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A STUDY ON STABILITY OF FILL ON 'CLAY SUBSOIL 

A B -S T RAe T 

The procedures, assumptions and equilibrium ~ethods 

uied tq-develope the slope sta~ility charts and detailed 

analysis procedures of stability are investig~ted during the 
,I 

first phase of the thesis. 

The ~tability of a cohesionl~ss fill on a cLay founda­

tion uS1ng Or4inary Meth~dof Slices ~nd Bishdp's Mo~ified 

Procedures of stability analysis are examined' on the second 

,phase of the thesis.For~his'purpose the effects of the 

:shear strengths param"eters of ,the fitl and subsoil clay J 

,fondut~ion on tbe factdr of safety are investigated. Further­

more the ef£ect of variation in fill unif weight on stability 

land the stability of the £i116n normally consolidated clay 

foundation ~hose ~hearstrengthis linearly varying with 
I , • 

depth areal~o evaluated. For pra~t1cal use, charts g1v1ng 

the variations of factor ofiafety with ciime~sionlesspara­

meters are also developed. 

Key words·: Slope stability, fill, clay subsoil. 
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KtL TEMEL ZEMtN OZERINDEKI DOLGUNUN 
STABILITESI OZERtNE BIR CALISMA 

o Z E T 

. . (~ 

§ev stabilite abakl~r1 ve detayl1 stabilite analizle~i 

ile ilgili prosedfirler,'varsaY1mlar ve denge metotlar1 tezin 

ilk k1sm1nda sunulmu§tur·. 

Bir kU.m dolgunun,kil temelzemini fizerindeki'stabi\i~ 

te analiziniri basit dilimler metodu ve Bishop Mod'ifiye metodu 

ile incelenmesi tezinikinci k~sm1nl.'olu§turmaki:ad1r. Bu 

amac;la dolgunun ve kil te'mel zemini~in kayma mukavemetler,inin 

emniyet katsaY1s1 lizerindekit~sirleri i~celenmi§tir. Dolgu 

,b irimi ag 1 r 11g 1 n1 n deg i § im i.v~ no rmalkons oli"qe olfnu § teme 1 
.. " '. " '. " \ 
:k i 1;i ni n kayma mu~aveme t.i ni n de r in I i kl edeg i§roe s i ha 1"1 eri de 

g 0 z 0 n ii n d e t u t ul m u § t u r. P rat i k ku 11 ~ n 1 m I a ric; ~ n. em n i ye t k a t­

saY1s'1n1n boyutsuz parametrelerle ·olandegi§imi· abaklar ha-

, linde geli§tirilmi,tir. 

·Anahtar Kelimeler: §ev stabilitesi, dolgu; kil temel 

zem1n1. 
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Table 1.1- Charts Used i~ Chaptei 2 

Type of So i 1 

Charts Used -1lL ill X 3) ill 
Culmann Me.thod (1866) Yes* 

Fellenius Toe circle(1928) 
, 

Yes* 
, 

Deep circle Yes* 

Taylor's :charts (1948) 
, 

Yes Yes 

Janbu's charts (1968) Yes Yes 

Hunter and Schuster's charts (1968) Yes 

Wright's cha rts (1969) Yes 

J anbu 's approximate procedure(1967) Yes 

Bishop and Horgenstern procedure 
(1960) Yes 

\. 

Lowe and Karafiath's procedure(1960) Yes 

Duncan and Buchignani's chart(1975) 

(1) .. ,p =~-O soils, with constant shear strength with depth. 

(2) Soils_with strength increasing with depth and;6 ·0 

(3)"c -;6 soils 

:(4) analysis of soils \\Tith pore pressures 

(5) c = 0 soils 

* Closed form formulation 1S given 

(5) 

Yes 
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T.he procedures of analysis which. have been described 

~n Chapter 2 are similar in that they consider only the 

equilibrium of soil mass bounded by the shear and slope 

surfaces. In contrast to these procedures, many other techni-
, 

ques of analysis have been developed in .which the soil mass 

is divided v~rt~cally into a number of sli~es and are kn6wn 
, . 

as procedures of ~lices. The solutions of these procedure 

require some;a,ssumptions, detailed hand calculations or use' 

of computer, but they 'have the adv,antage to solve the slope 

stability prob~~m. for all types of soils and complicated soil 

profiles. In Ch~pter 3 the procedures of slices namely the 

procedures of slices satisfying the moment equilibrium such 

as Ordinary Method of Slices, Bishop's procedure (1955), 

Bishopi s M~difi~d pr~cedure,Spencer's procedure (1967), 

Morgen~ternand Price's pro~edur~ (1965, 1967) ~nd. the proce­

dures of slices satisfying the force equilibrium such as Lowe 

and Karafiith's prbcedure (1960), Corps of Engineers' Wedge 

analysis (1968), Janbu's Generalized procedure of Slices 

(195J, ~968), and janbu's simplified prticedure (1956) are 

di~cussed, and some of the procedur~s lis~ed above are used 
, . 

the analysis of Chapters 2 ind 4. 

The stability of acohesionies:s filion a clay founda­

ti.on us~ng Ordinary Method of Slices and Bishop,' s Modified 

,Procedures qf stability are examin~~ in Chapter 4. For this 

pu~pose the effects of the shear strengths parameters of the 

fill and subs~ilclay foundation on ihe fa~tor of ~afet~ are 

investigated. Morover t~~ effect of variation in fill unit 

weight on stability and the stability of the fill on no~mally 

consolidated clay foundation whose shear' strength ~s linearlYj 

varyitig with depth are also evaluated. For practical use, 

'charts· giving the v;ariation's of factor of safety with 

"dimens'ionless parameters are also ~eveloped on Ch~pter 4~ 

I 
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2. SOLUTIONS USING SLOPE STABILITY CHARTS 

2.1. INTRODUCTION 

Besides the field observati~ns .and the detailed 

analysis, the stability charts is one of the method to solve 

~he slope stability p~oblems. Although its common use was the. 

preliminary de~ign calculation, charts are now available 

which make it possible to perform quite accurate analyses (or 

~any conditions, and they provide perhaps the most convenient 

~ethod of analysis for si6ple homogeneous slopes ~ases. , 

By the appropriate use of dimensionless numbirs these 

~tability charts are considerably simplified. The use of 

stability number for slope analysis has been first introduced 

by Fellenius (1~2~). The stability charts introduced by 

~ell~nius simplified considerably the it~rations' to ~alcul~te 

the factor of safety for ~: 0 soils. 

Using th~ stability char~s one can also back-calcuJate 

thestrengthval-uer for the failed s lopes to be used in 



- ? 
;pT~fj:fni ngr'eine'd'faT me"as u'r-e§':---~'-"; 

This chapter 1S a ~oli~~iion of slope stability charts 

concerning ~ = 0 soils~ with constant shear strength with -depth by Taylor's and Janbu'schaits, of charts for slopes 

with strength increasing with depth and ~>O by Hunter and 

'Schuster's ~hart, of cHarts for stability of slo~e~ in uniform , 
soils with'~ >,0 by Taylor's, Janbu's and logarithmic spiral 

I 

stability' :charts of Wright, of chart for stability analysis 
f' 

with pore pressures by Janbu "s, B is!Iop and Horgenstern and 

Lowe and Karafiath's cha~ts,of chirts for slopes in cohesion­

less mate~ials by Duncap and Buchignani's chart. The proce­

dures satisfying overall moment of equilibrium such as Culman 

method, circular shear surface~ the ~ = 0 method, Fellenious 

toe circle method, deep circle method, friction circle 

procedure, the logaiithmic spiral procedure are summarized. 

2.,2.0 = 6 S'OILS, ~IITH CONSTANT SHEAR STREN,GTH WITH DEPTH 

In this section the slope stability of the ~ = 0 soils 

, wit h con s ta n i: shea r s t r eng t his di s cuss e d by t!l e s lop e 

sta~ility charts and the procedures ~y means of which these 
" 

,charts 'are developed are' revised. 

, " 
A. Procedures Used 

Many procedures of slope stability analysis-have been 

devel~ped which employ the conditions of static equilibrium 

:to calculate the av~rage value of shear strength required to 
I ' 

prevent failure. The differences between these various 

procedures of analysis relate to the assumptions that are 

made 'in order to:a~~ievesta~ic~l determinancy and the 

particu~ar conditions of equilibrium that are satisfied~ 

,Th~ prdcedures of Culman's Method, Circular Shear 

surfaces such ,as ~ = 0 method, Felli:!nius toe- circle and deep 
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- circle -are summarized ~n thissub~ection. 

The Culmann Method 

The C~lmann Method. (1866) 1S based on the assumption 

that failure occurs on a plane through the toe of the slope. 

Figure 2.1. represents the type of section to which this 
. -. 

analysis applies. The forces that act on the mass above a 

triai failure plane, at an inclination define~ by the angleS, 

are 'also. shown in the figure. The expressions for the weight 

and the total cohesion are, respectively,· 

where 

w 1 I 

2yLH esc i s~n (i-e) (2. I) 

(2. 2) 

Cd = mobilized'cohesion intercept, defined as the 

ratio of the cohesion intercept, c, to the factor 

of safety, F .. 

i = inclination of the slope 

e = angle between the horizontal plane and the tri~l 

failure plane 

The stability number for the trial plane at the ~n­

clination, e, is gi.yen by the' expression 

where. 

1 
= 2 csc ~ s 1n (i-e) s 1n 

~d =developped friction angle define~ as 

tan ~q = tan r/JIF 

1n which ~ _ internal ~riction angle 

F = factor of safety 

f. 

(2.3) 

1 

I 
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Fig. 2.1. Elements of the Cu~mannmeth6d 
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'~he most -dangerou's 'p'l~ne~-j:'s -thaL--vi-:t-h-the--ma-xilllUlll 

5ta~~lity riurnber g1ven by the expression 
\ 

cd 1 - Co s 
yH = 4 sin i 

(i- d) 
cos ~d 

Circular Shear Surfaces 

( 2.4 ) 

Since the early 19QO's, when an investig~tion of quay 

walltailures led_ Swedishengiheers to\the conclu;ion that an 
': 

a~ p pro p ria t est a b i 1 i t y a n a 1 y s ,i s co u 1 d b e b a: sed 0 nth e ass u ill p -

t{on of circular shear surfaces,mi~y procedur~s of stability 

anilysis have been developed which utilize the several 
J 

advantages afforded by such s~rfaces. In addition to the fact 

that they ap~ioximatethe shapes of failure surface bbserved 

in m~n~ actual slope failures, and they considera~ly simplify 

the g-e.ometry involved in defining anc locating a critical 
• 0 ~ 

shear sutface, perhaps the most i~portant advantage of ~sing 

circular surfaces is -their signifi~antsimplification of the 

-mechanics of st~bility,analyses. 

The r/J = 0 Met ho d 

While the earliest procedures of stability analysis 
- - , 

for c i r cuI a r' she a r sur f ace s ass u me d -, th a t the she a r in g res i s -

,tance of the soil was due entirely to fric~ion, 1n 1917, 

Rellan suggested that the shear strength of a clay could Ibe 

treated entirely as a 'cohesion (Petterson,' 1955; Bjerrum and 

;Flodin, 1-960). Combiningt;:his concept o~the shear strength 

and the aSJ;umption of circular sheaf.", ::,urfac.es, Fellenius 'in 

'1918 proposed what 1S today commonly known as the "0 = 0" 

method of stability analysis, .a proced~re which is widely 

used for analysis of short-term slope stability. 

,Average Shear Stress, on Circular Shear Surfaces 

The averag~ shear stress (T ) mobilized along the 
m 

icircul~r arc bpd show 1n Figure 2.2. ~~n be de~ermined from 
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the summation of moments about'.the cent'er point (0). Fora 

mass of .soil in static equilibrium this' sum must be zero. 

Thus 

l:M = W.a - T • £, r = 0 ( 2 . 5 ) 
0 m 

in which W 1.S the we igh t of the soil mass overlying bpd, -a is 

the leng th of the moment arm of ~ about 0, £, is the length of 

the sh ear'· sur f ace. and r is,the radius of the circle. By 

subs~ituting a = r sina, wheie a is the inclination of ~he 

shear surface at its .intersection w~th the weight factor, the 

average shear stress can.be expressed as, 

T 
m 

W sina 
Q, 

This equation for the average. v~lue of shear 

(2 .6) 

I 
stress 

r e qui red for e q u il i b r i u m 0 £ a c i r c u 1 a r arc 1. s I f r e e 0 fan y 
I 

as~umptions. Regardless of what method 1S us~dto determine 

the equilibrium of the sliding mass shown in Figure 2.2,the 

average s~ear stress must be the same as that given by Fig. 

2;6 as long as static equilibrium is satisfied. 

, ,. 
The Factor of Saf~ty 

In many procedures for slope analyses, stability is 

measured in terms of an overall factor of safety with respect 

tQshear strength. ~f the shear strength for the slope in 
. , " , 

:Figure 2;2 is ~ . the factor of saf~ty 1.S defiried by, 
( u' 

s 
F = u 

'1' 
m 

, (2.7) 

which, upon substituting the express1.0n for l. , " gl.ves the m. 

factor of s~fety for a paiticular circular shear ~ur£ace in 

terms of known geometry and soil condit,ions: 
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factor of safety is derived from the equatiori--of the moment 

.equilibrium. 

Felle'nius Toe Circle '. 

Fell in i 0 us' (I 9 28) has c a I cuI ate d the she a r s t r eng t h, c, 

hence the stability number by using a toe circle, called 

Fellinioqs toe circle (presented in Figure 2.3) and he noted 

that the shear strength, c, depends on yh/!!, 0, a, w. These 

variables are given in Fig~re,2.3 the jlso find a ratiq, M, 

, where 

c plane 
m 

H :: 
c plane 

m 
c circle 

m 
( 2 .9) 

mobilized shear stress for plane failure 

surface (Culman IS Hethod). 

c circle: mobiliz~d shear stress calcul~ted by Felle­
m 

n1Us Toe Circle 

H values for diffeient slope angle 8 are g1ven as £6llows: 

Slope angle 10 0 20
0 

30
0 

40
0

50
0 

H 0.16 0.28 0.42 0.55 0.66 

60
0 

0.76 

90
0 

0.95 

It may be observed that for row values of slope angle, 

M valu~s is very low and for high values of slope angle (6 ~ 

90 0 ) M values ~pproaches to the unity. 

Deep Circle 

When 

is studied, 

and d o\o.'n it 

independent 

radius, and 

the 

and 

1S 

of 

it 

deep circles case for ~ - 0
0 

and s = constant 

when the radius of the circle is shifted up 

observed tha't the factor of safety, F, becomes 

the slope angle for high values of the circle 

is calculated by the following relationship: 



em yH = Tf(C,w,o;) 
I 
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Deep circle (5.53) 

5.53 1---------------.;.--. ...... 
5 

4 

3 

I 

I. 

I 

'" • ~ulmann plane 
• "-

Toe circle 

...... 4.00 (plane) 

I 
I 

I , 

3.82 

Deep circle critical • .. Toe circle critic<Jl 
J 
! 

2 

1 

30 

J 

I 

1 

. ,'54 

I 
90 a(degree) 

Fig. 2.4. Variation of the stability number with respect to. 
siope arc for Deep circle and Fellenius toe circle 

f 
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F = 5.53 C u 
yH 

(2.10) 

As can be seen from t4e Fig 2.4 for the values of a 

less than or equal to 54 0 deep circle is critical and for 

v~lues of a greater than 54
0 Fellinius toe circle i~ criti­

cal. For the whole range in which deep circle is critical the 

stabil~tynumber 1S constant and equal to 5.53. 

B. Solutions by Means· of Charts. 

In this part ~f the study the slope stability for .the 

o = 0 soils, with constant shear sttength with dePth 1S 
'. 

discussed by means of the Taylor's and Jai'lbu'scharts. 

Taylor's Charts 

T a y lor (1 94 8) has de vel 0 p e d c h a r .t s g 1 V 1 n g s tab i 1 i t·y 

\ numbers whose solutions are valid only for the simple homoge­

neous finite slope, for cases in~olving n~ ~e~page. 

Taylor p ropo·s e d deve loped's (lea rs t reng th the pa r ame te r s 

Cd and 0d in terms bf c and 0, where Cd' the mobilized 

cohesion and 0 d , the developed friction angle are defined 

respectively as: 

c 
cd = F (2.12) 

0d 
tan 0 

tan = F 
(2.13) 

According to Taylor (1948). the critical circle for 

steep slopes pass~s through the toe of the'slope. This is 

shown by key sketch A in Figure 2.5. In zone B the critical 

,circle is described, by three cases that are shown 1n key. 

sketch B in Fig. 2.5. Fbr small slope angles or small 

'friction angles ~he critical circle may pass below the toe of 
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the slope.,Fora11 ranges ~n which--thTscase holds, sta'bi1ity 

numbers are given in the chart by long"dashed curves. Stabi­

lity numbers for the mo;t dangerou_s circles' passing' through 

the toe are g~ven by solid lines in the chart both when there 

is and when there ~s not a more dangerous circles that passes 

below the toe: For the zero-~' case the critical, circle passes 

:below the toe of the slope with slope inclinition of less 

than ,53 0 
• Theoretically :the critical arc for this case goes 

to an Infinite depth. However in practice, the depth at which 

the rupture occurs ~s usually limited by some strong strata. 

Thus ,the stability nu~ber for the zero-~ case is depen~ent on 

the limiting value of depthi, To represent this conditi~n th~ 

variable used is the ~atio of depth of failti~e mass to height 

of slope; is designated as D ~y Taylor'and is shown in Fig. 

2.6. Fpr various values of D and for zero-~ case the ,chart 1n 

Fig 2.6 supplements Fig 2.5. 

These Charts are Used as' Follows: 

If the inclination angle of the slope, i~ is greater 

," than 53 0
, the critLcal circle passes, through the toe of the 

'-. 

slope with ~he lowest point on the fail~re arc at the toe of 

:the slope; than chart in Fig. 2.5. is used by the appropriate 

slope angl~, i, and the developed friction angle ~d = O. The 

stability number obtained is same as can be obtained by the 

Fellenius toe circle method.~ 

If the inclination angle of ,the slope, ~, is less 

ithan 53 0 the"'chart in Fig. 2".6. can be used by knQwing the 

corresponding depth iactor, D,and the slope angle, ~. These 

'charts are,applicable only tot~e ext~e~ly simple cases. How­

; eve r, man y s lop e/s t hat a p pro x i mat e the s imp 1 e sec t ion and 

that are composed' of more or'less heterogenous soils may be 

subjected to an approximate analysis by ehterring the charts 

with average vatues. 
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For i>S4·use Fig. 2.5' > 
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1/ short dashed lines give n values. 
, 

It _L1 

~~:ZS 
Case B. Use long dashed lines of chart 

2 3 4 
Depth factor D 

- , 
~ig.2.~" Chart of "stability 'number for. the case of zero: 

friction angle and limited depth (after Taylor, 1948). 
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Ja-nb u's Charts 

Janbu (1968) has developed ser1es of charts to calcu­

late the stability number, N, for ~u = 0 andc-~ soiLs. These 

cha'rts are more complicated than the Taylor's charts since 

they tak.e into th.e account th.e effec~ of the surcharge on the 

slope, the effect of submer:gence and seepage, the effect at 
the tension' crack for no hydrostatic pressure and full 

hydrostatic pressure in the crack. 
,I 

The iollowing procedure could, be followed 1n using 

these charts: 

1- The location of the critical circle can be estim~ted 

using judgement. The critical cir~le for slopes flatter than 

53 0 will extend ~s dee~ as possible, and will be tangent to , . 

the 'top o~ some firm layer. The center of: the circle is 

located on a line extending veriically up~aid from the center 
, " 

of the ,slope. The critical circle for slopes steeper than 53 0
, 

. r 

will pass through ~he toe of the slope. 

2- Using the estimated critical ,circle asa guide, the' 
/ 11 II ,--- \ • 

average value of the shear strength c, can be est1mated then 
\ " 

the weighted averag~ of the strengths along th~ fa1lure arc 1S 

cBlculated. An example is shown in Fig 2.7. 

,formul a 

where 

3- The depth factor d, can be ca~culated using the 

D 
d = H (2.14) 

D = Depth f±om the toe to the lowest'point on the slip 

circle 

H Slope height, as illustrated on Fig 2.8,. 

4- Pd could be calculated using the following relation-
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average unit weight of soil 

slope height 

s u rch arge. 

Yw = unit weight of water 

li = depth of water outside' slope 
\0.' ' 

~w = surchage correction factor (Fig 2.9 top) 

(2.15) 

~w = submergence correction factor (Fig 2.9 bottom) 

l-l t ' = tens ion c rae k co rr e C t ion f a c to r ( Fig 2.10) 

5~ Using the chart at top "of fig 2.8 \the ,stability 

: n um be r, N, can bed e t e r min e d a s a fun c t ion 0 f s lop e an g 1 e 

and the value of d. 

6 - The f act 0 r '0 r: s a ~ e t y, ~ s cal c ,u 1 ate d u Sl ~ n g the 

'formu la: 

F = 

Where c ~s average. shear strength determined. 

(2.15 ) 

7- The actual location of th~ critical circle can be 

:determined usi~gthe chart at the botto~ of Fig 2.8~ If this 

critical circle is much different froom the one ,assumed in step' 

1, for the purpose of determini~g the average strength, steps 

'2 through 7 shouldb~ repeated. 

8- If a slope contairis mor~ than one s6il layer, it 

imay be necessary to calculate the fac;tor of safetyfor c1rcles 
i , 

at more than· one dep~h as recomm~nded by Dunca~ and Buchignani i 

.(1975). 

. ) 
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If a soil layer 1 s weaker than the layer ~ b 0 v e ,--t he 

ciritical circle will be tangent to the base of th~ lower 

layer. 

If the reverse is valid; the critical circle may be 

tangent .to the base of either the upper or the lower layer; 

both possibilities should be examined. 

2.3". CHARTS FOR SLOPES WITH STRENGTH INCREASING WITH DEPTH AND ¢=O 
For normally consolid~t~d ~lays the shear strength of 

the soil is not in general c6nstant throughout of the layer, 

and when suCh a problem is tr,ied to be solved a cons tant 

shear strength or linear va~iation of shear s~rength with 
I 

depth should be taken into the account in the stability 

analysis. In this section the calculation of the stability 

number, N, for a variable shear strength case_,' by means 'of 

H un t era n d S c h u s t e r (1 9 6 8) iss how n. The pro c e dU rei s as 

.·fo llows: 

1- Lirie~r strength v~riation with depht which bes~ 

fits the me~sured'strength data 1~ estimated. 

