F for a 3.5 on 1 (horizontal on vertical) slope with r,=0.6

Analysis procedure i
0 2 5 8 20 50
Log spiral 1.00 1.00 1.00 1. 00 1. 00 1.00
Ordinary method of slices 1. 00 0.91 0.75 0.68 0.57 0. 50
Bishop’s modified method 1. 00 1.00 1. 00 1. 00 0.99 0.99
Force equilibrtum (Lowe and Karafiath’'s assumption) 1. 09 1.03 1.02 1.01 1. 00 1.00

Janbu’s generalized procedure of slices 1.00 — — — — -
Spencer’s procedure; also
Morgenstern and Price’s procedure with f(z)=constant 1.00 1.00 1.00 1.00 1.00 1.00

@ Bishop ¢] fEfHEES ¥ 2 2o E gl A% o] FEMES 50%1 5 2, Whitman and
RAZAT 2 R Efetz & 4 9ok @ Bailey(1960) % o #E7 60%7F HE GI1F #
A I EmEe dAsAde 8 28 Hgs s34 o
ALY daw ok 3 PEERBAA WEE whebA] Fellenius HHkS 2 i@inEe] SE
o FEEIE Ads] &Y wel = fistel ot o AL ool ABEAENEG] EHIE

@ Fellenius JjiEd “2EE B/IFHET AL TRATEht,

RUOBIEG.=0 B3 REE FALL # © =0 FHC=Od BAADEA 33
S Bl AR, RREARIES MHA TS FEE WEATE HEe TR EEE

B 2 A9 2 #mes HHdd £ 2.99 TE gt ] o el Ffge] WREEEA BE

%ﬂﬁ

Table 2.10 Comparison of factors of safety for example problem
(Reproduced from Fredlund and Krahn, 1977.)

Morgenstern-
Price method

Simplified Spencer’s method Janbu’s  Janbu’s f(x)=constant

Case Ordinay  Bishop simplified rigorous ———————
no. Example problem* methord method F 7 P method method F A

1 Simple 2 :1 slope, 1. 928 2.080 2.073 14.81 0.237 2.041 2.008 2.076 0.254
12m higg,
¢’ =20°, ¢’=28.75kPa

2 Same as ] with a 1.288 1.377 1.373 10.49 0.185 1. 448 1. 432 1.378 0.159
thin, weak layer with
¢'=10°, ¢'=0

'3 Same as 1 except 1. 607 1.766 1.761 14.33 0.255 1.735 1.708 1.765 0.244
with 7.=0.25

4 Same as 2 except 1. 029 1.124 1.118 7.93 0.139 1.191 1.162 1.124 0.116
withy.=0.25 for both
materials

5 Same as 1 except 1.693 1.834 1.830 13.87 0.247 1.827 1.776 1.833  0.234
with a piezometric line

6 Same as 2 except 1.171 1.248 1.245 6.88 0.121 1. 333 1.298 1.250 0.097
with a piezometric line
for both materials

“Width of slice is 0.3m and the tolerance on the non-linear solutions is 0. 001
~The line of thrust is assumed at (. 333.
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Fig 2.17 Example problem using circular and
non-circular sliding surfaces.
(Adapted from Fredlund and Kr-
ahn, 1979.)

Ure) el #et BET REAE Abeld
fRiEEol 28 2,18 ¢ A E Fifmel 3 LA
Zi(Fa) 2 9] Zfigell &t Lam(Fr iz £
51*5101 gtk o zdde ML W f(a)
Z —@dA FRE W, 29 Fu =E Fr Ao
9] A7} [RE o] ot

o] 2ol A h&at Ze AdE & F AUt

O 2WE FfgEgod A dxs LRE Fu
2 vy el wek fREd fkaket o
Bl e % kel & Fa ol #5E 0.4%0)
stk

@ Yo Pkt AT L2E Fre
Aol 3kl el Ragster. whebA e Fiy
wg e FERTEHN HEE REHES
Zfgmt S sl HERC AR SRS R
&tz A4 4 gloh

@ Fredlund and Krahn & #EEiEe] EH-T

obd Aol T 4 Hikol o% TRk FE
2 %5t 9o e BRAg

@ =3 BEHE f2)9 Bl A 58
s ez theha.

GLE Ujiike] 1EHERCl A3 He
9 FELUE [ {32?5}04 234

o] Hik
vrz] 9tt}, Fredlund

i ! ; ’ 7 ' f T T T ;
. !
2 25k Cose i-Circy 3- ~ LE5 sk Cass 2 -Non-circuiar f
| i
! i
225 /’ - 160 I 1
FI ¥ } !
s , 1551L . .
SIMPLIFIED ! a
BISHOP . | |
ER T / / /—+—o i 150 - !
h F A4 |
E\._..+..—fl’°—~+"/* Fn Al {
[ s w i 1
: I ‘ > 145 / -
~oag 4 4z
57 / ® : A/ ;
= ; S E | SINPLIFIED s JANBU'S RIGOROUS N
- ! , Y 5 H
T 200 AJaneus riGorous 4 S 140 f—B‘S P / et A
T \ 5 o————.—r$ 2 ™ i
© v i
[ | s L o i
195 ¢ b 1 35./ -
! I + - SPENCER .
3 . * ~ MORGENSTERN-PRICE |
t o0 - 130 s . -
i ‘ £{x)= CONSTANT l
| { CROINARY F=1.288 |
185 q: 1.25 = =
! ]
1 i ‘ ) {
130 ' . . - ! - 123} . : . . . ‘
) 02 0.4 0.6 ) 6.2 04 o6
Sozimafgeten N AT e M (x) Sceling faster )