2-The choosen linear variation must be extrapolated 

upward to determine H ,the heigh a. t y,Thich the strength pro­
.0· 

file i~tersects zero' and the value of strength, c b ' at the 

bottom of the slope is d~t~rmi6~d. 

3- The ratio M= HolH is calculated where H = slope 
\ 

:height. , 

4- The stability ntimb~r,N, 1S d~termined from the 

chart 1n the-Fig 2.11. 

5- The factor of.s~fety F 15 then calculated uS1ng the 

.formu1 a: 

'N cb 
F = Y ('H+H ). o _ 

(2.17) 
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iriwh'ich 

y = total unit weight~gf soil 

y = buoyant unit weight for submerged slopes 

y - wei~hted average unit weight for partly submerged 

slopes 

2.4. STABILITY OF SLOPES IN UNIFORM SOILS WITH ~ > 0 

In this seciion the slope stability of s6il~ posseding 

both the c6ose~6n intercept, c, and internal friction angle, 

~ values is discussed by the slope stability charts and the 

procedures by means of which these charts are developed are 

summarized. 
/ 

A. Procedures Used 

Th'e procedures of Friction Circ"le and the logarithmic 

spiral which a,re applicable for such soils are summarized in 

th iss u b sec t ion. 

Friction·Circle Procedure 

.• 
For a circularsheat surface the resultants of the 

normal stre,s'ses (cr) and frictio'nal component of shear res is- -

t~n~e (crt~n~m) where ~m is,mobi~ized friction angle given by 

tan~ 
tan ~~ = F (2.13) 

in which F is the factor of safety which lies tangent to a 

circle 'of radius rsin0', called the friction circle as shown 

in Fig 2.12. Consequently, the su~mation of moments about the 

'center point of the 'circle sho,.m in the figure .will involve 

the no"rm~l stress distri.bution; and, because the unknov.'n 

.number of coeffi~ients required to des~ribe this distrib~tion 

can'tbe evaluated from the three equations of equilibrium, 

the s-olution for the factor of safet.y is injeterminant. To 
':-
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.ach ieve ~;ta t ica 1 de termi nancy in the Fric t ion C ire le pro ce dure . 

'of analysis it is assumed that 'the single resultant (R) of all 

no~mal ~tresses and frictional shea~ resistance~ lies tangent 

to the friction ~ircle. The unknown mag~itude ani locaxion ,of 

,this resultant, and the unkno\m factor of safety may .than be 

determin~d from the three av~ilable equilibrium conditions ( 

.using either graphical or numerical techniques (Wright, 1969). 

The Logarithmic Spiral Procedure 

; 
Although the assumption of a circular shear surface 1S 

insufficient to achieve statical determinancy when ¢ 1S not 

equal to zero, statical determinancy may be a~hieved by 

ass~ming a logarithmi~ ~piral surface of the form: 

etanr/; 
r = re ..rp. 

o 
(2. 18) 

Where r is the radial 'distance, from the center point 

to a point ori the spiral, ris the reference radius;e is 
o 

the an g 1 e bet \v e e ri ran dr, and r/; i s the mob iIi zed f ric t i o'n 
o m 

:angle for the shear sur~ace. Such a surface has the property 

that all the, resultants of the normal stresses Ca) and 

frictional components of shear st~~~gth (otani m) pass through 

'the center point of the spiral and thus their contributions 

to the ~oments are equal ~nd opposite. Consequently the 
,. 

moment equation will onli invol~e the weight force and . 

cohesive resistance of the soil. 

By ~ummation of moments about the center of the spiral, 

the average mobiliied cohesion required for equilibrium may 

:be calculated; however since a value of ¢m ~ust be assumed 
, 

before a shear surface may be def·ined by the above equation, 

ithe mobilized cohe~ion whichiscaiculate~ may be result in a 

different factor .of safety, F~ ~i~4 respect to cohesionihan 

,was assumed in calculating r/; • Thus several trials must be .- m 
.. made until ~ balanced F with respect to a shear strength can 

'be found whi~h satisfies the relation~hip: 
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c 
c 

m 
= tan rf 

tan~m 

B. Solutions By Means of Charts 

(2.19) 

In this part of ,the study the slope stability of the 

uniform soils with r/> > 0, is disc'ussed by means of the Tay­

lor's ·(1948), Janbu's (1968), and l-lright's (1969,) charts. 

1- Taylor's Chart 

The chart 1n Fig. 2.5 developed by Taylor (1948) 

and discussed on section 2.2 is also applicable for c-~ 

soils. According to-Taylor the critical circle for steep 
• I 

5 lop e 5 pas 5 est h r aug h( the toe oft h e s lop e wit h the lowes t 
I 

poin~ on the failure arc at the toe of the slope, as shown by 

key sketch A in Fig 2.5. In zone B the low point" of the 
( 

.critical circle is not at the'toe of the slope, and three 

cases th~t will be con~ide~ed are shown in key sketch B in 

. Fig 2.5. For small slope arigles and for c-r/> soils the critical 
( 

citcle may pass below ~he toe of the slape. For all ranges 1n 

which.this case holds, stability numbers are ~lven in the 

chart by long dashed curves. Stability numbers for the critical 

circle~ passing thro~gh the toe are given by solid l·ines in)the 

char t. 

( 

2- Janbu's Ch~rts 

As for the r/> = ° case Jarrbu (1968) has developed a 

chart for c-~ soils giving the stability ~umber,N, which can 

be used with his pr~vious charts (Fig 2.8 through 2.l0)to 

determine the factor of safety for a givenset\of conditions. 

S'teps for use of JaI?bu/ s Charts are "summarized belo\-.': 

1- The location of the critical' circle 1S estimated. In 

~ g e n er a 1 the c r i tic a 1 c ire 1 epa sse s t h r aug h the" toe oft h e s 1'0 p ~ 

j 
" , 
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and the critical. stability numbers) N f' given as the 
c ~ 

ordinate of the chart in Fig 2.13 have been developed by 

analysing t6e circles. One must be"careful ab~ut the t~o 

" cases stated bilow by Duncan and Buchignami (1975). 

If the soil. conditions are not uniform and there 1S 

a weak layer beneath th~ toe of the slope, a circle passing 
) 

be~eaththe toe may be more critical than a toe circl~. In 

t his cas e the c h art 1 n Fig 2. 8 can b e~ use d pro v ide d t hat the 

values'of "~cIt and "~" used represent the correct values of 

considered circle . 

the 

• A second and more important case 'is to have a ~eak 

l~yer above the toe of th~ slope where a circle passing above 

the toe of .the slope becames\more critical. Similarly- if 
\ 

the~~ is water outside the toe of the slope, a circle passing 

abovethewater may be more critical. When these particular 

circles are analysed theval~e of H is equal to the height 

from the base of the weak layer, or, th'e v.'ater level', to the 

top of the slope. 

2- Using the estimated circle as a guid~, the approxi­

mate aver~ge v,alues of "c" and "~" can be found by calculating 

the weighthed average values of them along the failure arc"as 

illustrated 1n Fig 2.7. 

3- The parameter P
d 

can then~ecalculated as: 

yH + q - Yw H 
w 

'P = 
d '~q~w~t 

(2.20) 

4- The para.meter P 1S calculat.ed froIL : 
e 

yH + q - y., H' 
w 

P 
lJ lJ' lJ e 

q VI t 
(2.21) 

\ 
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H'w = height of water within~lope 

~'w = seepage correction factor (Bottom of Fig 2.9) 

a~d other factors are as defined previou~ly.-

If the, surchage is applied so quickly that there ~s 

not sufficient.time for the soil, to consolidate tinder sur-

chage the ~ollow{ng values should be utilized:q = 
~n Eq 2.21. 

o and ~ q 

5- The di~ensionless parameter \c~ can be calculated 

as: 

= 1 

I. cf/J = 
P e tan~ 

, c 
( 2 . 22) 

For c = 0, ~cf/J = 00, then step 5 ~s skipped. 

6- Using the chart 'at the left in Fig 2.13 the value 

of the stability number, N f,can be determined as a fu~cti6n 
·c 

of slope angle 8 and the value of \ .J.' 
. Clp 

7- The factor of safety F ~s calculated from 

F = N f c for c > 0 
c " P d 

. I 

( 

P . ( 
F'= e b ta~¢ for c = 0 (~ = cot 8) 

P d 

(2,23) 

(2.24) 

8- The actual location of ,the critical ,circle can be 

ietermined by using the chart'on the right side of Fig 2.13. 

The coordinate of. t,he center of the circle ~re X., Y and it .0 a 

is a toe circle, if the case examined differs from the excep-

tions stated below: 

If there ~s a ~eak layer benee.th the toe, the 
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the critical ~ir~le passes tangent to the base of the weak 

layer. 

~c~= 00, than the shallow sliding becomes the criti~ 

cal. failure mechanism. a~described later. 

If the criticalcricle is quite different from the one 

assumed, Steps 2 through 8 must be repeated to obtain the 

average strengths. 

For nonhomogenous slopes, th~ following rul~s recommend-
" 

ed b) Duncan and Buchignani (1975) cotild be followed. 

If a slope contains more than one soil layer, it may 

be necessary ,to'calculate the factor of safety for circles at 

more than one depth. 

If a soil layer'is w~aker than th~ layer ab~ve, the . \ 

C r it i ,c a 1 c ir c 1 e ( toe 0 r dee p c i r c Ie) will ext end in tot he 

lower layer. 

If a soil layer is stronger than the layer above, 

the extention of the critical circle into the lower layer 

depends upon the relative strengths of the layer. Hence both 

possibilities have to be examined. 

Lo'garithmic Spiral Slope Stability'Charts - Wright (1969) 

This met~od assumes the rupture surface to be a loga­

rithmic spiral. No further assumption is req~ired to make the 

prob~em statically determinate, which constitutes the impor­

tant advantage of the method. On the other hand, solutions 

based on spiral surfaces are not as easily handled by grap­

hics or mathematics a~ are those based on circular arc. As in 

the circular arc method, all possible logarithmic spirals, . ' 

passing either th~ough or belo~ t~e toe of the slope, should 

be in~estigated to locate the ~ritical one. The logar~thmic 
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s p ira 1 for i z e r 0 rJ ca s e bee am esc ire 1 e an d g 1. ve s the -'s am ere suI t 

with the circ~lar arc methods. ~hi~ procedure can ~e' easily 

used for calculation of the sta-bility number (N) fo; slopes 
• cf 

in homogeneous soils because regardless of the values, the 

~rocedure fully satisfies all conditions of equilibrium inde­

pendently of any assumptions regarding the normal stress dist­

ribution along the shear surface. The following procedure is 

adopted in using Wirght's Cha-rt. 

where 

1. The slope ratio, co~B, is calculated. 

2. The dimensionless paramet~r, Yc~' is determined from. 

Y' 

H ' . 
rJ 

c 

Unit weight of the 

Slope height 

Internal friction 

Cohesion intercept 

fill 

angle 

YH tan¢ 
c 

(2.25) 

c3.Using the chart in Fig.2.l4, provided by Wri~ht, 

(1969) the'value of th~ stability number is de~ermined for the 

critical log spiral shear surfaces passing throught the to~ of 

the slope. 

4. The factor of safety is then c'alculated as: 

(2.26) 

Wrihgt (1969) has shown that for relatively flat slopes 

with low val~es of AC~ a more critical spiral may be observed 

which cuts the surface beyond the toe of the slope. The stabi­

lity numbers for these most critical surfaces are tabulated 

in Table 2.1. together with the values c~lculated for the 

critical toe cir.cles. From this table it can be noted that 

even the differe~ce in stability numbers of the most critical 

5 u r f a c~e 5 is I e's 5 ,t h an 1-1/2 %. for s tee per s lop e s wit h hi g h 
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If Ac~ is zero)~ = O~it can be th~oretically shown 

that the critical shear surface for slopes flatter th~n 53 6 
F 

will extend infinitely deep and have a stability number of 

5.53 as indicated by the dashed line in Fig. 2.14. But ~n 

practice,the critical shear surface can't extend infinitely 

" . deep by the presence of some probable harder layer. and thus 

the actual stability number will iiesomewhere between the 

values for an .infinitely deep surface and one passing through 

the toe. If the spirals can't extend below the toe elevation 

which'is ~n contradiction wit~theassumption of Fig~ 2;14 

which, stayes that toe spirals can extend as deeply as neces­

sa~Yi the stability numbers may be considerably higher a~ can 

be seen in Fig 2.l5~ For fl~t slopes havi~g low values of ~c~ 

the critical surfaces intersect the slope above the toe. For 

steeper ilopes h~ving higher values of Ac~' the critical 

spirals pass through the toe of the slope; whence as a conc-

1 us ion, t h e.s tab iIi t y n u m be r val u e son a rig i d bas e, g i v e n by 

the ch~rt in Fig. 2.i6. corre~~ond .to th~ ones by the chart given 
\ 

~n Fig. 2.14. for critical toe circles. 

2.5. STABILITY CHARTS FOR ANALYSIS WITH PORE PRESSURE 

The Stability charts presented so far were obtained 

for total stress parameters. The ~o~~ pressure parameter, 
I 

for effective stress analysis, is defined as: 

r , 
u 

r 
u 

u 
= YH (2.27) 

where: 

H 

u 

y 

depth corresponding tn pore pressure 

pore pressure 

total ~n~t weight of soil .. 

.The use of charts giving the stability rtumber for non 

zero pore pressure ca~e ~re evaluated·b~low. For this purpose 

Janbu's approximate procedure, Bishop and Morgenstern's abd 
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Lowe and Karafiath's procedures are'discussed. 

A. Janbu's Approximate Procedure 

Janbu (1967) has suggested an approximate procedure by 

which the charts in Fig. 2.13 may be ~sed for'analyses with 

pore pressures. By Janbu's procedure a modified parameter, 

~l~is calculated from the relationship, 
c~ -

A' = A .J (l-r ) 
cr/J c~ u 

(2.28) 

The value of A~r/J is then used to obtain the stability 

number from a chart for zero pore pressure, such as shown in 
-

Fig.2.l3. In determining the stability number from this chart, 

the value of A~r/J is used as if it were equivalent. to AC</" 

Although Janbu (1967) has sh?wn that for many slopis this 

procedure is acceptably accurate, a significant overestimate 

in thef~ctoi of safety may r~sult from the use of this 

approac9 for some cases. 

~o investigate the magnitude of the overestimate in 

the fa c tor 0 f s a f e t y by Jan b u 's a p pro a c h ,_ s tab i 1 i t y n u m b e r s/ 

f6r various A'.J values corresponding to,r = 0 and r = O,h - c~ - u u _ -
are calculated by Wright (1969) using Lowe and Karafiath pro-

cedure. 

It is observed from ~ig.2.l7 that the curves repre­

senting the stability numbers corresponding to a value of 

r, = 0,6 lie considerablY below the curves for no pore pres-
u 

sures. Similar relationships, are also shown by Wright (1969) using 

Modified Bishop's and Spencer's (1967) procedures of analysis 

as shown in Fi~. 2.l8~ As a su~mary according to Wright (1969) 
. \ 

the values of factor of safety calculatedus1ng more accurate 

proce~ures are in some cases less than 80 % of the values 

~alculated by Janbu's approximate approach as seen in Fig. 

2.19. 

i 
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Although the use of .modified st~bility numbers will 

o v ere s tim a t e J the fa c tor 0 f s a f e t y a g a ins t the s tab i Ii t y by 

any given procedure of analysis, if the technique is employed 

with the Ordinar~ Method of Slices, then the overestimates 

may tend to compensate, in part, for the errors associated 

with the Ordinary Method of Slices procedure. 

B. Bishop and_Morgenstern's Procedure 

Bish6p ~nd Morgenstern (1960) have shown that the pre­

sentation of stability charts for analyses with pore p~essures 

is considerably simplified by the observed linear relation­

ship between the factor of safety and the value of pore 

pressure coefficient r as shown in Fig.2.20. 
u 

The stability charts presente~ by Bishop and Morgens­

tern require the determination of the two dimensionless para­

meters, "m" and "n" from which the factor of safety is calcu­

lated using the relationship 

F = m-nr 
u 

(2.29) 

The dimensionless parameters are determined from the 

Fig. 2.21 trough 2.23. when the c'/yH., D and slope ratio 

values are known. 

Whe·re: 

c' cohesion in~ercept 1n terms of effective stress 

yHoverburden pressure 

D and slope ra~~?, are defined in ~i~. 2.20. 

When .the charts in Fig. 2.21 thrpugh 2.23 are used, if 

the calculated r value is found to be less than pore pres-
u~ 

sure parameter r , chart with a next D value higher than 
u 

before is read again. 

Similarly, Wright (1969) has demonstrated that the 

linearity in ~tability number exists in all procedures of 
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"- ) 
slope analysis, as shown in Fig 2.24. Th_e .only exception to 

linearity 'oc:curs for high ·values of ru and steep slopes 

analyzed' by the Ordinary Method of Slices procedure. 7he 

deviation from a straigth line is the result of setting nega­

tive normal stresses equal to zero during the procedure. 

C. Lowe and Karafiath's Procedure 

By making use of ihe linearity between the factor of 

safety and the pdie pressure coefficient (r ) by Lowe· and u . 
K a r a f i at h 's (1960) pro c e d u r e, W rig h t (1969) has' de vel 0 p e d a 

'-chart for effective stress analyses, which is illustrated 1n 

Fig. 2.25. The following steps are utilized in the procedure: 

1. For a given slope ratio and,Ac~ value one can e~ter 

to the chart from left and right to calculate the st~bility 

number corresponding to values ofr = 0.0 and r = 1.0. 
u u 

2. A straighth line is drawn on the center portion of 

the chart connecting the values of the stability numbers 

corresponding to prire pre~sure values of zero and one. 

3. The stability number (Ncf ) corresponding to the 

desired r value is the ordinate of the intersection of the 
u 

sttaight line with the line y = r . u 

An example illustrated on the chart finds Ncf = 43 for 

a given slope ~atio of 2.5:l,Ac~ = 20 and ru = 0,4. , 

Such a chart 1S useful to calculate the factor of 

safety easily but it is rather preferable to be used with 

other charts giving th~ location of the center of the critical 

c i r c 1 e s for the t; e a son 0 f c h e.cYi n g the as,s um p t i 2 n sin the 

analyses, because the chart is developpedusing a prcicedure 

to analys~ the critical toe circles. 

I 

I 
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2.6. SLOPES iN COHESIONLESS MATERIALS (c~O soils) 

. Slopes ~n/ cohesionless materials, where the critical 
, 

failure mechanism is shallow-sliding or surface ravel~ing and 

slopes i~ res1dual soils, where a relatively thin layer of 

soil overlies soil or rock, the' critical failure mechanism of 

'which sliding along a plane parallel to the slope, at the 

top of ~he firm layer ~an beJanalysed accurately using the 

chart~ given by Duncan and Buchignan (1975~ which are based 

on infinite slope analyses. 

Analysis can be done by us.ing the effective stress 

-parameters or by tdial stress parameters. 

A. Effe~tive 'Stress Analysis 

Steps for use o£ ~he c~art for effective stress 

analysis c6uld be given as follows: 

1- The pore pressure ratio, r 
u 

could be d~termined 

from: 

where 

u = pore pressure 

r 
u 

y = total unit weight 

u 
= yH 

H = depth corresponding to pore pressure u. 

(2.27) 

For special seepage conditions pore pressure ratio, r u ' 

,could be calculated: 

a) For seepage parallel to slope it is given by: 

r 
u 

x Yw 2, = cos b 
, T(I: 

. (2.30) 
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b) For seepage emerging from slope it 1S given by: 

r 
u 

Yw 1 
= -y 1 + tan/3tane 

Referring to Fig. 2.26: 

f3: -S lop e an g 1 e 

(2.31) 

- e:"Angle between the direction of seepage and horizon­
tal 

X: distance from the depth of sliding to the surface 

of seepage, measured normal to the surface of the 

slope 

T: distance from the depth of sliding to the surface 

of the s~ope, measured normal to the surface of the 

slope and the other factors are as defined previ~ 

ously. 

2~ The values of ~he dimensioriless parameters A and B 

could be determined from the charts provided in Fig. 2.26. 

Where 

3- The fa~tor of safety F is given by: 

= tan~' + Be' 
F A tan/3 yH (2.32) 

~'. = angle of internal"friction in terml5 of effective 
stress 

c' = cohesion intercept in terms of effective stress 

H = depth of sliding mass measured vertically 

B. Total Stress Analysis 
) 

Steps fo~ us~ of charts for total stress analyses 

could be summarized as follo"'T s: 

1- The value of parameter B, could bedetermined 

From Fig.2.26. 
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2- The~ fa~t6r of safety 1S 

using: 

then calculated 
" 

c 
B yH (2.33) 

r/J = a p g leo fin t ern a 1 f ri c t ion 1 n t e TInS 0 f tot a 1 s t res s 

c= cohesion intercept 1n terms of ' total stress, and 

other ~actorsare as defined pr~viously. 

-

I 

j 

'j 

./ 
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3. THE MECHANICS AND EQUILIBRIUM METHODS OF DETAILED 
STAB ILl TYANALYS IS 

3.1. INTRODUCTION 

The, procedures of analysis which have been previously 

described in Chapter 2 are similar in that they consider only 

the equilibrium of soil mass bounded, by the shear, and slope 

surfaces. In contrast to these procedures, many other 

techniques of analY$is have been developed in which the soil 

mass is divided vertically into 'a number of slices and are 

kno,wn as procedures, of slices. The ~olutions of these proce­

dures require some assumptions, de~ailed hana calcu~~tions 

or use of computer, but they have the advantage to solve, the 

~lope stability problem for all types of soils and complicated 

soil profiles. 

In this c!:apter the proced'ure,s of slices namely the 

procedures of slices satisfying the mom,ent e,quilibrium 

(Ordinary Hethod of slices, Bishop's Procedure., Bishop's 

Modified procedure, Spericer's procedure~ Morgenstern and 
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~rice's ~~ocedure) and the procedtires ofJslices satisfying 

the force equilibrium (Lowe and 'Karafiat~'s proc~dure, Corps 

of Engineers' WeagL Analysis,Janbu's Generalized procedure of 

Sl,fces and Janbu's Simplified procedure) .are discussed, and 
. . 

some of the procedures stayed above are used 1n the, analyses 

of the previous and the forthcomirig chapters. 

3.2. PROCEDURES OF SLicES SATiSFyiNG' MOMENT ~QUlLlBRtUM 

The procedures of analysis described onCh.apter 2 are 

s i mil a r in t hat the y co n sid e ron 1 y the e qui 1 i b r i urn 0 f s 0 i 1 . 

mass bounded by the shear and slope surfac~s. In contrast to 

these procedures, many other techniques of atta1ysis have been 

~eveloped in which the soil wass is divided into a number of 

slices, as sho,vu in Fig.3.1. Each of these slices is' acted on 

by th..eforces shown ,in Fig.3.2 and consequently if the s'~ice 

is assumed to be in complete eq'ui1ibrium,these ,forces must 

satisfy the. three conditions of equilibrium for each slice. 

The system of equations and unknowns associated with complete 

equilibrium of the entire soil'mass in terms of lin" slices is 

'summarize~in Table 3.1. 

Frbm Table 3.1 it may be noted that there are 5n~2 

unkho~ns ,which must be determined in order to satisfy 

equilibrium for the n slices. However, because the~e'ate 

only 3n eq ua tions 0 f slice eq ui1 ib r ium the eq ua t ions and 

unknowns in Table 3.1 are indeterminantexcept when only one 

sl'ices is 
" , 

used. Conseque~.t,ly, the 'use of slices does not 

eliminate the statical indeterminancyof the soil m~ss which 

h~s been previously described with regard,to procedures 

without slices. 

A. ~oment Equilibrium of a Circular Shear Surface 

The unknown normal force locations on the base of each , 
slice may be co!~veniently eliminated from the' equation of 
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overall moment ~quilibrium by considering a circular shear 

surface. 'For such a surface the equation of overall moment 

equilib~~~m may be written as: 

nn 
E Wrsina - E S6lr o ( 3.1 ) 
1 1 

.\"he r.e: 

W: Weight of an individual slice 

r: radius of the circle 

Ct.: base slope of the slice 

s: shear strength 

61: length of the base of a particular slice 

Knowing that 

Where 

S = c' + (a-u) tan~' 

a: normal stress ~hat act on the soiY mass 

u: pore pressure an the failure surface 

( 3.2 ) 

. c' and ~' are correspondi~g effective shear strength 

parameters. 

By substituting the expres·sion for s g~ver: by Eq(3.2) 

into Eq(3~l), the fact;or of safety may be ex·pressed as, 

Hhere 

n 
E ct·6l+(N-u6l)tan~' 
1 

F = n 
E W s~na 
1 

( 3. 3) 

N: Normal force acting on the base of the slice, and 

c', 6' ,N, Wand a corrospond to the same s_lice. 
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TABLE 3.1 

~ Equations and Unknowns Associated With Complete Slice Equilibrium 

Eq ua,t ions 

n 

n 

n 

3n 

Unkno\-lns 

1 

n 

n 

n.:.l 

n-l 

5n-2 

Moment equilibrium equations for each slice ~ 

Vertical force equilibrium equations for each. slice 

Horizontal force equilibrium equations for each slice 

Total Equations 
.-'; 

Factor of safety 

Normal forces on the base of each slice,~Nj 

Locati~ns of the normal forces on the base 6f 

each slice 

Interslice normalforces(E) 

or 
Interslice shear forces(X) 

I '\. 

n-l Resultant interslice 
forces(Z) 

n-l Inclinations of 
res ul tan t in te rs 1 ice 
forces(S) 

Locations o~interslice forces (Yt)-(line of 
thrus t) 

Total unknowns 

. "', 
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In ,formulating this expression for the factor of· safety' 

it was assumed that the normal:,~orces, N~, and the weight for­

ces~ W, acted through a point a,tthe c;enter of the base of 
- -

each slice. This assumption reduces the number of unknowns 

in Table 3.1 to 4n-2, the remaining unknowns are still 

s~atically indeterminant from the 3n equilibrium conditions; 

thus, the factor of safety cannot be calculated from Eq.3.3 

without further assumptions. 

B. The Ordinary Method of Slices 

The most commonly employed assumptions in the procedures 

of slices are associated with the interslice forces. The 

simplest assumption that can be made with regard to these 

force is: that. they are zero. By making such an assumption the 

normal forces shown in Fig.3.3 may be determined by resolving 

forces normal to the base of each slice; thus 

N = Wcosa (3. 4) 

However, by making such an assumption the last 3n-3 

unknowns in Table 3.1 are eliminated, arid consequently, the 

system of equations and unknowns is highly overdetermined. As 

a result, the above equation for normal forces, N, does n6t 

necessarily satisfy equilibrium in any consistent direction 

except for the case of a plane shear surfac~; nevertheless, 

this expression does provide a convenient means of calculating __ 

the normal forces necessary to evaluate the factor of safety, , 

By substitutlng the expression, for N given by Eq. 3.4 

,into Eq.3.3 the follOl,Ting expression for the factor of safety 

may be written 

F = 

n 
E c~l + (W~osa-u~l)tan~ 
1 

n 
I \.;rs ina 
1 

(3.5) 
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Fig.3.3. Forces acting on a typical slice with no side forc~s 
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-This e'quation isthewell-::known exp:ression for the 

factorbf safety of a circulin shear surfaice by the Ordinary 

Method of Slices. ( . 

l'he assumption resulting in the expression used for 

the normal force, N, was first proposed by Fe11enius in 1927, 

and_ thus the Ordinary Methodof.Slices is sometimes referred 

to as Fellenius'Method. This proced~re provides a direct 

means of ~alculating the factor of safety from the equation 

of overall moment equilibrium; however, neither force nor 

moment equilibrium is satisfied for-the individual slices. 

Regardless of the inaccuracies in the Ordinary Method of 
--

Slices, th.is procedure offers ~evera1 distinct advantages over 

the methQds which have bee-n discussed in chapter two. The 

Ordinary Method ofSiices is the only. procedure that may be 

used_to analyze inhomogeneous soil profiles with non-uni"form 

values of ~. Furthermore the factor of safety for a selected 

shear s~rface may be computed directly without necessity for 

the tri~l and. e~ror solutions required by the Friction Circle 

and1~garithmic Spiral procedures. 

·C. The Role of Side. Forces 

One of the mos,t important advantages of., the procedures 

·of slices is the opportun~ty which these procedures provide 

for jUdging the reasonableness of a solution fr6m the side 

forces. If·the distribution of the side' forces and thei.r 

location represent'a re~0~ab1e distribution of stresses within 

.the soil mass, then ,the resulting distribution of stres'ses along 

-.the ~hear~urf~ce is usually reasonable also.In contrast to 

this approach,prQcedures, such as Bell~s (1968), which consider 

only thes tress·es along the shear surfaces, require that the 

reasonableness of thi solution be judged directly from the 

normal stress distribution. 

In the pr0geduresof slices it has been sho~n that the 

neglect of the influence of. side forces le~ds to an unreason-

,r- ., _ - • 



- 66-

able normal stress distribution, and thus; to an incorrect 

value for the factor of safety.'Ho~\Tever, in order to mo're~ 

correctly determine the influence of side forces it is necessary 

to satisfy the 3n conditions of slice equilibrium more 

comp1e.telythan was done in the Ordinary Hethod of Slices 

procedure. 

D~ Early Graphical Proc~dures 

) 

A number of graphical solutions such as Petterson's 

procedure (1955), Fe11enius' Graphical procedufe (1936), 
'. 

Raedsche1der's' proce~ure (1948) have been presented which 

satisfy all conditions of equilibrium. Although there are 

some differences among these procedures with regard to the 

assumptions made to achieve-statical determinancy, they all 

fully satisfy the 2n conditions of force equilibrium by the 

closure of ,the force polygon for each slice, and the n 

conditions of moment equilibrium are satisfied by line 

polygons. While any of these procedures might gl.ye an 

acceptable solution for the factor of safety, the relative 

complexity of obtaining a complete solution by gl:aphical trial 

and error has limited their use. 

E. Numerical Formulation of Slice Equilibrium 

A number of numerical procedures of stability' 

analyses, which are very similar to the graphical te~hniques, 

have been developed. Because of their increased simplicity 

and ad~ptability -to computer solution, these numerical' 

procedures have gained a wider acceptance than the graphical . . 
techniques. For the.purpose of examining these various 

numerical solutions-.it is convenient to consider the three. 

equation o'f'equi1ibrium for an individual slice such as 

shown in Fig.3.4. 

.1 

I 
I 
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Fig.3.4. Forces and locations involved 1n the equilibrium of 
an individual slice. 
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equations as well as thE{ moment equilibrium equation for every 

slice is a necessary and sufficient condition .for complete 

equilibrium. In the absence of any exter~al lo'ads on the slope 
I 

the boundary conditions which the solution to these three 

set s 0 f e qua t ion s m us t sat is f y ma y . bee xp res sed as: 

1::(X.-X. 1) = 0 (3.11) J . J-

1::(E.-E·
1

) :: 0 , (3.12) J J-

EH. :: 0 (3.13) J 

An .alternate way of stating these same requirements ~s 

that theside forces and moments on the extreme ends of the 

shear surface are zero. In other words;, 

x :: X = o. (3.14) 0 n 

Eo = E '- 0 (3.15) n " 

Ho - H ' = 0 (3.16) n 

For this reason the unknown forces ?cting on the sides 

of the slices are not n t 1 corresponding to the total number 

of slices but rather are n-l corresponding to the number of 

boundaries between slices. 
L 

All procedures of slices assume that Sand N are 

related by the Hohr - Coulomb strength criterion and a 

constant factor'of safety expressed as, 

S :: 1 Cc'lI1 + (N-ulll)ta-n~'] 
F .. 

(3.17) 

By employing this expressioh foi the shear force, s, 

on ~he base of ~a~hs1ice, this force is reduced from an 

independent unknown to a dependent quantity defined 1n terms 

of the unknowns F and N. 
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It .1S interest~ng to note the similarity between Eq • 

. (3.9) and the expression for the normal forces which is' 

employed in the Ordinary Method of Slices. Bishop (1955) has 

.shown that these two expressions inVOlving' the normal forces 

are ide~tical if the resultant of all side forces acts parallel 

to the base of each slice. Thus, _the Ord:inary- Hethod of Slices 

assumption of no interslice Jorces is equivalent to assuming 

thattheir resultant is paraUel t~ the base, however, the 

m~gnitude of this resultant· cannot be calculated without 

additionally satisfying mome'rit equil'ibrium., 

F. Solution of Slice Equilibrium Equations 

As explained-previously, in orde,r to acheive statical 

de t e r min an c y the 5 n - 2 un k now n s . m us t b ere d u c edt 0 3 n. by m a kin g 

20-2 assumptions. The .most commonly employed assumption 1.S 

that the location of the normal forces on the base of each 

slice is kno\m. This force is usually assumed to be located 

at the center of the base ~r the point at which the weight 

force intersec'ts the base. However, even with this assumption, 

n-2 assump'tions still must be made before statical deter~inancy 

is achieved. The nature of these additional assumptions varies 

from procedures to procedure and for this-reason it is 

appr~pr-iate to consider the specific techniqu'es for solution 

on an individual basis. 

Rishop's Procedure 

In 1955 Bishop presented a procedure for slope analysis 

which satisfies the 3n.conditions of static equilibrium. 

Nonveiller (1965) has shown that Bishop's approach may also 
r 

be ~pplied to a surface of any shspe. 

Bishop assumed that the normal and weight forces act 

through a point on the center of the base'of each slice, and 

thus, the moment equation for a circular -surface is expressed 

as , 
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Wr sinn - ESr = 0 (3.18) 

or, 

(3.19) 

In addition, by com:bining the shear strength expression 

-with Eq. (3.6) and eliminating the unknown force, the equation 

of vertical force equilibrium may be· written as, 

S = -Fl {c'llx+[W-(X.-X. l)-ullx'J tanM k 
. J 'J- a 

inwh ich 

k = C', 
. s e cci 

1+ tanCXtan~ 
, F 

By substituting this expression into the overall 

momen.t equation Eq. (3.19) the .factor of safety may be 

e xp res sed as: 

F .... L{c'llx+[W-(Xj-Xj-l)-ullxJtan~O ko. 
tws ina 

(3.20) 

(3.21) 

( 3. 22) 

The values of the interslice shear forces (Xj) in this 

equation must also satisfy the boundary condition: 

E(X.-X. 1) = 0 
J J-

(3.11) 

A solution toEq. (3.22), however, is not necessarily 

a solution satisfying all conditions of equilibrium. In order 

to ass u res a tis fa c t ion 0 f co mp 1 e tee qui 1 i b r i u II; i tis ne ce s s a ry , 

in addition, to satisfy force equilibrium in a direction 

othe,r than ver~ical. For this purpose, Bis~op chose to c6nsider 

equilibrium in a direction pa~a11e1 to the base of each slice 

which may be expressed from Eq. (3.1.0) as, 
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(E.-E. 1). =' [H-(X-:-X. l)J tanCl.-SsecCi. 
J J- J J-

(3.23) 

Summing this equation for all slices and introducing 

the boundary condition that the sum of the E forces for all 

. slices must be zero yields, 

(3.24) 

If the values of ,th,e X forces satisfy Eq.3.24, t!len the 

implied.E forces will satisfy their boundary condition and the 

system will be in horizontal as well as in 'ver,tical equilibrium. 

If Eq .• (3.24). is not satisfied a new set of values of X must be 

assumed until one is found which s.atisfies both Eqs.3.22 and 

3.24. 

Even. thongh these two equations may be satisfied, their 

particular solution may n6t ~e resonable. Sofar the n moment 

e qui lib r i u m e qua t ion s for in d i v i d u a 1 s 1 ice h a ve not bee n . 

~onsidered; however, since the overall moment equilibrium 

equation which has been employed makes one of these equations 

redundant, ~I1.ly n-:-l independent equations remain to·be 

satisfied. lfrom these equations the n-l unknoHn coordinates for 
\ ' 

(Yt), which define the locations of the side forces, ma7 be 

calculated. Even though it is not necessary to solve these 

remaining equations to find' a solution for the factor)of safety 
, 

which satisfies all conditions of equili'prium, the reasonableness 

of the solution may be judged from the position of (Yt). If 

.an unreasonable (Yt) is calc'ulatedfrom those equations, it 

is necessary to find another of infinite num~er of possible 

solutions to Eqs 3.22 and 3:24 bay assuming new sets of.values 

fo r X. 

Bisho~ts Modified Pr6cedure 

The simplest solution satisfyingEq. (3.22) 1S obtained 

,by assuming that there are nQ inters lice shear forces (X=O). 
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For thi~ assumption the boundary condition (Eq.3.ll) 1S 

satisf~ed and Eq.(3.22) may'be solved for ~h~ single unknown 

factor of safety. Although the normal forces (~) need not be 

evaluated to calculate the factorrif safety, they may be 

determined£rom Eq~(3.6) and (~.l7). The assumptjon that 

there are no interslice She~r forc~s was made by Bishop to 

stmplify.the solution and iscommonly referred to as the 

Modified Bishop. pro~edure. The balance 6f equations and 

unknowns which are involved in 'the -solution by this procedure 

are: 

Equations 

1 

n 

n+l, 

Unknowns 

1 

n 

n+l 

Overal:l moment equilibrium equation 

Vertical f6rce equilibrium equation 

~or individual. slices 

Total equations 

Factor 6f safet~ 

Normal forces on the base of each ilice 

.To ta l, unknowns. 

In general the assumption that X=O will not result i6 a 

solution satisfying complete equilibrium and having a resonable . \ 

J(Yt). Therefore, the. solutions satisfying complete equilibrium 

will generally, have non-zero values for X and give a somev.'hat 

different value for the factor of safety than the v?lue 

calculated by Bishop's Modified procedure. 

Spenter's Procedure 

Spencer (1-967) has presented a procedure for satisfying 

complete slice equilibrium for ~ circular shear surface • . , 

Assuming. that the normal forces were located at the center of 

the base oL each slice, Spencer achieved statical 'determinancy 

with .the additional assumption that all side forces (Z) are 

narallel. 
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the locations of the normal forces on the base of" each slice 

are thus fixed; how~ver, their ~xaet ~oc~tions may only be 

determined once the nece_~_sary equilibrium solution is found 

.- for the differential moment equilibrium equation may be: 

express.ed from Eq. (3.8) as 

- X 
.dy t dE 

= E - +h t d x dx (3.26) 

3.3. PROCEDURES OF SLicES SATISFYt~G FORCE EQUiLIBRIuM 

The procedures of slic.es which fully satisfy the three 

conditions of equilibrium are usually lengthy and not 

amenable to hand calculation. If instead only the requirements 

of force equilibrium are considered, procedures may be developed 

which are suitable for hand calculation; however,c/the 

inaccur~cies introducedbYlthe improper side fo.rce assu~prions, 

and their resulting normal stre~s distributions; will be 

reflected to a greater degree in the force e-quilibrium 

equations" than -.in the equ~tions of moment equilibrium. For 

example, the Ordinary Method of Slices a~sumption for normal' 

stress' involves no error· in the factor of safety for ~ = 0 

-pr~viding that overall moment equilibrium is satisfied; 

however, the fa~tor of saf~ty calculated from a force 

equilibriu·m "solution using .the same normal stress assumption· 

would be somewhat 1n error. 

By considering only the requiremen-ts of force equilibrium, 

it becames ~nnece;s~ry to dete~mine the locations of any of 

the forces on the s·ides and bases of the slices; thus, the 
) .. 

mathematical formula~ions are considerably simplified, par-

ticularly for a_non-circular shear surface. The equations and 

unknowns involved in these formulations f~r force eq~ilibrium 

are given in Table 3.2.' In order to obtain a solution 

satisfying force equilibrium t~e assumptions mad~ most 

frequently relate to either the interslice shear forces (X) 

or the side force inclinati6ns(S). 
/ 

. I 
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·TABLE 3.2 

Equations and Unknowns Associated With Force ~quilibrium For 
Each Slice 

Equations 

,n 

n 

2n 

Unknowns 

1 

n 

n-l 

n-l 

3n-l 

Vertical force equilibrium equations for 

individual slices 

Hori~ontal force ~quilibrium equations for 

individual sJ.ices. 

To'tal equations 

Fa c tor a f s a f'e t y . e F ) 

Normal forc'es on the base of each ·slice(N) 

Intersli~e normal 
forces (E)' or 

Interslice shear 
forces eX) 

Total unknowns. 

n-l Resul tan t inters lice 
forces eZ) 

n-l Inclin~tions of resultant 
interslice forces(B) 
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A. S ide Force As sump t ions .. 

Use of the Moment Equation 

Although moment equilibrium is not necessarily satisfied 

.bythe side force assumption~ us~d in a force eq~ilibrium 

solution, if the side force assumptions correspond to the 

( general characteristics of the side forces satisfying moment 

equilibrium, then thos~ assu~ptions will lead to a more 

accurate procedure for analysis than a procedure which 

employs totally arbitrary.side force assumptions. The general 

characteristics of side forces which satisfy moment equilibrium 

may be determined by studying the differential moment equation 

(Eq.3.26) for an individual sli~e. 

The implications of this equati~n may be more readily 

determined if it is written in terms of the side force 

'inclination (tanS) as, 

From 

terms on the 

side forces 

tanS 

th is equation 

~ dE 
E dx 

it may be noted that if 

right hand side are cO,f oppos ite sign, 

will be somewhat less steeply inclined 

(3.27) 

the two 

then the 
, 

than the 

line ~f thrust. For a typi~al line of thrust and distrib~tion 

of Eforces such as shown in Fig.3.5 it may b·e noted that 

these two terms are of opposite sign along most of the uppe~ 

half of the length -of the "shear ~urface; thus along this 

portion of the shear surface the side forces are flatt~r than 

the 1 ine of thrus t. 

Lowe and Ki:nafiath's Assumption 

Lowe and Karafiath (1960) hav~ suggested that the 

ihclination of th~ side forces ~ay be resonably as~umed to be 

equal to the average inclinations· of the shear surface and 
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, 

s.lope_face. This assumption is equivalent to assuming that 

the side forces are parallel to an imaginary tangent line 

drawn at midheight through each interslice boundary. In 
, 

general. the line of. thrust will be' somewhat --below this 

midheight line as illustrated ;inFig.3.6 and therefore it may 

be noted ~hat this midheig~t line is somewhat flatter than 

the line of thrust above· the cente~ of t~e shear surface and 

somewhat steeper than theline,of thrust along much of the 

lower portion of -the shear. surface. Thus, it may also be noted 

that the. inclination of the side force.s,~ wh'ichare assumed 

tangent- to the midheigh't line, will have the same characte­

ristics as those side forces satisfying'moment equilibrium. 

Although the side force a~sumption suggested by Lowe and 

Karafiath cannot be directly verified from the moment equation, 

it ~p~ears that the assumpti6n is atl~ast qualitatively 

correct over a major portion of the slope. 

Side ~orces~Parallel to the Line ~f Thrust 

One special condition 6f some interest is that in 

which the side forces are assumed to act in a direction 

parallel to the iine of thrust, so that the slope of the side 

forces would be equal to the stope of the line' of thrust. If 

this as~umption satisfied< moment equilibrium the second term 

in the moment equation (Eg.3.26) must be zero; thus, 
.' 

h t dE::: 0 
E ',dx 

(3.28) 

. '., 1 dE . 1 t However, because 1ngenera dx 1S not equa 0 zero, 

Eq.(3.28) will o/e satisfied only if the' line of thrllst i§ 

coincident with the shear surface (h"t ::: 0). Thus, if moment 

equilibrium is' satisf·ied, the .assumption that the side forces 

are parallel to the 1ine of thrust implies that the line of 

thrust is coincident with the shear surface. Although a force 

equilibrium solution, based on the.assum~tion that the side 

fa r c e s we rep a raIL e 1 to a 1 in e of· t h r us t c a in c ide n t with the 

/ 
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shear surface, would satisfy-moment equil-ibrium,such a 

completely-- unreasonable line of thrust might lead to a large 

inaccuracies in the factor of safety. 