Fig 2.18 Influence of interslice forces on factors of safety.
(Adapted from Fredlund and Krahn, 1977).
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Table 2.11 Comparison of factors of safety and “A” using the Morgenstern-Price
method and the GLE method

Side Force

Shape of Failure Function Morgenstern-Price Method GLE Method
Surface Tu F* 2 F* 2

Circular 0.0 Constant 2.085 0. 257 2.076 0.264
Circular 0.0 Half Sine 2.085 0.314 2.076 0.318
Circular 0.25 Constant 1.772 0.351 1.765 0.244
Circular 0.25 Half Sine 1.770 0.434 1. 764 0. 304
Composite 0.0 Constant 1.394 0.182 1.378 0.159
Composite 0.0 Half Sine 1. 386 0.218 1. 370 0.187
Composite 0.25 Constant 1.137 0. 334 1.124 0.116
Composite 0.25 Half Sine 1.117 0.441 1.118 0.130
*The tolerance is 0. 001
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Table 2.12 Features of different

Method Falhéfﬁ.face Comments ; Advantages
Infinit Slope Plane Failure is assumed to occur by sliding | Simple. calculation method.

of a slab of soil on the plane slip surface
which is parallel to the ground surface.

Sliding Block

Two or more

Hand calculations with more than two

Suitable for hand calculation

or Wedge An- | plane blocks can become tedious. Graphical | when 2 or 3 blocks are used.
alysis solutions possible in simple cases.
Bishop Simpli- | circular Iterative procedure required for solution | Compare well with other more
fied but convergence rapid. Useful for hand | rigorous methods including
calculations. Suitable for both total and | FEM. Computer program re-
effective stress analyses. adily available.
Janbu’s Gener- | Any Iterations made with successive sets of | Realistic shear surfaces can
alized Proced- inter-slice forces till convergence reac- | be used.
ure of Slices hed. Computer desirable but not essen-
tial. Suitable for total and effective stress
analyses of soiland rock slopes.
Janbu’s Simpli- | Any Use of correction factors necessary. No | Can be easily handled by a
fied need to account for inter-slice forces. | Programable calculator or by
Suitable for total and effective stress | hand. Realistic shear surfaces
analyses. can be used.
Spencer Any Assumes inter-slice forces to be parallel. | Accuracy acceptable. Fn=Fy
The inclination of inter-slice force can | =F.
be found for which F.=Fy, and this is
takon as F.
Morgenstern Any The most general and versatile approach | Considered more accurate
and Price for limit equilibrium analysis. Suitable | than Janbu and Spencer. Co-
for total and effective stress analysis mputer programs readily ava-
ilable.
Fellenius Circular Adequate jor total stress analyses but | Calculation very simple. no

not always suitable for effective stress
analyses. Effective normal stresses on
the bases of Some slices can beome

negative.

iteration required.
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slope stability methods.

Limitations Reference Comg:;;am I Recommendation
Failure surface assumptions always an | Lambe and Suitable for long slopes, esp-
approxiation. Method may only be used [ Whitman ecially those with a thin
for slip surfaces where the length to (1969) layer of weathered soil over
depth ratio is large and end effects can rock.
be neglected.
Does not consider the deformation of | Lambe and STABL Useful where there is a weak
blocks. Result sensitive to the angle to| Whitman BLOCK stratum within or below the
the horizontal chosen for the interblock | (1969) WEDGZD slope and when the slope
forces and the inclination of the surface rests upon a very strong str-
between the blocks. atum. Very well-suited to
rock slope problems.

Circular fzilure surface not always suit- | Bishop (1955) STABR Useful where circular failure
able for all slopes. Errors possible where 2&%%11 surfzce can b~ assumed. We-
portion of slip surface has steep negative BISHOP lI-suited to soil end soft rock
slope near toe. iCE}?ASSE—l sopes.

ICES SLOPE

SLOPE
Necessary f, check acceptability of sol- | Janbue(1972) JANBU Suitable for slip surfaces of
ution in terms of position of line of STABL arbitrary shape. Very well-
thrust, any implied tension or violation SLOPE suited to soil and rock slopes.
of failure criterion if solution to be
regarded as rigorous.
Published to factors are for homogeneous | Hoek and SLOPE Suitable for preliminary ana-
materials and can give large errors in | Bray(1981) lysis of soil and rock slopes.
slopes composed of more than one mat-
erial. In these cases F is usually und-
erestimated.
The inclination of the line of thrust | Spencer(1967)| SSTABI [Specially devised in relation
near the crest may have to be flatter UTEXAS | to embankment stability pro-
than elsewhere. Shoub be careful to sel- SLOPE | blem, but may be used for
ect the position of thrust. all types of problems.

|

No simplified method. Acceptability of | Morgenstern ICES SLOPE | Suitable for slip surfaces of
e et iersbieexperience and | @nd Price | SRy . | arbitrary shape and arbitrary
judgement required to use method reil- | (1965) SLIP/1 | boundary conditions Very
ably, to assume side force functions MALE ! . .
which lead to acceptable results and to SLOPE } well-suited to soil and rock
interpret the results. MSLOPE j slopes.
Underestimates factor of safety. Errors | Fellenius SLOPE Suitable for shallow, very
(on the safe side) large for deep failure (1927 SNOB i?lrlligchplzfrnea;o{a;:}aurr:l1:11“;28:}?:
masses with high pore pressures. ICES ground surface (A planar

LEASE-1 failure surface may be rega-

ICES SLOPE

rded as a circular one with
infinite radius.
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(Chowdhury, 1978).
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