B. Lowe and Karafiath's Proced~re· 

Lowe and Karafiath (1960) have presented a relatively 

simple procedure for obtaining a force equilibrium solution. 

As previously explained, they assumed that -the side forces 
. .. ' / 

act at the, average l.ncll.natl.on of the shear and slope -surfaces; 

thus eliminating the n-l unknowns relating to side force I 

inclination and making the·system of 2n equations statically 

determinant. 

A solution by this procedure is 'commonly obtained 

graphically by first assuming a factor of safety and drawing 

the force polygons 'from slice to slice asillustrated in Fig. 

(3.7). If the polygon for the last slice falls to close, then 

a new factor of saf~ty is assumed and the procedure 1S 

repeated until the closure is. obtained. A.numerical technique 

similar to the grapKlcal ~rocedure has also been developed. 

C. Corps of Engine€rs' Wedge Analysis 

A particular force _equilibrium solution l.S usedby the 

U.S.Army Corps of Engineer~ employing only three slices: an 

active and passive wedge and a central biock; as illustraded 

in Fig.3.8. The inclinations which are assumed for the side 
.' 

forces vary from parallel ~o the slope to horizontal. The 

particular values for thes~ iricliriations are determined by . 
the position of the sliding blocks with respect to th~ slope 

and are discussed in' detail in the U.S.Army Corps of ,Engineers 

Stability Manual t1968). On~e the side force inclinations are 

as·s u m e d • a s 0 lu' t ion . is 0 b t a in e d b y the sam e t e c h n i que sus e d 

in the general force equilib-rium procedure previously described. 

r, 



J_ 82-

11 
/~ /.' 

! . I / .,~ L~ -.~ i 
I ' .'. 

I . , I ~
.-I 

" i ' . i 
/ -I t 

I~ ITt / I 1\'" 
~- I c -
'-" ~' 

7· 
"-- ~ 

- Fig. 3.7. force equili~rium poly~ons. 



til 

> 

I 

- 83-

.I 

" 

~ 

\ 
-1 

r 

I 

co 
_0 



- 84-

D. Janbu' 5 Generalized Procedure of ,Slices 

An express ion for the factor of safety based on the 

requirements of~~force equilibrium for/each slice may be 

obtained by using the following ,equations of vertical force' 

.equilibrium and force equilibrium parallel to the base.of 
-

each slice which have been stated previously as 

(3.20) 

and 

(3.24) 

As previously explained 'the horizontal force equilibriU:m 

'bo'undary condition[(l:(Ej-Ej_l) = OJ is satisfied by the 

formulation of Eq. (3.24). These two equations of ·force 

eq'ui'librium were combined by Janbu (1955) to' obtain the 

following expression for the factor of safety: 

l:{ctb.x 
F = 

[ w-('X.,:':''':X.~· ) ub.x] tan~l} 
, J' ]-1 

(3.29) 

This equation satisfies all conditions of force 

eq~ili~rium ~roviding that the values of these forces, X, 

satisfy the boundary ~~ndition: 

.. (X.-X. ) = 0 
J J-l 

(3.11) 

Janbu (1957, 19~8) has ihown that values of the 

vertical side forces for use in force equilibrium solutions 

may be obtained by .systematic use of the requiJ;ements of 

moment equ-ilibrium. These vertical for,cesmay be expres'sed by 

the moment equation as: 

X = ( 3. 26) 



Th us, if the val ue s 0 f y tar e ass u me d, the for c e s, X, 

are given by Eq.3.26 as a function of E alone. However, 

although satisfaction of either this differential moment 

equation .on the moment equation: for a finite s lice CEq. 3. 8) 

is desir~ble, this cann~~ b~ done i~ a straight forward manner 

if the n-l ~alues of Yt ar~ assumed. The solution of these 

equations are long and difficult as cati be seen from the 

equations .and unknowns given in Table 3.1. .. 
Janbu's Approach 

Janbu (1957,,1968) has presented a more logical 

'procedure for using the conditions of moment equilibrium to 

estimate values of ~h~ v~rticalside for~es, X.A solution by 

Jan b u 's G en era liz e d Pro ce d u r e' 0 f . S I ic e s (G P S) i s beg un b y 

assuming the values of X in Eq.(3.29). These va~ues are 

tommonly assu~ed zero for the-first ste~ of the analysis. 

Once theini~i~l factdr of safety (Fo) 'has been calculated r 

Eqs.3~20 ~nd 3.23 are u~ed to evaluate the magnitudes of the 

horizontal sideforce~ (E) using an assumed line of thrust. 

Fiom these calculated values ofR a numerical or gra~hical 

approximation~i is made for each interslice boundary -and new 

values of X, which are not equal to zero, are calculated 

using Eq.(3.26). This procedure is then repeated until the 

change in the calculated value of F is within the 'desired 

accuracy on con~~cultive iterations. 

dE 
Although the approximate numerical evaluation dX by 

-
Janbu's procedure does not precisely satisfy moment equilibrium 

for each slice, the error is a~parently quite small~ Once a 

solution i~ found, the nlocations of the normal forces could 

be adjusted to satisfy the n equations o£ moment equilibrium 

of slice of finite ~idth. This adjustment of the locati;ns of 

the. normal forces on the base of each slice would have no 

effect on the force equili~rium iolution already found and 

these calculat~d locations of the ,normal force' required for 

moment equilibrium ~f each slice would provide a means,of 
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~eval:uati:ng '~~e "reasonableni!ss ,,..of the sO,lution obtained. 

Howe'ver, :,in practice :tnes'e'loc'ations are seldom calculated. 
:: "(. ~ , " .. 

E. Janbu et.al. Simplified Procedure 

In the derivation of 'Eq.(3.29) no assumptions were 

made and therefore a solution remains indeterminant until n-l 

assumptions 'ate made. In place of calculating the n-l values 

of th'e vertical side forces using the moment equation, Janbu 

,et.a.l. (1956) 4evelopeda simpli.fied force ,equilibr,ium procedure 

based on the assumption, that there are no inters lice shear 

forces. With these forces (X) equal to zero Eq.(3.29) becomes. 

'F 
o 

= r{[c'~x + ,(W-u~x) tan~'l secako: 
Wtana 

(3.30) 

in which F lsthe force.!equilibrium factor oJ safe,ty for 
, 0, 

horizontaiinterslice forces. The assumption made eliminates 

n-l unknown~agnitudes of X, leaving the following unknowns 

to bedeter~rned using 2n equations of force equilibrium: 

Unknowns 

1 

n 

n-l 

2n 

Factor of safety (Fo) 
0 ... 

Normal forces on the base of each slice(N) 

Intersli~e normal force (E) , , ' 

Total unknowns 

Although ,the simplifying assumption made by Janbu' et.al~ 

is identical to, the assumption ,made in the Modified Bishop. 

procedure, the cortditions of equilibrium which are satisfied 

,are not the same. The Modified Bishop pr6cedure~atisfied 

overall'moment equilibrium and vertical force equilibrium for 

each slice while th'e simplified procedure' of Janbu et,.al. 

satisfies vertical and horizontal force equilibrium for ~ach 

'slice. 
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. Assuming· that the side forces are horizontal always 

underestimates the f~ctor ofs~fety based on a force. equili::­

brium solution. In order to obtain .an improved value of the 

factor of safety,' Janbu et.al. have presented the correction 

factors shpwn in Fig.3.9. The corrected factor of safety is 

obtained:b~ multiplying Foby the appropriate value of fo 

from ~ig.3.9. According to this figure the req~ire~ correction 

·may bea s Jdghas 13 percent and the maximum error introduced 

into the simplifi~d solution by the assumption of zero 

vertical side forces occurs when 6·.isequal to zero. 

3.4. CONCLUS IONS 

In this chapter the pro~e~ures of detailed stability 

analysis in which the soil mass is divided vertically into a 

~umber of.~licesare discussed. The similarities and 

differences in the various procedures may be examined 1.n 

terms of/the conditions of equi~ibrium which they satisfy and 

the assumptions they emploj to achieve statical de~erminancy. 

Any procedure satisfyinian equilibrium condition for each 

slice automatically satisfies that same condition for the 

entire mass bourtded by the shear surface. 

Theaccu!acy of the various procedures of analysis 1.S 

not necess~rily !elated ~o the ~umber of equilibri~m condi­

tions satisfied. For example the Modified Bishop Method Solu-
I 

tion, which satisfies only n+l equilibrium conditions, may 

'yield a better value for the factor of safety than a for~e 
( 

equilibrium procedure using the same side force -assumption 

and satisfying 2n conditions of equilibrium. Furthermore, two 

procedures may satisfy the same conditions of equilibriu~yet 

fail to give equally satisfactory solutions fo~ the factor of 
" . 

;safety. For example the 3n e~uilibrium ~quations are satisfie~ 
I 

by Spencer's procedure whic'h assumes that the' side forces on 

a 11 ,s I ice s are par a 11 e I; howe v e r, the sol uti 0 n 'toT hie his f 0 un d 

may l.n some cases' result in. an. unreasonable line o'f thrust" . 

. / 
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:Cons.equentlya-more-L'easonable--'Solution to the- same-3n equa­

tions may sometimes he obtai~e-d using the ~lorgenstern and 

Price procedure and employing so~e other assumption regarding 

.sidef6rce orientations. 

For some of the proc~dures such as Bishop's procedure, 

Morgenstern and Price produre, and Janbu's Generalized proce­

dure of Slices, the assumptions regarding the unknowns are 
. . 

determined to some degr~e by the user and thus more than one 
\ 

valid solution may be found. 

From the standpoint of mechanics it 1S desirable to 

use a procedure satisfying equilibrium as compl~tely as 1S 

reasonably justified -wi~h respect to both accuracy and effort. 

However, for methods which do not sati~fy all conditions of 

equilibrium it appears that the condition of moment equilib­

rium should be consid.e~~d of somewhat greater importance 

(especially for rI>= 0 soils), than force equilibrium. For this 

reason th~ Ordinary Meth~dof Slices and Bishop's Modified 

Method are used in th~ calculations on the forthcomin& 

chapter. 

/ -
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4. STABILITY OF FILLS ON SOFT FOUNDATION 

4.1. INTRODUCTION 

The ditferences between the values of the factor of 

saf~ty calculated by various analysis procidures, for in­

ho~eg~~e9us slopes, may be much larger than for the homogene­

ous slopes discussed in Chapter 2. 

To investigat'e the'p~ssibledtff~rences amdng the 

.results obtained by using th~ various analysis procedures 

(Only Analyses by P_rocedures Satisfying Moment ,Equilibrium; 

name"ly' Ordinary Method ~f Slices and Bishops' Modified He~hod' 
are used since it is shown in chapter 3 that for.¢ = 0 soils . 
th~ procedures of slice~ satisfying moment ~quilibrium 'yield 

more reasonable factor of safety that the procedures of slices 

. sat is f yin g for c e e qui lib r i u m), to .. d e t e r mi n e t/h e e f f e c t s 0 f 

strength parametets on theFa~tor oC safety and to determine 

which procedures may be the most applicable for analysis of 

slope~ in inhom~geneous soil conditions, an exampl~ was 

selected: A cohesionless fill on a clay foundation. The 

.'"" " 



- 90-

example ~sstudied 1n three ·different cases in wbich the 

shear st'rength and the geometry of the cohesionless fill and 

the clay foundation are varied. The effect of the fill shear 

strength when the subsoil" shear strength is constant, the 

effect of the constant subsoil shear strength and the effect 

of linear variation of subsoil shear strength with depth to 

the variation of the factor of safeiy and the corresponding 

critical ciicles trajectories are investigated. 

The example is studied by using the computer program 

for Ordinary Method of Slices and Bishop's Modified Method 

of Stability Analysis, developped by Durg~noglu(1973). More 

than 150 runs are performed, whence more than 3000 possible 

factor of safety values are checked to solve the problems. 

4.2. EFFECT OF FILL SHEAR STRENGTH CONSTANT SHEAR STRENGTH OF' 
SUBSOIL 

It is intended to find the variation of the factor of 

safety with respect to ~he slope height, H
f

, for ~arying soil 

properties of the fill layer, when the subsoil properties 

remain constant. 

For "the systematic evaluation of the minimum fact"or"of 

safety, the values of the slope hei&ht, Hf , the unit weight of 

:the fill material, Y
f

, ~he internal friction angle ¢, of the 

fill materi~"l are v-aried, and fOr each set of values thepossi­

bility of deep circl.e and partly the possibility ~f the toe 

circle are investigated; ,The slppe of· the 'fill"mat~rial taken 

as 1/1,5 {s kept constant during the study. For slope height, 
" :H

f
, 3 different vaJues as H

f 
= 4,6,8 m, for unit weight of the 

3 
sand layer ag~in 3 different values as Y

f 
= 1.9,2, 2.1 tim, 

for'internal friction angle of the sflnd layer 3 different 

~alues as ~ = 35°,40o,45~ are choo~en respectively. The su~­
so"il is taken- as normat"ly consolidated clay with undrained 

she~r ~treg~tb of 3 t/m
2

, uriit weight of 2 t/m
3

, The thickness 

/ 
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of the subsoil layer is.-constant and e~ual to three times the 

heightrof the fill~ H
f

. 

The table 4.1 and Fig.4.l.-give complete data of the 

study. The results of the study is tabulated in Tables Al-A15 

and summarized in Tables 4.2. and 4.3. 

The geometry and the possible tritical circle coordina­

tes u~ed to calculated the minimum factor of safety for:diff~­

rent fill heights both by the Ordinary.Method of Slices and 

the Bishops Modified Method are shown in Fig's Al throught A3 

in the Appendix. 

In this analysis two different factors are studied sepa-

rately. 

1- It is ~s~umeJ that the increase in fill strengt~ is 

accomp~igned by an increase of the fill's unit weight. In this 

case it is assumed that for fill material with different com­

pactness the following average values could be utilized: 

Fill rP - degree y-t/m 
3 

Loose 35° 1.9 
Medium 40° 2.0 

Den s.e 45 0 2.1 

The factor of safety corrosponding to the cri­

tical circle d~terfuined using both Ordinary Method of Slices 

(OMS) an~ Bis~~p's Modified Method (BM) are give~ in Table 

4.2. and the detailed analysis are presented in Tables Al-A9 

given in the Appendix. 

-, 

The ~alues determined are plotted as a function of the 

slope heighi, H
f

, and the fill material shear strength as 

shown ~n Fig's 4.2. and 4.3. 

2- It 1S assumed that the fill material has a~onstant 
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unit .·'weight which is f·aken as y = 2. 0 ~;~3', but the friction 

angle of the fill material is ~a~i~d. The factor of safety 

corres~onding to the critical circle determined using both 

Ordinary Medhod of Slices and Bishop's Modified Method are 

. given in T~ble 4.3. and the detailed analysis are presente~ 

in Tables A2, A5, AS and AIO trough A15. 

The values deter~inedare plotted as a fucntioh of the 

slope height, H
f 

and .the fill material shear strength as 

shown in Fig. 4.4. and 4.5. 
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c = 0 
¢ = 35°, 40° , 45° 
Y = 1. 9, 2~O. 2.1 t/m3 

Hf = 4. 6. 8 m 

f _ .!~n~_ :~y e~: .. ~ .... _______ ~_ 
Hs = 3H

f 
3Rf Clay layer y-- = 2 t/m3 

c = 3 't/m2 

¢ = 0 

Fig4.l. Geom~~ry and ~oil properties for studing the effects 
of fill material , --' 

- -, 1 .. 

""""-
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TABLE 4.1. Runs for studing the Effect of Fill 
~laterial 

\ 

Fill Height Variable 'Y f Constant 'Y f ~ 

H
f Loose Medium Dense Loose Dense 

4 m 1 2 3 10 11 
" 

',' 

6 m 4 5 6 12 13 
" ~ 

/ 

Total No I 8 m 7 8 .. 9 14 15 of Runs 15 

Subsoil Properties: 

C = 3 t/m
2 

q, = 0 0 

H s = 3 H
f 

2 
= 2 tIm 'Y 
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TABLE 4.2. Summary of Results· (for variable fill density) 

Fill Height Factor of Safety 

Hf , m OMSI. BM2 OMS BM 

4.0 1.885 2.084 1.837 2.008 

6.0 1.307 1.420 1.265 +.360 

8.0 1.002 1.075 0.968 1.026 

Subsoil Properties: 

C 3 tim 
2 = 

0 = 0 0 

2 tim 
3 

y = 
H = 3 Hf s 

(1) OMS: Ordinary Method of Slices 

(2) BM Bishop's Modified Method.~ 

, , .... 

OMS 

1.787 

1. 224 

0.935 

BM 

1.930 

1.303 

0.982 
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TABLE 4. 3. S u mm a r y " 0 fR e suI t s (f b r fixed fill density) (1) 

Factor ot: Safety 

Fill Height I.pOSE(~=350) MEDIUH(,p=400 DENSE(~=450) 
Hi, m 

OHS BM OMS BM ONS BN 

-~ 4.0 1.801 2.004 1.8-37 2.008 1. 871 2.023 , 
6.0 1.247 1.352 1. 265 1.360 1.280 1.366 

8.0 0.956 1.023 0.968 1.026 0.979 1.044 
~-- -

Subsoil Proper~ies: 

C 3 tim 2 = 
,p = 00 

2 tim 3 y = 
H v = 3 H

f s 

(1) Constant unit weight of fill material of 2 t/m 3 

is taken 

. -. ::: 

t. ~;~·~i\./·r'· 
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C.urve Fill Y ,~'t/m 3 

1 Loose 1.9 

2 Medium 2.0 

3 Dense 2.1 

S~b8oil Properties 
2 

c = 3 tim , ~ = 0 
3 

Y = 2 tim , Hs= 3 H
f 

.8 

4, deg. 

35 

40 

45 

Variation of tile factor of safety'with respect to 
slope height and for variable unit weight by 
Bishop'~ Modified Method 

;" 
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3 Dense 2.0 45 
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Fig. 4.4. Variation of the factor I:)f safety with/respect to 
slope height and for vaiiable unit weight by 
Ordinary Method of Slices 
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Curve Fill y,t/m3 ¢,deg. 

2.0 1 Loose 2.0 35 

2 Medium 2.0 40 
\ 3 Dense 2.0 45 

~ 
Subsoil Properties 

3 12 
<t> 0 

» 
c = t m • = 

+J. tim 3 
(J) "'( = 2 , H = 3 H

f IH ·s 
C\l 

CJ) 

IH 
0 1.5 
~ 

0 
+J 
() 

C\l .... 

1.0 
4 6 . 8 

Fig. 4. 5. Va ria t ion 0 f the fa c t o.r 0 f Sa f e t y with res pee t to 
slope height and for fixed unit weight by Bishop's 
Modified Method 

, ,- . 



4.3; EFFECT OF CONSTANT SUBsdIL SHEAR STRENGTH 

It is intended to find the va~iation of the factor of 

safety with respect to the suhsoil shear strength, c, when , 
both the fixed fill layer's and subsoil layer"s shear strengths 

are varied .. 

For the systematic evaluation of the minimum factor 

of safety, the values of the internal frictio~ angle "0" of 

the fill material and the cohesion intercept of the subsoil 

are varied, and for each set of values the possibility of 

deep circle is investigated. For. internal friction angle of 

the fill material. 3 differentv~lues as 0 = 35 0
, 40 0

, 45 0
, 

corresponding to loose, medium and dense state of the fill 

materialj for shear strength of the clay layer again 3 values 

as c = 3,4.5,6 t/m2 are choosen. The unit we~ght of both the 

fill material and the subsoil clay layer are 'taken as 2 t/m~ 
The slope height, H

f
, is taken as 4 m'and the subsoil clay 

layer height is fixed as three times the slo~e height, H
f

. 

The Table 4.4. and ~he Fig. ~.6. iive the complete data 

of the study. The results of t?e study is tabulated in Tables 

Al trough A3 and~16 through A21. The factor of safety corres­

ponding to the ,critical circle determined both by Ordinary 

Method of Slices and Bi~hop's Modified Method are given in 

Table 4.5. The values determined 'are plotted as ~ function of' 

subs~il shear ~trength and the fill's sh~ar strength as shown 

in Fig's 4.7 and 4.8 .. 

,>' 1 .. 
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TABLE 4.4. Runs for Studying the· Effect of Subsoil Shear 
Strength 

Fill 

Loose 

Medium 

Dens(e 

rP,degree 

35' 

40 

45 

. Hf i 11 

H s 

Yf -

". '!' . 
. ,'" r·' 

= 

== 

Ys 

.. 
-
c=3 

4 m 

3 Hf 

= 2 tIm 

VARIABLE SUBSOIL SHEAR 
STRENGTH 

tIm 
2 

c=4.5 tIm 2 c=6.t/m 2 

, 

1 16 19 

2 17 20 

3 18 21 Total No J 
of Runs 9 

3 



.4 m 

12 m 

Sand layer 

-~- .. - .. -.- .. -.-

. clay foundation 
. /~ 

.. - 1.0 3 -

<1>=35°,40°,45° 
H';"4 m 
y=2 t/m3 

c=O 

.- ._._. -~-------..;.. 

. 2 
c=3,4.5, 6 tim 
m=15, 4.5, 6 t/m3 
y=2 t/m3 

<1>=0 

Fig. 4.6. Geometry and soil properties for studying 
the effects of c~nstant linearly varying 
Soh ear s t'r eng tho f sub s ° i 1./ 
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TABLE 4.5; Summary, of Results (Variable Shear Strength of 
Subsoil 

F ac t.o r of Safety 

Fill ~-degrees 3 tim 2 
c=4,5 tim 2 6 tim 2 

c= c= , . 
OMS BM OMS BH ONS BH 

-

Loose 35 1. 801 2.004 2.601 2.871 3.400 3.694 -
Medium 40 1. 837 2.008 2.640 2.933 3.440 3.779 

,-, 
45 1. 871 2.023 De nse 2.687 2.971 3.486 3.862 

Hfill = 4 m 
J" 

H = 3 H
f s I 

2 tim 3 
Yf = Ys = 

,! .- . .... \ . '--



~ 

p.. 
'+J 

aJ 
4-l 
C\l 
!J) 

4-l 
0 

J.I 
0 
+J 
t) 

C\l 
~ 

- lUj -

3.5 

Curve Fill <P. deg. Hf'llI 

1 Loose 35 4 

2 Medium 40 4 

3 Dense, 45 4 

Subsoil Properties 

2 tim 
3 

H = 3 H
f

, ¢-O Y = , 
s 

3.0 

2.5 

2 

3 4.5 

, Fig. 4. 7. V ar i a t ion 0 f t h" e . f ac tor (, f s af e t y wit h 
respect to.cbnstant·sh~ar strength of the 
subsoil by Ordinary Method ,of Slices 
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Curve Fill cjl,deg. Hf'm 

1 Loose . 3S 4 

2 Medium 40 4 

3.5 3 Dense - 4S 4 

Subsoil Properties 
3 

y = 2 tim , H = 3 He cjl-O s 

3.0 

- -' 

2.5 ~ 

2.0 

3 , 

Fig. 4".8. 

4.5 , 

,-

Variation of the factor o.f safety \"it}:l respect 
to constant shear ~trength of subsoil by Bishop's 
Eodified Hethoq. 
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·A. Efjec~ of Fill Sh~ar ~Strength 
) 

-, 

Wh e nth e Fig' s 4. 4 ~ and 4. 5. .a r eo' e x ami ned, it can be 

seen that for a fixed unit weight the soil with higher inter­

nal frictionanglegives.higher factor of safety as expected. 

B~t as we increase the ~nit weight of t6e soil with its 

internafl friction angle we observe that the ,factor of safety 

decreases with the increasing,_ valu_es of the unit weight and 

the internal friction angle (Fig'~ 4.2. and 4.3). 

< 

It is also obseryed that the factor of safety, decreas-

es with an increasing value of the height of the fill mater­

ia 1, H f . 

----Since the ef£ect of the siice int~rface ~orces are-

cons~dered in the analysis of the Bishop's Modified Method, 

this method resultshihger factor of safety than the Ordinary 

Method'·of Slices for a given condition as shown in Tables 
( , 

4.2. trough 4.4. " 

B. Critical Cir€les Trajectories 

When we examine, the trajectories of the possible cri­

tical circles (Table Al trough A21). We observ that the deep 

circles always g1ve smaller factor of safety then the toe 

circles. It is also observed from Tables. A16 trotigh A2l that 

the increasing value of the shear strength of the subsoil 

decreases the deep~ees of the critical circle. 

The deepness of the circles increases with the increas­

ing values of the unit w~ight, interna~ friction angle and the 

slope height of the fill material. It is also observed that 

the circles studied by the Modi{ied Biihops me~hod go deeper 

than cricles studied by Ordinary }e~hod of Slices 

C. Ef~ect of the Stibsoil Shear Strength 

··--F-or --t·he--wh:Ole.-rang-e of the-i-nternal -f.riction angle 
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fora f{xed unit weight of and slope helght of the fill mater­

ial, it 'is observed from<,Fig"s 4.7 and 4.8 that the subsoil 

shear strefigth, c,isdirectly ~roportional to the factor of 

safety, F. The effect of the~subsoil shear strength becomes 

more pronouriced when the critical circle gets more d~eper 

because the length' of the failure arc at which the she\ar 

strength acts increases. 

D. Normalization of the Result~,' 

The variation of the, factor of safety with respect to 

the slope height for different internal friction angle, for 

variable and constant unit ~eight 'of the fill material' are 

plotted in Fig's 4.2.- throught 4.5. and the variatio ll of the 

factor of s'afety with respect to the subsoil shear strength 

,are pl~tted in Fig's 4.7 and 4.B. It is also intended to 

have the v~riationof:the f~ctor of ~afety with respect to a 

dimensionleis parameter in order to obtain directly the_value 

~f the. fa~tor of safety when subaoil shear strength is known. 

For this purpose the graphs in figures 4.9 and 4.10 are gene­

rated~ Th~ graphs ,sho~ the variation of the factor of safety, 

for different internal friction angles of the fill material 

with r~spect to a ~imensionless parameter; t 

where 

,t = c 

YfH f 

c - subsoil shear strength 

Y = Unit weight of the fill material 
f 

H
f 

= Height'of the full material 

(4.1) 

The graphs 1n Fig's 4.9' and 4.10' verify the prev10us 

explanations and f~gures by showing that the factor of safety increases 

with the increasing values of thei'nterna Y friet,ion angl,e of the fill 

,-- '~-.~ c:~ ~'~" 

.. ,_.", 
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material and 'the shear strength of the subsoi'l, it decreases 

with the increasing values of the slope height and the unit 

wei~ht of t~e fili material. 

The results obtained so far and the coordinates of the 

correspondi~g critical circl~s are tabuiated in tables Al 

trought A21. In this part of the' study it is intended to nor­

milize these results in terms of the st~bility humb~r, N , by , s 
use of the bearing capacity failure, criteria. 

where 

N s 

Factor of saTety 

c 

Unit weight of the fill material 

Height: of the fill material 

c Subsoil shear strength. 

(4. 2) 

When we back calculate the stability number, N (T~ble 
" s 

4.6)-we observ, ~hat the Bishop's-M6~ified Method 1S more 

reliable than the Ordinary Method of Slices with a mean of 

value of the -stabilityn~mber of 5.331, and ,when the ,factor 

of safety approaches to unity, the stabili'ty number 1S within the' 

range of 5.i4 to 5.7. 
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TABLE 4.6. Calculation of the stability number by use of 
bearing c~pacity failure criteria 

~ 

r-

F N ~ 

Hf Run No. cd Yf s 

t / m2 3 
t / m m OMS BM OMS BM 

1 3 1.9 '4 1.885 2.084 4.775 5.279 
2 - 3 2 4 1.837 2-.008 4.899 5.354 
3 3 2.1 4 1.787 1.930 5.004 5.404 
4 3 1.9 6 1.307 1.420 4.967 - 5.396 
5 3 2 6 1.265 1;360 5.060 5.440 

6 3 2.1 6 1.224 1;303 5.141 5.473 
7 3 1.9_ 8 1. 002 1.075 5.077 5.447 

.8 3 2 8 0.968 1_.026 5.162 5.472 
9 3 . 2.1 8 0.935 0.982 5.236 5.499 

10 3 2 4 1.801 2 :004 4.801 5.343 

11 3 2 4 1.871 2.023 4.989 5.381 
12 3 2 6 1.247 1.352 4~960 5.4-08 

~ 

13 3 ( 2 6 1.280 1.366 5.120 5.464 
.. 

14 3 2 8 0.956 1.023 5.095 5.456 
-15 3 L 8 0.979 1.044 5.211 5.564 

16 4.5 2 4 2.601 2.871 4.624 5;102 
17 4.5 2 4 2.640 2.933 4.693 5.214 
18 4.5 2 4 2.687 2.971 4.777 5.282 
19 6 2 4 3.400 3.694 4.533 4.925 
20 6 2 4 3.440 3.779 4.587 5.033 

21 6 2 -4 3.486 3.862 4.648 5.149 

- -N =4.922 N =5.331 
s s 

~d': Un~rained s~ear strength of subsoil foundatiori 

Y
f 

Unit weight of the fill material' 

Hf Height of the ~i11 

F Factor of saieiy 

N Stability number calculated uS1ng Eq.4.2. 
s 

, t:~ 
'_... --", + 
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4.4~. 'EFFECT OF SUBSOIL ·-SHEARSTRENGTH, ~LINEAR VARIATION OF 

~ SUBSO I L SHEAR' STRENGTH' 

It is intended to find the variation of the factor of 

safety with respect to the rate of the shear strength of the 

subsoil, m. 

where 

(4. 3) 

c cohesion intercept of the subsoil 

z Depth of subsoil from ~hich the critical circle 
p QS S e.s, for con s tan t she e r s t r eng t h cas e S . as 
discussed in Fig. 4.11 

when both the fixed fill layer1s and subsoil layer1s shear 

strength~ are vaxied. 

Fo~ the systematic evaluation of the minimum factor of 
\ 

safety, the values of the internal friction angle, ~,. of the 

fill mat~rial and the rate of t~e cohesion interce~t with 

respect to the hight, m, of the subsoil are varied, and for 

eac~ set of values the possibility of deep cir~le is investi­

gated both by Ordinary Method of Slic~sand the Bishop1s Modi­

fied Method. For inte!nal friction angle of the fill material 

three different values as ~ = 35 0
; "40

0
., 45 0 corresponding to 

'\ 

loose, medium and derise state of the fill mate~ial, for shear 

strength of ~he clay-layer again/three values as m = l.~, 
4.5,.6 ijm~x~ are ~hoo~e~ b~ conside.ri~g that the cohesion 

iritercept values of the previous study (c=3,4,5,6 t/m 2
) being 

their mean values as· illustrated in Fig.-~.ll. 

The Table 4.7 and Fig1s 4.6 and 4.11 g1ve the complete 

data of the st,udy. The results of the study are tabulated in 

Ta"bles A22' trough A3.0. The fact·or ofsafetyc.orresponding to 

the critic~l circle determi.ned both by ihe Ordinary M~thod of 

Slices and Bishop1s Modified Method are/given in Table 4.8. 
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The Values determined are plotted as a function of, m, and 

the fill"·ssh~ar strength as ~hown in Fig's 4.12. artd 4.13.-

.. -.;.-

::. :;;.'.' 
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TABLE 4.7. Runs for studying the Effect of Subsoil Shear 

Fill 

Loose 

Medium 

Deme 

j Strength (Linear increase of Subsoil shear strength 
with depth) 

LINEAR INCREASE OF SUBSOIL SHEAR STRENGTH 

¢-degree s / WITH DEPTH 
, 

~ . 3 
l(.5 t/m

3 3 
m= 1.5 tim m= m = 6 tim 

35 22 23 24 ~ 

-~ 

.40 25 26 27 
Total No 

45 28 29 30 of Run 9 

• 4 m 

r 
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, .; 

TABLE 4.8: Summary of Results (Linear Increase of Subsoil· 
Shear Stren~th'With Depth) 

Fill -

Loose 

Medium 

Dense 

H . 
s 

..... 

~-degree 
r 

-. 

35 

40 

45 

4 m 

3 
Y s· = Y f = /2 tim 

m~1.5 

OMS 
-

0.842 

0.914 

0.998 

Factor6~'Safety 

tim 3 m=4.5 tim 
3 6 tim 

3 m= 

BM OMS BM OHS BM 

0.986 1.213 1. 479 1.411 1.704 

1.053 1.336 1.633 1.534 1.866 

1.126 1. 4 79 1.807 1.677 2.046 
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Curve Fill ,deg. Hf,m 

2.0 
1 Loose 35 4 

2 Medium 40 4 

3 Dense 45 4 

. . Eq. 4.3 m, g1ven 1n 

~ 

:>. 
.£..J 
Q) 1.5 

,4-1 
til 

U) 

4-1 
a 
,.. 
a 

.£..J 
u 
til 
~ 

1.0 

3 6 m 

Fig. 4.12. Variation of the factor of sa~ety:with respect to 
slope of the subsoil~hear strerigt~, m, by 
Ordinary Method of slopes 
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Curve Fill ,deg. Hf,m 

1 Loose 35 4 

2 Medium 40 4 

3 Dense 45 4 

2.0 m, given in Eq. 4.3 

r.... 

-:>-
+J 
'(1) 
4-l 
I'd 

[/) 

4-l 
0 1.5 
).< 

0 
~ 

(J 

I'd 
r.... 

1.0 

3 6 m 

,-

Fig. 4.13. Variation of the factor of safety with respect_ to 
slope of the subsoil shear st~ength, m, by 
Bishop's Modified Method 

;- -...: _.'--'; 

-' 



A. E~::f;~~tof the FiliI -Shear Strength 

'Wh-entheFig' s4 .12~nd [. .13 are examined it is obser­

vedt'hat -f-or .a fixed .. unit weight of the fill material, ~the 

increase of the internal friction angle of the fill is 

accompaigned by an increase in the factor of safety. Since 

the· effect of the slice interface forces are considered in 

. theanalys is of the Bi'shop' s Modified Method, this method 

results higher factor ~f safety than the Ordinary Method of 

Siices f6i ~ give~ conditio~ as shown in Table 4.8. 

B. Critical Circle Tiajectories 

When we examine the ~rajectori~s of the critical 
1---

circles (Table Al6 through Ta~le A30) we~bserve that the 

increasing value of the shear stiengthof the subsnil decrea-- , 

ses the ~eepne~s of the critical cri6les. When the constant 

shear strength case is replaced by the varying shear strength 

cas e ,i tis', 0 bs 'e r v e d that the C r i tic a 1 circles go less deeper 

and th~ associat~dfactor of safety di~inishes. Again it is 
. . 

observ~a that the cricles studied by the MQdif~ed Bishops 
; 

Mithod go deeper than circles studied by Or~inary Method of 

Slices. ' 

-C. E.ffeci of Subsoil Shear Strength 

'When the Fig's 4.12 and 4.13 are examined it is observ­

'ed that for the whole range of the internal friction angle'of 

the fill m~ter1al, the increase of the m is acC:ompa-igned by 
,i 

an increase of the factor of safety; result which conforms 

with the constant shear strength case. 

When we cori~id~r the slope of the shear strength in 

li~~ of the constaritshear strength, we observ that, for the 

same instance, constant cohesion intercept gives·higher 
" 

factor 0.£ 'safety an'd the 'associated critical circle go much 

deeper than the circle associated to variable cohesion inter­

~·cept c·ase .:---Those .resul.ts" .. can be obser-v.ed by comparing ,the 
"r" , 

~.:, .:.c. 



2.0 

Curve Fill , deg.1 

1 Loose 35 

2 Medium 40 
-
3 Dense I .45 ,/ 

~ 

k given in Eq. 4.4 
>. 
w 
III 

, 40l H.~ til 
) 

U) 

'4ol 
0 

1-1 
0 
w 
(J 

Cd 
~ 

La 

k 

Fig. ·4,14. Variation of the factor of saf~ty with respect to dimensionless parameter, 
, k, by Ordinary Method of Slices' 

\ 
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\ r- 2.0 
Curve Fill ~deg. 

1 Loose J5 

2 Medium 40 

_ ,3 Dense 45 
I 

j:.z.. k given in Eq. 4.4 

:>. 
w ""\ 

QJ 
.~ 

m r 1.5 
(fl 

~ 

0 

'"' 0 
w 
() ./ 

m 
j:.z.. 

1.0 

0.1 0.2 0.3 

Fig. 4 .. 15. Variation of the factor of safety with respect'to dimensionless 
- le, by Bishop's Modified Hcthoci 
I· . \ 

le 

parameter, 

c' 
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N 
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Tables Al trough A3and A16. trough A2l-to Tables A22 trough 

A30. 

, 
D. Normalization of the Results 

The variation of the factor of safety with resp~ct to 

the rate of the subsoil shear sttength, m, is p16tted in 

Fig's 4.12 and 4.13. It is also intended to obta"in the varia­

tion ofthefa~tor of safety with resp~ci to a dimensionless 

parameter, k, 

where 

(4 4) 

m rate of 'the subsoil shear strength 

h depth within the subsoil from which the critical 
circle passes for the varing shear strengt~ 

Yf:Unit weight of the f[ll 

H
f

: Height of the fill 

in o~der to have a preliminary idea about the factor of safety 

when the subsoil shear strength are known (Fig's 4.14 and 

4.1~.Although the Fig's 4.14 and 4.15 have limited use, they 

indicates that the factor of safety is increased when the 

critical circle goes de~p, when the rate of increase of the 

shear strength of the subsoi.l ~s higher, and the increase of 

the unit weight and the hight of the fill 'material have 

diminishing effect on the factor of safety. 

4.5. CONCLUSIONS. 

For the example st~died the value~ of the factor of 

safety.calctilated by the Modified Bishop procedure are 1n 

general 11 % higher than the value obtain~d by the Ordinary 

Method of Slices. For hom~genous slopes it may be noted that 

the maximum difference that canbefound'between the factor 

<. 

:~. - (. ~ , :. . ,~ 
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of safeEY by these two procedures of analysis 1S only about 

7 %, and thus the larger influence 6f the normal stress 

distributions for analyses of inhomogeneous soil profiles may 

be seen. 

When the results of the Chapter- are examined it is 

observed that for a fixed subsoil cohesion intercept and for 

a fixed fill uriit weight, the factor of safety increas~s with 

an increasing value of the inter~al ,friction angle and 
~ , 

decreases with an increasing value of the fill height 'as 

expected.~ut if the unit weight of the fill material is 

increased with its internal friction angle (which is more 

realistic),it ,is constated that the increase of the internal 

friction angle is not accompagned by an 1ncrease of the 

corresponding factor of safety. 

For a fix e d fill 1 aye r h e i g h t ri tis 0 b s e r v edt hat the 

factor of safety is directly propo~tional to the subsoil 

shear strength and it increases with an increasin~ valrle of 

the internal friction angle of the fill material. 

A chart giving the variation of the factor of safety 
with respect to subsoil shear strength; unit weight, internal 
friction angle and the hei9ht of the fill. material 1S 
generated in order to obtain diiectly the value of the factor 
of safety when subsoil shear strength is kno~n. 

~~hen the line~rly varying shear strength of the 
s.ubsoil ~ith depht is examined it is observed· that the 
critical circles ~ass from ihe higher layers when compared to 
the, constant shear strength cases,'but ~esult lower factor of 
safety values. 

,When the stability numbeis ate back calculated used in 
studying the ~x~mple by use of the bearing iapacityfailure 
c~iteria; it' is ,~oncludedthat the MQdified Bisbop's m~thod 
is more reliable than the Ordinary Meihod of Slices with a 
mean val.u'es of the' stabi"lity 'number of 5.331. , . 
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5. SUMMARY AND CONCLUSIONS 

The §olutiops ~f th~ slope stability problems by· 

stability ~harts are discussed in ~hapter 2. For simple homo­

geneous slopes and simple ~16pe profiles they provide qu(te 

practical tool for immediate applications. These charts could 

also be used for non-)1omogeneous soil conditions using the 

avetage shea! strength parameters as des~ribed. Most of these 

charts ·are g~nerated using the procedures satisfy.ing overall 

moment equilibrium and assuming circular shear surfaces. In 

addition charts. ustng fr~ction circle, t~e log~rithmic spiral 

proce~~~~s ar~also provided~ In Chapter 3 ~he procedures of 

detailed· stability a~alysis in which the soil mass is divid~d 

vertically into a inumber of slices are discussed. The ,­

simil~ritiesand differences in the various procedures is / 

examined in terms 9f the conditions o£equilibrium which they 

satisfy and iheassumptions they employ to achiev-e statical. 

'determinancy. Any procedure satisfying an equilibrium condi-
) 

tion for each slice automa'tically satisfies th~tsame condi-

tion for the entire .mass bounded by the shear surface. 
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'The accur~cy"ofthe various procedures of analysis is 

not necessarily related to the-number of equilibrium condi­

tions satisfied. For example the Modified Bishpp Method solu­

ti6n, which ,satisfies on1yn+l ~qui1i~rium conditions, may 

~ield ~' b~~ter value foi th~ factor of safety than a force 

equilibrium procedure using the same side force assumption 

and satisfying 2n conditions ofequifibrium. 

From the standpoint of mechanics it 15 desirable to 

use a procedure satisfying equilibrium as c~mpretely as 1S, 

resonab1y justified with respect to-both accuracy and effort. 

However for methods which do not satisfy all conditions of 

equilibrium i~ is shown by Wright (1969) that the cond~tion 

'of moment equilib~ium shQuld be considere~ of somewhat greater 

impo~tance for' ~~O soil than force equilibrium. For thi~ 

reason "the Ordinary Method of Slices and Bishop's Modified 

Method are used in the calculations in Chapter 4. 

For the example studied 1n Chapter 4, th~~VBlues of 

the factor of safety calcu1at@dby the Modified Bishop's 

procedure are in gerre~al 11% higher than t~e value obtain~d 

by the Ordinary Method of Slice~. For homogeneous slopes it 

may be noted that" the- maximum difference that can be found 

-between the factor of safety by these, two procedures of 

analysis is oniy about 7%, and thus 'the 1argei irif1u~nce of 

the normal stress distributions for ~nalysis of inhomogeneous 

so il prof.iles -may be seen. 

-, 

When "the- results of the Chapter are 4 examined, it' 'i"s 

observed that for a fixed subsoil cohesion intercept an~ for 

a fixed fill unit weight, the facto~ of saf~~y increases with 

an increasing value of the internal friction angle and 

decreases with a~ increasing value of the fill height as 

ex p e c ted. But if the un it w'e i g h t oft he fill mat e ria 1 1 S 

increase6 with its internal friction-angle(whic~ is more 

:realistic) it is constate~ that the increase of the internal 
?--

friction angle 1S not accompagned by an inc~ease of the 

, '-, . -- '---. 
,-,' \ , ~~." 
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corresponding factor of safety. 

For a fixed fill layer height 'it 1S observed that the 

factor of safety is directly proportional to the subsoil 

shear str~ngth and- it increases with an.increasing value of 

the internal friction angle of the fill material. 

A chart giving the variarion of the factor of safet~ 

with ~espect to subsoil shear strength; unit weight, internal 

friction angl~ and the height of the fill material is 

generated in order to ~btain directly the value of the factor 

of safety when subsoil shear strength is known. 

When the linearly varying shear strength df the 

subsoil with depht is examined it is observed that the 

critical circles pass from· the higher layers when compared to 

the cpnstantshear strengthc~ses, but re~ult lower factor of 

safety values. 

When the st~bility numbers are back cal~ulated us~d 1n 

studying the example by use of the bearing capacity failure 

criteri~; it is concluded that the Modified Bishop's method 

is more reliable than the Ordinary Hethod of Slices with a 

.mean values of the stability n~mber of 5.331. 

'\ . 

,_. 
,.--~ 

~-=.C':[ 
. ... -!! .-



l2S -

REF ERE NeE S 

Bell,James N., "General'Slope Stability Analysis", Journal of 
. . 

the soil Me~hanics ~nd Foundation Division, ASCE, Vol.94,· 

N6.§~G, Nov.196S,pp 1253-1270. 

B is-hop, A . W • , 11Th e use 0 ft he S 1 i p C i r c Ie in the S't a b il it y 

Analysis of Slopes"', GeotechniqiJes,: Vol.5, No.1, Mar., 1955, 

PP',7-l7.· 

/ 

Bishop,A.w. and Norgenstern,N., "Stability Coeffi.cients for 

Earth Slopes", Geotechnigue, Vol~lO, No.4~ Dec., 1960, 

pp .·129-150. 

Bjerrum,L. and Flodin,N., "The Development of soil Mechanics. 

in S'weden, 1900-1925", Geotechnigue, Vol.lO-; 1'0.1, March, 

1969, pp.l-IS. 

Cul.mann,K., Die' graphische Statik. Zl,lrich, 1866. 

Duncan,J.M. and Buchignani,A.L.~ An tngineering Manual for 

-s-lopeStability Studies,' D'epartment ot.' Civil Engin"eering 

Institute of Transportation and Traffic Engineering, University 

of California; Berkeley, March, 1975. 

./ 

FE?; lIe n iu 5 , \oJ. " Dis C us s ion to a pap e r by P. ~ . H 0 r nell, . "K a j - 0 c h . 

jordraseni Gotebo£g", ("The"quay-'and landslides in Gothenburg"), 

T~knisk Tidskrif, V.V~, Vol.46, No.15; Vol.4S; Nb.2, 1915. 

Fellenius,\,l., "Erdstatische Berechnungen", Berlin (W.Ernst), 

1927. 

Fellenius,W., "Calculation of the Stability of Earth Dams", 
~ 

Transactioris Se~ondCong~ess on Large Dams, .International 

Comission on Large Dams of the Worl~ Powei Confer~nc~, V~1.4, 

Wash~ngton, 1936, pp.445-~59. 



- 129 -

Hunter,J.H. and Schuster,R.L., "Stability of Simple Cutting 

in Normally Consol-idated Clay", Geotechnique, Vol.13, No.3, 

Sept e m b e r, 1 9 6 8, 'p p • 37 2 - 3 7 8 • 

J a nb u , N., B j err urn, L . and K j a ern s't 1 i , B ., " Ve i 1 e d n i ng ve d 

losning av fundamentergsoppgayer-2. Stabilitetsberegning for 

fyll.inger, skjaeringer og naturlige skraninger", (Soil 

Mechanics Applied io Some Engineering Problem~-Chapter 2. 

Stability Calculations for E~bankments), Institute, Oslo, 

1956, pp.17-26. 

Janbu,N., "Earth' Pressur~ and Bearing Capacity Calculations 

by Generalized Procedure of Slices", Proceedings of the Fourth 

Int~rnational C6uferance on Soil Mechanics and Foundation 

Engineering, Vol.2, London, 1957, p~.207-212. 

Janbu,N., Di~cussion of paper,by Bell, "Dimensionless 

Parameters for Homogeneous Earth Slopes", Journal of the Soil 

Mechanics and F6undation~ Division, ASCE,' Vol~93, No.SHG, 

Nov., 1 9 6 7, p p • 36 7 - 3 7 4' . 

Janbu,N., "Slope Stability Computations", Soil Mechanics an..d 

Foundation Engineering Report, The Technical University of 

Norway, Trondheim, 1968. 

Lowe,J. and Kar.afiath,L., "Stability of Earth Dams· Upon 

Drawdo\-m", Proceeding of First Pan American Conferen,ce on 

SoilMechanics ~-nd F:-oundation Engineering, Mexico City, Vol.2, 

.1960, pp.537-552. 

Morgenstern,N.R. and Price,V.E., "The Analysis of the Stability . " 
of General Slip Surfaces", Geotechnique, Vol.15, No.1; Mar., 

1965, pp.79-93. 

) 

Horgenstern,N.'R. and Price,V.E., "A numerical }fethod for Sol-
. . 

ving the Equations'of Stability of General Slip Surfaces", 

The Computer Journal, Great Britain,Vol.9, No.4, Feb., 1967, 

pp'.388-393. 



- 130 -

Nonveiller,E., "The Stability Analysis of Slopes 'with a Sl'ip 

Surface of Genera 1 Shape"" Proceedings of the Sixth International 

Conference on Soil Mechanics and Foundation Engineering, Vol. 

2, -M 0 n t rea l, 1 9 6 5, p p • 5 2 2 - 5 25 . 

Petterson,Knut E., "The Early History of Circular Sliding 

Surf ace s ", G eo t ec h n i 9 u e , VoL 5 , No.4, De c . 1955, p p • 2 75 - 2 9 6 . 

Raedschelders,H., "Improvement of the Method of Calcu'lation 

of the Equilibrium along a Sliding Circles", Proceedings of 

the Second Internationil Conference on Soil Mechanics and' 

Foundation E'ngineering, Vol.l, ,Rotterdam, 1948,' pp.68-72. 

Spencer,E., "A Method of Analysis of the Stability 

, Embankments Assuming Parallel Inter-Slice Forces", GeotechnicuE, 

Vo1.l7, No.1, Mar., 1967, pp.11-26. 

Taylor,D.W., "Stability of Slopes", Fundamentals of Soil 
" 

Mechanics, John \.,riley and Sons., Inc., New York, 1948, 

pp.406-479. 

U.S.Army Corps of Engineers, "Manuals-Corps of Enginee.rs: 

Engineering and Design, Stability of Ea'rth and Rockfill Dams", 

Revision Draft, Feb., 1968. 

\~right~S.G., "A, study of Slope Stability and the Undraine'd 

Shear Strength of Clay Shales", Ph.D.Thesis, Department of 

Civil Engineering G-niversity of California, Berkeley, 1969; 

• 



( 

/ 

\ 

APPENDIX 



- 132 -

Y,m 

28 

24 

· ' 
20 r.<.. ·/~ · :A center·of circle A, 

l6~~-------------- • 
Y 

x = 76 m, abc~ss~ of the 
circle' 

12 

y = 20 m, ordinate of the 
_____ +-__ .,....~i rci e 

circle is tangent to 
elevation y=4m 

- - - - ,.. - -'- -=-. ---...:-~-:::: -- -

~ __________________________________ ~ ________________________ ~.x>m 

Fig. A.l. Geometry and circle centers considered for Hf = 4 m 
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36 
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28 -. 
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20 

12 
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center of circle A, 

x = 74,5 ro, abcissa of the circle 
y =-30 m, ordinate of the circle 

• 

• 
• A 
• 
• 
# 

74.5 

• 
• 

• 

Y 

circle 1S tangant to 
elevation y - 8 m 

Fig.A.2. Geometry and circle centers considered for 
Hr,;= 6rr 
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center of .circle A 
); =0 76 re, abcissa of the 
y = 39 m, abcissa of the 

x ., 

~=---_--r:::-;_ _ _ _ _ _ _ _ 

circle is tangent to 
elevation y'= 18 m 

76 \ 

circle 
c i rcl to' 

x,m 

Fig. A.3. Geometry a~d circle c~nters considered for H
f 

= 8 m 



-.135 ,.... 

Table A30- C - 6 t/m 3 ~fi11 = 45
0 

(Run30) 

~ 

Circle 
cen ters 
y (rr.) 
(1) 

25 

24 

23 

22 

21 

20 

19 

18 

17 

16 

Ordinate of Lowest. Point on th e Circle (m) 

y .. l0 y =11 y= 11,5 y= 12 

OMS B~ OM~ BM . OMS BH O~fS B ~~ 

5.299 5.551 3.193 3. 384 2.508 2.622 3.567 3. 747 

. 5.1 78 5.441 3.097 3. 299 2.421 2.543 3.443 .3. 6 35 

5.056 5. 332 3".000 3. 214 2. 331 2.463 3. 314 3.521 

4.936 5. 227 2.901 ~.129 2.240 2.384 3.182; 3.406 

4.819 5.127 2. 801 3.047 2.145 2. 303 3·.045 3.292 

4. 710 5~037 2. 701 2. 969 2.047 2.224 2.905 3.181 

4.612 4.964 2.605 2.900 1. 948 2.150 2. 762 3.078 

4.535 4.917 2.517 2.847· 1.847 2.087 2.622 2.993 

4.501 4.921 2.449 2.828 1;751 Cf.04§ ~. 497 2.950 

4.552 5.016. 2.433 2.881 1.677 2.060 2 ;42 8 3.0lI.6 

ORDINARY METHOD OF SLICES, MINIMl.!}! FACTOR OF SAFETY: 1.677 

BISHOPS MODIFIED METHOD, MINIHL1-1 FACTOR OF SAFETY : 2.04'6 

(1) x = 76 m 
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" 3 
Table A29- C = 4.50 tIm '~fi11 = 45 0 (Run29) 

~ 

/ 

Circle 
cen ters 
y(m) 
(1) 

25 ' 

24 

23 

22 

21 

20 

19 

18 

17 

·16 

-

Ord ina te of Lowest Point on th e -C ire 1e ( n: ) 
. 

y:10 ~j-= 11 y~ 11,5 y= 12' 
( 

OMS B~ . OMS 'BM Ot-~S BN 0!>1S B'·' 

2.668 2. 82 r 4 • .127 4. 350 2.290 2. 375 3.567 3.747 

2 ~ 584 2~ 746 4.028 4.261 2. 208 2.300 3.443 3.635 

2.497 2.670 3~ 928 4.173 2.124 2.223 3.314 3.521 
" 

2.409 2.595 3.829 4.087 2. 038 2. 147 3.182 3.4'06 

2.320 2.520 3.732 4.006 1.947- 2.069 3.045 3.292 

2. 320 2.450 3.640 3.932 1. 853 1.992 2.905 3. 181 

2.141 2.385 3.555 9.869 1. 757 '1.918 2.762 3.078 

2.058 2. 333 3.486 3. 827 L658 1.853 2.622 2.993 

1. 9 87 2. 306 3. 447 3. 821 1. 561 6-· 80 J; 2.497 2.950 

1.955 2. 334 3.472 3. 883 b. • 479 1.809 2.428 3.016 -
ORDIl'ARY HErHOD OF SLICES, MINH-feN FACTOR OF SAFETY: 1.479 

BISHOPS HODIFIED l'fETHOD 1 MINnfl.~l FACTOR OF SAFETY 1. 807 
" , 

(1) x ='76 ,m 

" 



Table A28- 'C 
, / 3.1. _ 

-. 1. SOt m , 'IJ £ ill -
o 45 (Run28) 

Circle 
Or'dinate of Lowest Point on the Circle (m) 

cen te r~ 
Y (m) , 
(1) 

-

25 

24 

23 

22 

21 

20 ' 

19 

18 

17 

16 

y=8 y=9 y=10 y=ll 

OMS I nn OMS 8M OMS BM OMS BM 
-

2.726 2.873 2.209 2.336 1. 782 1.865 1.618 1. 628 ' -

2.675 2.827 2.156 2.290 1.728 1.817 1. 557 1.570 

2.624 2.783 2.104 2.243 1.672' 1.768 1.493 1.510 
'0 

2.575 2.741 2.051 2.199 1.,615 1.719 , 1.427 1.449 

2.529' 2.702 2.000 2.156 1.558 1.670 1.359 1.388 

2.487 2.668 1.950 2.116 1.500 1.623 1. 288 1.325 

2.450 2.641 1.904 2.081 ' 1.443 1.580 1.214 1. 264 

2.425 .2.625 1. 865 2.055 ' ,1. 388' 1.541 1.139 1. 206 

,2.417 2.625 1. 839 2.042 1. 341 1.514 1,064 1.156 

2.440 2.653 1. 838 2.053 1.311 1.506 ~~ ----- ------.J ___________ _ _______ '----.J _ 

ORDTNARY METHOD' OF SLICES, MINTMUM FACTOR OF SAFETY: .998 

BISHOPS MODIFIED METHOD, MINH-filM FACTOR OF SAFETY :1.126 

(1) x =< 76 m 

y=12 

OMS BM 

3.567 
I 

}.747 I 
3.443 

I 

3.635 I 

3.314 ' 3.521 
r 

3.182 3.406 i 

3.045 3.292 

2,.905 3.181 

2. 762 3.078 

2.622 2.993 

2.497 2.950 

2.428 3.016 
~ ___ --------..J 

i 

" t 

I-' 
W 
...... 
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Table A27-C = 6 tim· 3 -~ __ 
, 'P f il1 

o 
40 (Run2 7) 

Circle 
cen ters 
y(m) " 
(1) 

25 

24 

23 

J 
. 22 

21 

20 

19 , 

.18 

17 

16 

Ordinate of Lowest Point on the Circle "( m) 
( 

y:::l0 y::: 11 y =11.5 y::: 12 

OMS BM OMS BN ONS BX 01-1S BM .. 
5.201 5.425 3.017 3.197 2.244 2.356 2.993 3.144 

5.085 5. 319 2.929 3.118 2.168 2.287 2. 889 3.050 

4.969 5. 214 2. 840 3.040 2.090 2 •. 217 2. 781 2.954 

4. 854 5.113 2.750 2.963 2.010 2.149 2.670 2.858 

4.744 5.017 2.659 2.888 1.927 2.079 2.555 2.762 

4.640 -4.932 2.570 2. 818 1.843 2.012 2.437 2.669 

4.549 4.863 2.484 2. 757 1.-757 1. 949 2.318 2.583 

4.480 4.821 2.408 2.712 1.671 1.896 2.200 2.511 

4.455 4.829 2. 352 2. 701 1.591 :(1. 866 2.095 2.475 

4.515 4.929 2. 349 2. 760 1. 534) 1.886 2.037 2.531 

ORDINARY METHOD OF SLICES, MINI~Lr1 FACTOR OF SAFETY: 1.534 

BISHOPS MODIFIED METHOD, MINUrL1-1 FACTOR 'OF SAFETY : 1.866 

,>1) x = 76 m 
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Table A 2 6 - C = 4. 50 t / m 3 ,~ fill = 40
0 

(R un 26 ) 

Circle 
Ordinate of Lowest Point on th e Circle (m) 

cen ters 
y(m) y::lO y::11 y.:= 11,5 y=12 
(1) 

OMS BM OMS BM O!·;S EN O}!S E ~< 

25 4.029 4.231 2 .• 492 2.640 2.·027 2: 11 2.993 3.1l.4 

24 3.935 4."146 2.416 2.572 1,.956 2.04i 2. 889 3.050 

23 3.841 4.062 2. 338 2.504 1.882 1.982 2:781 ,2.954 

22 3. 747 3.981 2.259 2.437 1. 8'08 .1.917 2.670 2.858 

21 3.656 3.904 2.179 2.370 1. 729 1. 85C 2.555 2. 762 

20 3.571 3. 834 2.099 2. ,308 1.649 1. 78~ 2.437 2.669 

19 3.493 3. 777 2.021 2. 251 1.566 .1.722 2. 318 2.553 

18 j 3.431 3. 739 1.948 2.207 1.482 1. 669 2.200 2.511 
. 

17 3.401i1.739 1. 890 2.189 1.401 1(1. 6 3~ 2.095 2.475 

16 3.435 3. 807 1.871 2.225 11".336) 1. 64C 2.03} 2.531 

ORD IKARY METHOD OF SLICES, MINIHU}1 FACTOR OF SAFETY : 1.336 

BISHOPS MODIFIEDNETHOD,.HIKIMUtl FACrOR OF SAFETY 1.633 

(1) x = 76 m 

\ 

II I, 

;1 
II 

. ~ 
. ~ 
~ 
I 
I 

I 



. 1 
. 12 .1' '0 ) Table A25- C = 1.50 t m ; ~fi11 = 40 (Run25 

C ire 1 e 
Ordin·ate of Lowest Point on the Circle (m) 

centerR 
y=8 . y=9 y=10 y=ll y=12 y (m) 

( 1 ) OMS lH! O}1S BM OMS \ BM O}1S BM OMS BM .. ' 
.- .. - .- - -. 

25 2.682 2.819 2.146 2.270 1.684 . 1. 775 1.442 1.468 2.993 3.144 

24 2.634 2.776 2.097 2.226. 1.635 1. 731 1.389 1.418 2.889 3.050 

23 . 2.586 2.734 2.048 2.184. 1.584 1.687 1.334 1.367 2. 781 2.954 

22 2.540 2;694 ·2.000 2.142 1. 533 1.643 1.277 1.316 2.670 2.858 

21 2.497 2.658 1.952 2.103 1.482 1.600 1.218 1.263 2.555 2. 762 

20 2.458 2.627 1.907 2.067 1.431 1.559 1.156 1.211 2.437 . 2.669 

19 2.425 2.603 1.866 2.036 1.381 1. 521 1.093 1.160 2.318 2.583 -
18 2.403 2.590 1. 832 2.014 1. 334 1.489 1.030 1.112 2.200 2.511 

: 

17 2.400 2.594 1. 812 2.006 1.295 1.468 .967 1.073 2.095 2.475 

16 . 2.4'28 .2.626 1.818 2.022 1. 274 1.467 (.914 Q..053 2.037 2.531 
- -

__ • __ ._~ _____ L-...._ .. ______ .1 __________ 
-

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY,: .9l4 

BISHOPS MODIFIED METHOD, MINUtUM FACTOR OF SAFETY 1. 0 53 

( 1) x~ = 76 m 

1-' . 
.1:'-' 
0' 
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, 
Table A24- C 

. . subsoil = 6 t/m 3 , i fi11 - 35
0 

(Run24) 

-

Circle 
Ordinate bf Lowest Point on th e Circle (m) 

cen ters 
y(m) y=10 y= 11 y=11,5 y",12 
(1) 

/ 

--

-
~ 

OMS BM OMS Bt-1 ONS BM O!'1S B !-! 

25 5.116 5. 314 2. 865 3.031 2.017 2.12l 2.498 2.6"24 

24 5.004 5.210 2.784 2.958 1.950 2.06L 2.411 2.545 
~ 

23 4. 893 5.109 2. 703 2. 886 1.881 2.00£ 2". 321 2.465 

22 4.,784 5.011 2.620 2. 815 1. 812 1. 94 £ 2.228 2. 385 

21 4.678 4.919 2.537 2. 747 1.739 ,1 • 88l 2. 132 2.305 

20 4.581 4.837 2.457 2.684 1.666 1.82E 2.034 2.227 

19 4.496 4. i7l 2; 380 2.629 1. 592 1. 7 7 ~ 1. 9 34 2.155 
, 

18 4.433 4.73,3 2. 313 2.591 1.519 1. 72 ~ 1.836 2.095 

17 4.415 4. 744 2.~68 2.'585 1.453 . Q. 70E 1. 74S 2.066 
- , 

16 4.483 4.849 2.277 2.649 VI .411) 1. 73 1.700 2.122 

ORDIl\ARY METHOD OF SLICES, MI
c
l\Il1l:1-1 FACTOR OF SAFETY: 1.411 

EISHOPS MODlFIED ~~THOD, MINI~rr~ FACTOR OF SAFETY .1 • 706 

(1) x = 76 m 



• 
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Table A23-'-C 
. subsoil 

. 3 
- 4.-50- tIm ,0

fi11 
= 35 a (Run 23) 

Circle 
Cen ters 
y(m) 
(1) 

25 

24 

23 

22 ' . 
. -

21 J 

'-- 20 

19 

18 

17 

16 

_ .. _-
.-

Ordinate of Lowes.t Point on the Circle (m) 
-

y.:= 10 y.:= 11 y",11,5 y=12 . 

OMS B>..( . . . OHS EM ONS BN O!1S BV .. 
3.944 4.125 2. 340 2.481 1.799 1.88L 2.498 2.624 

3. 854 4.043 2.271 2.419 1. 73'7 1.8H 2.411 2.54-5 
-

3. 765 3.963 2.200 2.357 1;674 1.771 2. 321 2.465 

3.677 3. 885 2.129 2. 296 1.609 1. .• 71 ~ 2.228 2 •. 385 
. -

3.591 3. 812 2.057 2; 236, 1. 541 I.-uSe 2.132 2. 305 

3.511 3.746 1.985 2.181 1.472 1. 60 2.034 2.227 

3.439 3.692 1. 916 2.131 1.402 1.551 1. 934 2.155 
-

3.384 3.659 1.854 2.094 1. 331 1. 50E 1. 836 2.095 
. 

3. 361 3.663 1.806 2.082 1. 264 1. 4 7~ I 1. 74E 2.066 

3.403 3.735 1. 799 2.124 ,[ 21'3' 
" 

-1.49 1.70e 2.112 

ORDIt\ARY METHOD OF SLICES, Mlt\UfL1-1 FACTOR OF SAFETY: 1. 213 

BISHOPS ,MODIFIED METHOD, MINIMUM FACTOR OF SAFEIT :1.479 

(1) x = 76 m 

'. 

, 

, 
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\ 3 0 
Table A22- C - 1.50 tIm , ~£i11 = 35 (Run22) 

Circle 
.Ordina,te of Lowest Point on the Circle (m) 

cen te r~ y=8 y=9 y=10 y (m) y=11 ' y=12 

0) OMS B~ ONS ~BM OMS, BM OMS BM OMS BN 
----

25 2.644 2.770 2.091 2.209 1. ,?99 1.692 ·1.'.1.9(1 1. 328 2.498 2.624 

24 2.598 2.728 2.045 2.168 1.554 1.653 1.244 1. 285 2.411 2.545 

23 2.552 2.688 2.000 2.128 1. 509 1.613 1.196 1. 242 2.321 2.465 

22 2.509 2.6~1 1.955 2.090 1.463 1.573 1.147 1.197 2.228 2.385 

21 2.469 2.616 1.911 2.053 1.417 1.535 1.096 1.153 2.132 2.305 

20 2.433 2.5'88 1.870 2.020 1.371 1.498 1.043 1.109 2.034 2.227 

19 2.404 2.566 1.834 1.993 1. 327 1.465 • !) 8') 1.066 1.934 2.155 

18 2.385 2.556 1.804 1.974 1.286 1.438 .935 1.027 1.836 2.095 

17 2.385 2.564 1. 789 1.970 1.255 1.423 .883 .997 1. 748 2.066 

16 2.417 2.600 1. 800 1.991 1.242 1.428 .~ @ 1.700 2.112 

ORDINARY METHOD 'OF SLICES, HTNTMUH FACTOR OF SAFETY .842 

BISHOPS MODIFIED HETHOD, HINU1l.IM FACTOR OF SAFETY .986 

(1) x = 76 m 

1'-'. 
~ 
w 



.. 
, 2 ' 0 

Table A21- C = 6 tIm , ~£i11 = 45 tRun21) 

" -'., Or4inat~ of Lowest Point on the Circle (m) 

Circle y=i) y= 2 y~: 4 y::.6 y'H 
cEfntelS 
y(m) OMS " HM OMS BM OMS rm OMS BM OMS BM 11) 

I 

4.072 25 3.896 4.000 3.886 4.004 3.889 4.023 3.916 3.988 4.173 
, 

24 3.886 3.992 3.868 3.987 3.860 3.997 3.870 4.031 3.921 4.113 

23 3.880 3.988 3.853 3.975 3.833 3.975 3.828 3.994 3.856 4.056 

---
22 3.880 3.989 3.844 3.969 3.812 3.957 3. 791 3.962 3.795 4.002 

--~-.---- .- '-- -----..... - _.- - - . ~,. . .. -- ~ 

21 54.49 57.70 3.841 3.968 3.797 3.946 3. 759 3.936 3. 738 3.955 
--

20 3.899 , 4 .• 010 3.847 3.976 3.791 3.943 3.735 3.918 3.688 3.915 
-

19 3.924 4.034 3.865 3.995 3.797 3.952 3.724 3.913 3.649 3.888 

18 62.53 66.92 3.898 4.028 3.8i9 3.976 3.730 3.925 3.628 3.879 

17 -109.5 -118.3 46.45 50.30 49.57 54.27 3.762 3.961 3.636 3.900 
---._-_ .. _- f-------- --'-- ----

16 ~144.8 -157~3 -133.7 -146.7 40.65 44.72 3.837 4.032 3.696 3.966 

ORDINARY METHOD OF ~LICES, MINIMUM FACTOR OF SAFETY 3.486 

lBISHOPS MODIFIED METHOD, MJ,NlMUN FACTOR OF SAFETY 3.862 
(1) x= 76 m 

y-= 10 

OMS BM I 
4.150 4.374 

4.051 4.286 

3.953 4.199 

3.855 4.114 
.. --.. ---f--.-
3.760 4.034 
,'-~.-

3.669 3.962 

3.587 3.902 
-------

3.521 3.863 

"..,3.486 - 1(3.862 

3. 51~ 3.93l -

..... 
-""' 
-""' 



.' . . I 2.1 4 0 (. TableA20-; C.= 6 t m , VJ
fi11 

=. 0 Run20) 

Ordinate of Lowest Point on the Circle (m) 

CirCle 
y==O T' 2 y-4 Y" 6 y K 

centelS 
y(m) 

OMS BM OMS BM OHS Bl't OMS 11M ONS IH1 
11) 

3.~88 3.981. 
I 

25 3.982 3.875 3.873 3.994 3.891 4.031 3.944 4.111 
-

24 3.879 3.975 3.858 3.966 3.845 3.969 3 .. 847 3.992 3.880 4.053 
. 

23 3.874 .3.971 3.844 3.955 3.820 3~ 94& 3.807 3.957 3'.818 3.998 

-- ---- ----- .. 
. 22 3.874 3.973 3.836 3.949 3.800 3.931 3.771 3.926 3. 759 3.947 

I _._-'--- ... ---- .. __ ._--- - ~ ._ .. - .---- ... ---, 
21 54.41 57.18 3.834 3 •. 950 3.~86 3.921 3.7f1 3.901 3. 705 3.901 

20 3. 89/~ 3.996 3.841 3.959 3.782 3.920 3. 720 3.886 3.659 3.865 
\ 

I 19 3.920 4.022 3.860 3.979 3.789 3.930 3.711 3.883 3.624 3.840 

18 62.48 66.19 3.694 4.013 3.813 3.956 3.719 3.896 3.607 '3.835 
0,- -- --

1.7 -109.5 -116.8 46.41 49.68 49.50 53.48 3.754 3.935 3.619 3.859 
. --1----_.-- -- .. ------1-- I-.~.--.- r-,-'--- .-~---

16 -144. 7 -155.1 -133.6 -144.5 40.60 44.08 3~ 831 4'.010 3.683 3.930 
- ----

ORDINARY METHOD OF SLICES ,HTNIHUM FACTOR OF SAFETY 3.440 

BISHOPS MODIFlED. r-mTHOD, HININut-1 FACTOR OF SAFETY 3.775 
(1) x = 76 m 

.. 

y; 10 

OMS BH 

4.052 4.255 
) 

3.959 4.171 

3.865 '4..088 

3.773 4.008 
1-,---,,,- .. ---.-
3.684 3.932 

3.599 3.864 

3.524 3.809 

3.466 I~ ' .. 
."-(. 

3. 779 I'~ --
3.481 3.855 

- - - L ... 

'\ 

, ./ 

, 

if 

I-' 
~ 
1I1 

). 
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Tab 1 e A 19 - C = 6 t / m, ~ f iII = 35 (R u n 19 ) 

Ordinate of Lowes t Po ill t on the Circle (m) 

Circle 
y 0 y-2 Y ,~ 

centelS y 6 

y(m) 
OM..S BM OMS " BM OMS BN OMS BM ,( 1) 

25 3.881 3.965 3.866 3.960 3.859 3.967 3.869 3.994 
", 

. 
24 3.873 3.958 3.849 3.946 3.832 3.943 3.827 3.956 

1---,---

23 3.868 3.956 ' 3.836, 3.935 3.808 3.922 3.788 3.922 
--_._-- -- --

-22 3.869 3.958 3.829 3.930 3.790 3.907 3. 754 3.892 
.: ._.,,--- .-- .. ----~--... - ... - ""0'-. 

21 54.33 56.66 3.828 3.931 3.777 3.897 3.726 3.869 
~-

20 3.891 3.982 3.836 3.94L 3.774 3.897 3.706 3.855 

19 3.917 4.009 3.856 3.962 3.783 3.909 3.'700 3.853 

18 62.4.3 65.56 3.890 3.998, 3.808 3.937 3.710 3.869 
-

,17 -109.4 -l15.5 46.37 49.13 49.43 52.79 3.747 3.910 
--1-----7-'- ,---_. -- ,-- --

16 -144.7 -153.3 -133.6 .,..142.5 40.57 t.3.11 3.826 3.988 
-- - - - ---- --------- - --~--

ORDINARY METHOD OF SLICES, MINUtUM. FACTOR OF SAFETY 

BISHOPS MODIFIED METHOD, MINfMUM FACTOR OF SAFETY 

(1) x. = 76 m 
'/ 

\' H 

O~1S I\M 

3.906 4.054 

3.844 3.998 

3'.784 3.945 _._- ---
'3. 728 3.895 
.. '-.- -'-
3.677 3.852 

3.634 3.817 

3.602 3.795 

3.588 3. 792 

3.604 3.819 

3.672 3.894 
'-------

3.400 

3.694 

Y 10 

OM.S BM 

3.967 4.148 

3.878 4.067 

3. 790 3.988 

3.703 3.912 
. __ .. _-
3.619 -3. 840 
,----
3.540 3.776 

3~ 471 3.724 

3.419 [69~ 
-1 '3. 400 3. 700 1 

- ( 

3.449 3.784 

t-'! 
-,> ,f:-o i 

0\ I 

/ 



Table A18- C = 4.5 t/m
2

, ~fi11'= 45° (RunI8) 

~~. 

Ordinate of LOWl'sl P'oint lin t\lt' Circle (m\ 

Circle 
Y"'O v· .) v . I, Y (1 , '. 

ecnle IS 
" ~ 

y( m) 
OHS BM OHS BH OHS Iltl l)}1S BM m1:; I', ~1 

,( 1) 
I 

25 2.934 3.024 2.932 3.033 2.942 3.057 2.976 3.110 3.060 3.219 
-- -_.-+ 

24 2.926 3.017 2.916 3.020 2.918 3.036 2.939 3.078 3.006 3.171 
-- ---_._----- --------_. -.. --'.-1----- f-._-

23 2.920 3.013 2.904 3.009 2.896 3.018 2.905 3.0!,8 2.952 3.124 
-- r-:-, _.:- --'--1---;:--- ,_.-.----r---- -- j--.-,--.. _._- -_._-----

21 2.919 3.012 2.896 3.003 2.878 3.003. 2.873 3.021 2.901 3.080 
-- -,----- - ... --- .. __ . ... ".~ ... -.- - . -- -... ~. - .. - .. --.,.- .... _ .. -.. ---

21 41. 0 44.3 2.892 3.001 2.865 2.992 2.846 2.999 2.853 3.0!41 
_. .. -.'-'-' .. ~'.'---. w·o _. ___ ."_," .. _ ..-. __ ._-.--:. .. ---.-- ~-.--- .. _____ ·-.0_-- -_._ .....• _ . .... _ .. -

20 2.931 3.025 2.895 3.005 2.858 2.988 2.825 2.983 2.811 3.007 -
r------- .. ------ ---_.-. ---

19 2.9 L,8 3.042 2.906 3.017 2.860 2.993 2.813 2.976 2.776 2.982 _.-_ .•. __ .. f--.---- --.. ---1-- . ...... --- ---_ ... -----
:~?-~ 18 46.98 51..29 2.929 3.040 2.874 3.008 2.813 2.981 2.7SL, 

t--------.- --'-_.-t-- ........ ---- ... - ... 0 ... _____ 

~ - '~-'--" , .... - ----"---'- ---_. ... -"'---

17 -82.29 -91. 16 34.91. 38.65 37.29 41. 89 2.834 3.004 27.53 2.980 
---r-------- ,-,----,_. __ .. 1--- -,,- - ... 1-'------r----.- '7'--'''''':·''- r-~------'-

, .. __ ._.-

16 -108.7 -121-.4 -100.4 -113.6 30.55 34.49 2.887 3.052 2.791. 3.023 

ORDINARY METHOD OF SLICES, HlN1NUM FACTOR OF SAFETY 2.687 

BISHOPS MOOJFlIm NETHOD, HINfHl1M FACTOR OF SAFETY 2.971 
(1) x = 76 m 

y to 

OHS BH 

3.265 3.457 

3.183 3.384 
f-----f---'-

3.101 3.312 
r-' 

3.018 3.241 
-- - .. -- .- -_.--:-
2.937 3.171, 
--'- -.".~." -~ ..'--

2.859 3.112 

2.787 3.059 
..-~ -. .... _ .. -

2.725 3.022 
--_._.,,-- .......... -
r-~ 
~_'. 68_0 3.013 
,_._--- ...... -
2.697 3.055 

t-' 
.P­
...... 



Table A17- C 
2 J. _ = 4.5 tIm, ~fi11 

o 40 (Run 17) 

, , 

Ordinate of Lowest'Point on the Circle (m) 

Circle y:::O y-" 2 y:,4 y:c6 y .') 
cente 15 

y(m) " 
OMS 8M OMS BM OMS, IH1 OHS BM OHS BM 

,( 1) 

25 - 2.926 3.009 i.92i 3.014 2~ 926 3.032 2.951 3.075 3.016 3.163 
-- ' 

24 2.918 3.003 2.906 3.002 2.903 3.012 2.916 3.044 2.964 3.117 
--- --:---"-

23 2.914 2.999 2.895 2.992 2.883 2.995 2.883 3.015 Z.914 3.072 
.- -----,- -.~~ .. ' -" 

.22 2.913 3.000 2.887 2.986 2.866 2.981 2.854 2.990 2.866 3.031 
-.-- .,.,.:..,-_._..:. ... . .-.~ ----.- - - .-. . ... --_.- ... _---

21 40.917 43.65 2.885 2.986 2.854 2.972 2.829 2.970 2.821 2.994 
, 

20 2.926 3.014 2.889 2.991 2. 8~9 2.969 2.810 2.955 2.782 2.963 

19 . 2.945 3.032 2.901 3.004 2 •. 852 2.975 2.800 2.951 2.,751 2.941 

18 40.934 50.58 2'.925 3.028 2.868 2.992 2.803 2.958 2.733 2.933 
'-- .~ ~ 

17 -82.23 -89.60 34.869 38.06 37.22 41.14 2.826 2.983 2.736 2.946 
.- .--.--...... -.-.'-'--- '-'- .---- ---- .,_.--- ---,- . ---

16 -108.6 -119.1 -100.3 -111. 3 30.50 33.89 ,2.881 3.035 2. 779 2.993 
-

,ORDINARY METHOD OF SLICES. MlNH1UM FACTOR OF SAFETY : 2.640 

,BISHOPS MODIFIED METHOD, NINHnJM FACTOR OF SAFETY : 2.933 
(1) x ;:: 76 m 

, 

y:,10 ) 
I 

OMS BM 1 

3.167 3.345 

3.090 3.276 

3.013 3.208 

2.937 3.143 

-- '-'--'-- --~ 
2.862 3.080 

2. 790 3. ci 23 

2.724 2.,975 

--
2.671 2.943 

\. --
2.640 2.940 

-
'2.659 2.989 

..... 
.I:'­
OJ 



,/ 

Table AI6-C = 4.5 I 2 
t m, 9S

fi11
- 35° (RunI6) .. 

° Ordinate. of Lo~est Poinlon the Circle (m) 

Circle 
y=O y=-2 y -'I Y :1 y= 10 

cente IS 
y'C 6 

y(m) 
OMS BM OMS BM OMS" BH '. OMS' BM OMS HM OMS BM 

i (1) 

2-5 
I 

2.,920 2'.995 2.911 2.996. 2.912 3.009 2.929 3.042 2.978 3.111 3.082 3.244 
------

24 2.9120 2.989 2.898 2.984 2.890 2.989 2.896 3.012 2.928 3.067 3.010 3. FIg 
"-_ .. ---- ----~ .•.. -- -.-._ .. - -----" 

23 2.908 2.986 2.887 2'.975 2.871 2.973 2.865 2.984 Z.880 '3.024 2.938 3.115 
'. ---_ .. - --_ .. _-,-- ---.- .... - _ ... __ . --

22 2.908 2.987- '2.880 2.971 2.856 2.960 2.837 2.960 2.835 2.985 2.866 3.053 
~- --.-.-.. ---- ... _. .-.0--..... - ':""' •. -- .- 0 __ - .. _---"- r-----'- ----

21 40.84 43.14 2.879 2.971 2.845 2.952 2.814 2.942 2. 793 2.950 2. -796 2.995 

----- f-- . 

20 2.923 3.003 2.884 2.977 2. 8l,1 2.950 2. 797 2.929 2. 757 2.921 2. 730 .2.942 
) , 

19 2.942 3.022 2.897 2.991 2.845 2.958 2. 789 2.926 2.729 2.902 2.671 2.898 

18 46.89 49.97 .1.922 3.016 2.863 2.976 2.794 2.935 2.714 2.896 2.624CI:~ 
, _.___ __ - ___ o~ .. _ __,__ __ ... _.~ 

17 -82.17 -88.2734.83 37.53 37.1J40.46 2.8192.963 2.722 2.912~.601 2.872i 
--- ---- :-- -_.---, -- ... ---. -- ---- 1------- -._, :._-- --.----.. -- .... '0-__ ---I 

16 -108.6 ~117.3 -100.3 -109.3 30.4733.34 2.876 3.017 2.768 2.964 2.627 2.926 
• • __ n' J ' I '1 ____ n____ . I I 

ORDINARY METHOD OF SLICES, tHNINUM FACTOR OF SAFETY 

BISHOPS MODIFIED METIIOD, MINIHUH FACTOR OF SAFETY 
(1) x = 76 m 

2 •. 601 , 

2.871 

r 
t-' 
J::­
\0 



--> 

a 
Table A15- H = 8 m, ~ = 45 (Run15) 

------

Ordinate of 'Lowest Point on the Circle (tIl) 

Circle 
cen te rs 
y(m) 

y~ 1'2 y'-ll, y=lh y:-18 y l.O 

(1) , OMS fit-! OMS BM O~IS I\M OMS ' Bt-! ONS BM 

'. 
1. 0,56 43 1. 030 1. 078 1. 107' 1. 099 1.153 1.175 1. 282 1. 319 1.382 

-

41 1.013 1.066 1.034 1.090 1.070 1.130 1.098 1. 201 1;266 1. 338 
-

39 .998 1.055 1.013 1.075 1.042 1.109 1.062 1.171 1:160 1. 256 
--

37 .987 1.047 .996 1.063 1.017 1.091 1.029 1.144 1. 213 1.296 
. .,----. _ .. - .--.. -_ .. _. __ . - -.- .. ..- -- .-

35 .980 1.044 .983 1.055 .996 1.078 1.015 1.123 1.110 1.223 

34 8 1.044 .979 1.053 .988 1.073 1 .. 009 1.115 1.087 1.209 

33.5 .980 1.045 .979 1.053 .985 1.072 1.004 1.112 1.077 1. 204 

·33 .981 1.047 .979 1.054 .983 1.072 1.000 1.110 1.068 1.200 
-- -- _. . . 

32.5 .983 1.049 .980 1.055 .982 1.072 .998 1.108 1.059 1. 197 
----1----- ,--.. , .... ,---_. -_.- .- _._.- --- .. .. ------, . 

32 .986 1.051 .982 1.057 .982 1.073 .990 1.108 1.053 1.195 
- -

ORDINARY METHOD, OF SLICES, HrNH1UM' FACTOR OF SAFETY 0.979 

BISHOPS MOD'IFIED' METHOD, MINfMUt-! FACTOR OF SAFETY 1.031 

(1) x = 76 m 

y4 

OMS fiM 

.996 1. 035 

.991 1. 032 

.989 ~ 

.991 1.033 
.--

21. 64 27.93 

11.82 15.03 
" 

34.15 44.97 
---.----

55.85 74.44 
----

18.56 24.10 
~--1-----

-48.61 -33.8 

r-' 
\J1 
o 



/. 

Table Al4- 'R ::: 8 m, tf,- = 35° (Run14) 

Circle 
Ordinate of Lowest Point on the Circle (m) 

center1i 
y(m) 
(1) 

, 
.. 
.43 

41 

39 

37 

35 

34 

33.5 

33 

32.5 

32 
---

y:.::12 y=14 y=16 , y=18 

OMS BM OMS BM OMS BM OMS BM 

.995 'I. 052 1. 010 ' 1.072 1.036 1.104 1.083 1.158 
'. .-

.982 1.042 .993 1.059 1.013 1.086 1.053 1.133 
1----.. -- .-

.972 1.034 .978 1.047 .992 1.070 1.023 1.ll0 
----- -._. 

.964 1.030 .966 1. 039 .. 974 1. 056 .996 1. 091 
--1-,-----....... -.. ~- ... -.-.-- - .. -~.- .-

.962 1.029 .958 1.035 .960 1.048 -.974 1.077 

.964 . 1. 031 .958 1. 035 .957 1.047 .965 1. 073 

.. 965 1.033 .958 1.036 .956 1.047 .962 1.072 
-- _. 

.968 1.035 .960 - 1.038 ~~~3) 1. 048 .960 1.072 
.. 

.971 1. 038 .963 1.040 .957 1.049 .959 1. 073 
.- ._-_._-- -¥".'--' "- "'-.-.. ,-~- .-._-1------ .-~--.,---

.975 1.041 .966 1.043 .959 1.052 .960 1.074 

ORDINARY METHOD OF SLICES, M[NIMUM FACTOR OF SAFETY 

BISHO.PS MODIFIED METHOD. t-IlN [MUM FACTOR OF SAFETY 

(1) x = 76 m 

y·:w 
( 

Ot-IS BM 

1.172 .1. 256 

1.131 1.222 

1'.091 1.191 
._ •• ~_ 0-

1.051 1.162 
--- -.----
1. 01.6 1..140 

1.001 1.133 

.995 1.131 

.990 1.130 
--_ .. 

.986 1.130 
-_._-- ----
.983 1.131 

0.956 

1;of2 

y:4 

OMS Bt-r 

~982 1.024 

.979 1/1 .022 -
,.979 1.023 

.982 1.026 
'-- ---
21.46 26.02 

11.74 14.12 

33.94 41. 70 

---- - .. - ----.-
55.54 68.7.7 

18.47 22.54 
-.-_._.--
-33.6 -1.35 



( 

. a \ 
Table A13~ ij = 6 m~ ~ = 45 (RunI3) 

~ .. 
'Ordinate of Lowest Point on the Circle (m) 

Circle .. .. 
y-=O y==4 v ,6 y=lO y=12 

cente IS 

y(m) 
OMS H~1 OMS BM OHS .BM oMs BM OMS BM i1) 

-- -- . . .-- ... . - -- --- --- ..•. - - - ----_. .. -

J6 .1.325 1!372 1~335 1.389 1. 348 1.406 1.409 1. 478 1.479 1.555 
---.- -

34. 1. 319 1.367 1. 321 1. 378 1. 329 1. 391 1. 376 1.450 1.434 1.516 
) 

--1---"_._- ------ -- r-' --_.-
32 13.275 15.35 1.311 1. 370. 1. 313 1. 379 1.344 1. 424 1".390 1.480 

I 
" . -

([36~ 
._-- _ ... __ .-

~-.-- -"-~.-

30 1. 317 1. 367 1.305 , 1. 302 1. 370 1.316 1.402 1. 349 1.447 
\. 

••• .c. __ .•••. __ .... '.- -.-_ .... _-_., - . -. - ., . __ . ---
28 1.325 1.374 12.41 14.93 1. 298 1.368 1.294 1. 387 1. 312 1.420 

f-._' -- ... 
26 35.624 42.92· 16.111 19.71 1. 304 1. 374 1.284 1.381 1.286 1.404 

.----
25.5 -36.81 -46.26, 35.981 44.85 16.83 21.06 1. 284 1.382 1.282 1.403 .. .-- ( 

25 174.04 213.92 18.960 23.41 13.12 16.37 7.320 9.404 ~ 1.403 
-_ .. _.-:- -- -"._.---

24.5 24.29 29.18 '79.84 101'-37 20.78 26.34 1.289 1.387 1.281 1.404 
'. --_. r"-- ... . .. . .... -_. - -.---- f-_. __ .- -_.-_.--- 0_-_ .. -- ... ,-

24 -48.52 -62.27 16.747 20.65 13.76 17.20 1.295 1. 392 1.284 1.408 

ORDINARY METHOD OF SLICES, mNHIUM FACTOR OF SAFETY : 1. 280 

Bl S1I01)5 MODI F U:D HETIIOJ). ~ll N I HUM FACTOR OF SAFETY 

'(1) x = 74.5 m 

: 1. :366. 

yo=14 
I 

OMS BM 

1. 615 .1. 699 

1.553 1.646 

---- ---
1. 491 1.593 

.. _._--
1.429 1. 543 

L. •..•.. _. __ ---
1. 370 1.499 

1. 320 1.467 

1. 310 1.463 
- - . - .. __ ._-1 

1. 303 1. 460, 

1.297 1 :TS91 
1.295 1.461 

t-:' 
U1 
N 



" 

rable A12- H= 6 m, ~ = 35° (Run12) 

Ihdinate of ).ow(':;t 1'6int on· th'e Circle (m) 

Circle 
y=O y=4 y c6 y:~10 

cent!'! IS 
y:::12 

y(rn) 
OHS H~I ONS ,BM . m1S BH OMS UK OHS BH 

(1) 
--, .. 

36 1.312 1.358 1. 314 1.968 1. 320 1.380 1. 357 1.430 1.402 1.484 
---... - _ ... 

34 1. 307 1.355 1.303 1. 35,9 1.305 1. 367- 1. 329 1.406 1.364 1.451 

-- -------.. - --_. _ .. 

32 13.15 14.67 1. 295 1.353 1. 293 1.357 1.304 1.385 1".328 1. L,21 
. .-- ,_._._-'- --.- -' _._- ,--

30 

28 
1----

26 

25.5 

25 

24.5 

24 

1.309 1. 357, 1.292 1.352 1.285' 1.352 1.·282 1:. 368 1. 295 

-----1-:--"_--"'''- --- " --- . . . -, ._---
1. 319 1. 366 12.2:-98 14.14 1.,284 ~B 1. 266 1. 357 1..268 

35.48 40.73 16.002 1. 8. 64 1.29L, 1. 362 1. 263 1. 357 1. 252 

-36.6 -43.09 35.767 42.12 16.69 19.78 1. 265 1. 360 1.251 

--
173.5 201. 69 18.858 22.12 13.02 15.43 7.202 8.771 1.251 

r--------,- ----c--' 

24.22 27.82 79.47 94.75 20.64 24.69 1. 273 1.368 1.255 
--- -_ .. -- ... -.-. -- _.-_._---- ... -.------

-48.41 -57.64 16.73 19.5( 13.64 16.24 1.281 1. 375 1.260 

ORDINARY METHOD OF SL1CES, M[NJMUM FACTOR OF SAFETY :1.247 

BISHOPS MODIFTED METHOD, NiN!HUH FACTOR OF SAFETY : 1. 352 

(1) x. = 74.5 rn 

1. 395 

------
1. 375 

1. 367 

1. 367 

1.369 

-.. ---
1. 373 

1. 379 

y::ll, 

OHS BH 

1.488 1.581 

1.437 1.536 

1.386 1. 493 

,'-

1.336 1.454 

-- --- --- --.:---
1. 291 1. 421 

.. - f--._--

1.257 1.401 

--
1.252 1. 399 

--- -'---"---
1. 24-S 1.400 

-----
~, 1.402 

,.-
1.250 1.408 

I-' 
V 
t..: 



Table All- H = 4 m, ~ ~ 45° (Rurt1~) 

Ordinate of Lowest Point on the Circle (m) 

Circle 
cent£! 15 

y=O y" 2 Y 4 y: () '/ ~l 

y(m) 
OMS BM OHS BM OMS Bt-I OMS BM ml~; BM l( 1) '. 

-
25 1.972 ' 2.040 1.977 2.054 1. 994 2.081 2.036 2.136 2.132 2.249 

.. 

24 1'.965 2.034 1.965 2.043 1. 976 2.065 2.008 2.111 2.090 2.212 
f-----.-: , 

23 1.960 2.030 1.955 2.035 1.959 2.050 1.981 2.088 2~048 2.176 
f----- -- t-----.---- _' __ 4.' 

22 1.958 2.029 1.947 2.028 1.944 2.038 1.956 2.067 2.008 2.142 
----- 1-;-•• -_._.-- ------_. - .. ... . , _._ .. _-- .. _-----

21 27.511 30.64 1.943 2.025 1. 932 2.029 1. 934 2.049, 1. 969 2.110 -_ .. _-- .. --.- -' - _C-. .. _ --- ..... _._---
20 1;~62 2.034 1.943 2.026 1.924 2.023 1.915 2.035 1. 933 2.082 

-_._- --
19 1.972 2.043 1. 948 2.032 1.923 i~ 1. 903 2.026 1.903 2.059 

18 31.43 35.60 1. 961 2.044 1. 929 2.030 1.898 2.025 1~880 2.045 
--1-"':---'-- , .. __ .. - 1---' 

1.87~ 
----_. 

17 -55.00 -64.11 23.367 26.94 25.01 29.45 1. 907 2.035 2.044 
-- ---_ .. 1--'--'- " 1--'-- --.-.-- --.. --_ .. - -=_ ... -.... _-----

16' -72.6 -85.71 -67.13 -80.72 QO.45 24.18 1. 936 2.061 1.887 2.063 

ORDINARY METIIOD OF SLICES, MINIMUM FACTOR OF SAFETY 1.871 

BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY 
'( 1) x = 76, m 

2.023 

yolO 
I 

OMS BM 

2.380 2.520 
I 

2.314 2. 462 1 

2.248 2.405' 
--1----1 

2.182 2.3481 
- .----.- ..-.--

2.115 2.293 
.-.-.... -- ... -,~ -.. ~-

2.049 2.241 

L 987 2.194 
...... _ .. -

1.930 2.157 
._ ... , 1----- - - --

1.887 2.139 
1---,- ----
1.875 2.153 

~ 

\JI 
l:'-



Table AIO- R = 4 m, ~ = 35° (RunlO) 

Ordinate of Lowes t Po in t on the Circle (m) 

Circle 

cente 18 

y(m) 
,( 1) 

-
25 

24 

23 

22 

21 
r-----

20 

. 19 '. 

18 

17 

16 

y~O y-= 2 . Y 4 y:; 6 

OMS BM OMS BM OMS IH! OMS BM 

1.958 2.019 1. 957 2.026 1.964 2.043 1. 989 2.080 
.-. -

1.952 2.014 1.946 2.017. 1.948 2.029 1.964 2.058 
----~. 

.. _-_._- . 

1. 948 2.011 1.938 2.009 1. 933 2.016 1. 941 2.038 
. ----.'-'-

" 

1. 947." 2.011 . 1. 932 2.005 1.921 2.006 1.920 2.020 
--- --.-.- -- .. --.. - .---_._._. - --_. .-_. 

27.35 29.605 1. 929 2.004 1. 912 1. 999 1. 901 2.005 , _ .. 

1. 955- 2.019 1. 931 2.006 1.907 1. 996 1.887 1.994 
.. 

1:966 2.030 1. 939 2.014 1.908 1. 999 1.878 1. 989 

31. 337 34.34 1.954 2.029 1.917 2.008 1.878 1. 992 
- -- ._-- ._ .. -

-54.87 -61.10 23 .. 285 25.89 24.87 28.09 1.891 2.006 
-----.-.---r--.----. ... - -. .----- -.-.--- ........ ----

-n.4'9 -81.40 -66.93 -76.27 20.37 23.12 1. 926 2.038 

ORDINARY METHOD OF SLICES, M[NIMUM'FACTOR OF SAFETY 

R 1 SHOPS MOD I F lED METHOD, NT N nruM FACTOR OF SAFETY 

(1) x = 76 in 

y H 

OMS 11M 

2.049 2.157 

2.012 2.125 

1.976 2.093 
_._. 

1.941 2.063 
._-- ----:---
1.909 2.036 

1.880 2.0'13 

1.856 1. 996 

1.840 ILL 988 -
'---' --- .. - ..... 

1.839 1. 993 
----_._.- ._ .. _----
1.863 2.021 

1. 801 

1.988 

y-= 10 

OMS BM 

2.197 2.327 

2.141 2.278 ._-
2.085 2.229 

2.029 2.181 
-- ..... _---
1. 974 .2.135 

---.-
1.920 2.093

1 

---I 

1.871 2.056 
_._--.--

1.828 2.030 
- ---~ 

1.801 2.023 
- ... -- -----
1.805 2.050 

.. --------

t­
\J 
\J 



. 
Table A9- H = 8 m, y'= 2.1 t/m

3
, ~ = a ./ 2 C' 45 , c 0= 3 t m Run 9 ) 

Circle Ordinate of Lowes t Point on the Circle 'Cm) 
centers ) 

yCm) . )"=0 )"= 1.2 y=14 y=16 y=18 y= 20 
(1) 

OMS BM OMS· BM OMS BM OMS ,BM OMS BM OMS BM 
. . 

43 .950 .982 • 986 1.030 1.013 1.059 1.057 1.105 1.134 1.184 1.279 1.335 
-- r-:--

41 .948 G~D .970 1.018 .991 1.042 1.028 1.082 1.096 1.153 1. 227 1.291 

39 .94'9 .983 .955 1.007 .953 1.015 1.001 1.061 1.058 1.123 1. 122 1.210 
__ ·_0 •• ___ --..... - - ---. -- ---.---'------- --

.J 7 .953 .987 .943 1.000 .971 1.027 .975 1.043 1.022 1.097 i .175 1. 249 , 
-- --f---._.-- .. - -~.-- ,.- --_0 

35" 45.6 58.7 .936 .996 .940 1.1.007 • 954 1 ~ 030 .989 1.075 1.072 1.176 
~o __ -- .. --.• --.---.--1---.'--" .- - ._- -----

J/, -28.5 -38.9 .935 .996 0.936 1.006 .946 1.026 .975 1.067 1.049 1.162 
r--.. -.... -- _._._- ---- I---'~--.- --.--..• ---

-~ 
---. "-'". -- --_ •.. _-- - .. _.-- -- '-"--- "'."- _ .. -.. - ----_ .. _--

3],5 -414 -550 .9.35 .997 1. 005 .943 1~024 .• 969 1.064 1.039 1.157 
f---- .•....•. ,. -... - .. -- ,..-:--.. --- -- .•.. -. -. •. - -: '-'---1-----

JJ 30.6 39.5 .936 .998 ; '. 9 35 1.006 .941 1.023 .963 1.062 1.029 1.152 
: 

--f----.:. -- -" 1--'_-1---_. 

32,5 -14.6 -22.5 .938 1.001) • 9 36 1.007 .939 1.023 • 9 59 1.%0 1.021 1.149 
._-- - .. __ 0_.--- --1---- --'-

32 . -36.8 -51,9 .941 1.02 .937 1.009 .939 1.024 .956 1.060 1.014 1.147 
--- --~- '----~ -~-- ----.-

ORDINARY METHOD OF SLICES, t-11NIHml FACTOR OF SAFETY' 0.935 

rSlioPs MODIFIED HETIIOD,M1NINUN FACTOR OF SAFETY :).982 
(1) x = 76 m .. 

Toe Circles 

OMS I BM I . 

2.007 2.121 

1.863 1. 9 861 

1. 715 1.850 
I 

1.565 1.714 
J 

1..414 1.584 . 
i 

1. 341 1.523 
-.- ------1 

1.306 1.494 
i 

1.272 1. 467' 

1.240 1.442 

1.210 1. 418 

I-' 
l;1 
a-

/ 



). 

3 .. . a 2 
. Table A8- H = 8m, y = 2 tIm , ~ =-40 , c = 31m {Run8) 

Circle Ordinate of Lowest Point on the Circle (mj 
centers 
y(m) 
(1) 

113 

41 
r-----

39 

37 
~-

35 
-. 

31~ 
---_ .. ,.-. 

D,S _ ......... 

3] 

:32,S 

32 

y=O / y=:2 y::14 y=16 y=18 

OMS BH OMS BM OMS . HM ' OMS BM OMS BM , 

.99 1.027 1.011 1.066 1.031 1.090 1.066 1.128 1.126 1.194 
-

.989 1,.026 .997 1.054 1.012 1.074 1.040 1.108 .1.091 1.166 
-- .--.--~. --

.991 1.029 .984 1.045 .994 1.061 1.015 1.089 1.058 1.140 
.. _-, •. -.--..• -... - '". -.---

.996 1.033 .975 1.039 .980 1.051 .994 1.074 1.027 1.118 
~ ---.-.- .---- -.-

50.3 62.2 .970 1.037 .970 1.045 .977 1.063 .999 1.100 

-27.6 -35.7 .971 1.038 •• 968 1.045 .971 1.060 .989 1.094 
.------------ ---.. --:..- ..... _._ ...... -...... --- -.. - .... --.-.--------- -- .. ----
-271 '::"343 .9:n 1.039 .968 1.045 .9~9 1.060 .984 1.092 
-, .. _- -~-- .. --. - .. -. 
32.4 40.1 .974 1.041 .969 1.04E ~~ 1.060 .981 1.091 

. -- I-. . --
~14.Jj -20.5 .9.1 7 1.043 .970 1.04~ .969 1.06! .97E 1.091 

... -
. -36.4 -48.1 .981 1.046 • 9 7~ 1.051 '.970 1.062 .97, 1.09:': 

, 

ORDINARY METHOD OF SLL..GES, MINHIlJr-, FACTOR OF SAFETY: 0.968 

BISHOPS MODIF1ED HETHOD, MININUH FACTOR OF SAFETY : 1.026 
\. 

('1) x' = 76 m 

y=20 

OMS BM 

1.240 (1. 317 

1.194 1. 278 
I--

1.147 1.242 
--_. 

1.102 1.208 
-

1.060 1.181 
--

1.041 1.171 
---... - .. --
1.033 1.167 

i~ 1'.164 
----_ . 
1.02e 1.16 ~ 

1.016 1.16 ~ 

, 

Toe Circles 

OMS BM 

1. 802 1.919 

1.683 1.810 , 

1. 561 1. 701 

1 .. 4JE 1.594 

1.. 31, 1.495 

1'.259 1. 450 

11232 1.1.429 

1.20E 1.411 

1.18:': 1.39-Z 

1.161 1.379 

') 

I 

t-' 
Vt 
-...J 



• 
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Table A 7- Can tinued (Rtm 7) 

Circle 
Ordinate of Lowest Point on the Circle (m) 

.-, 

cen ters 
y(m) y=16 y-18 y=20 Toe Circle 
(1) 

OMS BM OMS BM OMS BH OMS BN 

43 1.083 1.155 1.129 1 .2 0 9~ 1.216 L 305 1.632 1.750 

41 1.060 L 137 1.0.98 1.183 1.174 1.271 1.535 1.663 

39 1. 038 1.120 1.06-8 1.160 1. 133 1.239 1. 436 1. 577 
, 

37 1. 0 20 1. 107 1. 041 1.141 1.093 1.211 1. 336 1. 495 

35 1.007 1. 099 1.018 1. 127 1.058 1. 189 1.241 1. 421 
i 

. 34 1.003 1. 098 1.010 1. 123 1. 04:3 1.182 1.197 1.389 

33,5 
:'I 

1; 002) 1. 0.9 8 1. 007 1. 122 1. 0 37 1. 180 1. 176 1. 376 
-

33 - 1.003 1. 099 1. 005 1.122 1. 0 32 L 179 1.158 1.364-

32,5 1.01)4 1. 101 1.005 1.124 1.141 1.354 

32 1. 01) 7 1.104 1.006 1.126 1.127 1.347 , . , --

ORDmARY .1'fETHOD OF SLICES ,MI~nRrf FACTOR OF SAFEl:): 1.002-

BISHOPS !-IODIFIED METHOD, NIt\UfL:-! FACTOR OF SAFETY : 1.075 

(1) x = 76 m 



1 -- - - - 7 . 8 1.9 t/m3 I> = 35° (Run7) 

OrdinAte of Lowest Point 'on the Circle ( m) 

Circle y=O y=2 y=4 y=12 - y=14 I \ 
centers 

y(m\l) OHS BM OMS BM OMS BM OMS BM OMS 

43 1.036, 1.075 1.034 1.075 1.032 1.076 1. 043 1.104 1.058 

41 . 1.036 1.075 1.033 1.075 1.029 1.075 1.030 1.094 1.040 

39 1.039 1.078 15.03 17.53. 1.029 1.075) 1.020 1.086 1.025 

37 '. 1.045 1.054 15.54 18.26 1.033 1.079 ,1.012 1.081 1.013 

35 56.2 66.9 14.02 16.56. 23.2 27.9 1.011 1.081 1.006 

34 -26.8 -32.9 28.7 34.5 12.3 14.7 l.O13 1.083 1.006 

.33,5 -~O 1. 7:-244.2 16.3 19.5 37.2 45.4 l.015 ! 1.085 1.006 

33 34.5 41.'1 -95.4 117.5 63.39 77.85 1.017 1.087 1.008 

32,S -14.6 -19.04 48.3 58.6 

32 -36.0 -45.0.: 18.2 21. 74 

- -

ORDTNARY METHOD OF SLICES, M1NTMUt:f FACTOR OF SAFETY 1.002 

BISHOPS MODIF1ED METHOD, MINIMUM FACTOR OF SAFETY 
(1) x-76 m 

1.075 

BM I 
\ 

1.124 

1.110 

1 • .098 

1.090 

1.086 

1.087 

1.088 

1.090 

I. 

I-' 
\J1 
\0 



Table A6- Continued (Run6) 

Ordinate of Lowest Point on the Circle (m) 
Circle 
centers y = 12 Y -14 Toe Circles 

~))m) , 
OMS BM- OMS BM OMS BM OMS BM, OMS BM 

" 

36 1.481 1.502 1.421 1.491 1. 431 1.502 2.529 2.6531 
I 

34 1.387 1.465 1.377 1..453 1. 387 1.465 2.354 2.489 

32 1.345 1.431 1.334 1.418 1. 345 1.431 2.171 2.320 

30 1. 306 1.400 1. 293 1.385 1. 306 1.400 1. 981 2.148 

28 1.271 i. 376 1.256 1.358 1.271 1'.376 1. 787 1.980 
I 

·.26 1.248 1.363 1.230 1. 342 1.248 1.363 1. 267 1.407 1.597 1.827 

25,5 1.226 1.341 1.257 1.402 1.553 1. 793 

25 'l.224 1.340 1.249 1.398 1.511 1'. 7631 

24,5 1.224 1.341 1.243 1.397 1.473 1.736 

24 1.226 1.344 1.241 1.398 1.440 1.715 

1) CIRCLE n, 73 7J 74.5 74.5 76 76 74.5 7/,.5 74.5 7/,.5 
ABCISSA 

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY: 1. 224 

BISHOPS MODIFIED METHOD, MINIMlm FACTOR OF SAFE1~ 1. 303 

''---
.~ 

I' 

.1-' 
0\ 
o 
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45 (Run6) 'i Table A6-H = 6 m,'y 

\ 

Ordinate of Lowest Point on the Circle (m) 
Circle 
centers W y = 0 \ Y = 6 
y(m) 

OMS EM OMS IH! OMS BM OMS BM OMS BM 

36 L267 1.311 1. 264 1.308 1. 267 1.311 1. 292 1. 348 1.2,88 1.343 

34 1.261 1. 307, 1.258 1.304 1.261 1.307 1.214 1. 333 1.270 1.328 
, 

12.66 14.72 32 1. 258 1. 305 1.258 1. 305 1. 259 1.321 1.254 1.316 

30' 1. 259 1. 307 1.256 (1~ 1.25,9 1. 307 1 ~ 249 1.314 1. 243 1.307 

28' 1.267 1.314 1.263 1. 310 31. 83 38.18 1. 245 1. 312 1. 238 1. 305 

26 -108.11 -134.43 33.5 40.664 28.04 33.92 1. 251 1. 319 1. 243 1.311 

(1'fIRCLE 
ABCISSA,m 

73 73 74.5 74.5 76 76 '73 n 74.5 74,.5, 

OMS 

~1. 292 

1. 274 , 

L260 

L249 

1. 244 

1.251 

76 ' 

r 

BM 

1.348 

1.333 

1. 322 

1. 314 

1. 3121 

1. 319 

76 

I-" 
0'\ 
I-" 



Table A5- Continued (RunS) 

, 

Ordinate of Lowest Point on the Circle (m) 
Circle 
centers y = 12 Y -14 Toe Circles 
Y1(m) 

OMS Bl1 OMS BM OMS BM· OMS BM OMS BM 
--_. 

J6 1.447 1.529 1. 438 1.519 1.447 1.529 2.277 2.400 
I 

34 1.407 1.495 1. 397 1.483 1.407 1.495 2.131 2.265 

32 1.368 1.463 1.357 1.450 1.368 1.463 1.979 2.128 

30 1.333 1.436 1.320 1.421 1. 333 1.436 1.823 1.991 

28 1.303 1.415 1. 288 1.397 1.303 1.415 1.666 1.860 

26 1.286 1.:407 1.268 1.386 1.286 1.407 1. 286 1.434 1.516 1.746 

. 25,5 1.265 1.385 1.279 1.431 1.482 1.723 
-

25 ~ 1. 386 1. 273 1.430 1.451 1.703 

24,5 1.267 1.389 / 1.270 1.431 1.424 1.688 

24 1.271 1. 394 ·1.271 1.435 1.403 1.677 

(1) ClRCLE "' 73 n 7/1 .5 74.5 76 76 74.5 71, . .5 74.5 74.5 
ABCISSA 

ORDINARY METHOD OF SLlCES, MINIMUM FACTOR OF SAFETY:: 1.265 

BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY 1.360 

:; i ( 
N 
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3 0 Tab 1 e A 5 - H = 6 m, Y = .2 t l m , r/J = 4 0 ( R un 5) .. 

<: / 

·r 
; .. 

Ordinate of Lowest Point on the' Circle (m) 
Circle ) 

" .. 
f, Cen te rs y = 0 y = 6, 
(' , y(m) 

OMS" J~M OMS nyc! . . 0l-1S BM OMS BM OMS BM 
" - ... _ ....... _ .. -

36 :1. 321 1.368 1. 318 1.365 1.321 1'. 368 1. 337 1.398 1.333 1.393 

34 1.316 1. 364 1.313 1. 361 1.316 1.364 1. 321 1.385 1.316 1.379 
, 

32 1. 314 1.363 13.21 14.,99 1.314 1.363 1. 308 1. 374 1..302 1.368 

, 30 '1. 317 1.367 1.313 1.362 1. 317 13.67 U299 1.368 1. 293 1.361 

/ 
28 1.326 1. 375 1.322 1.370 34.2 39.84 1. 297 1.368 1.290 1(1. 360 

26 -95.97 -114.68 35.5 41.75 29.5 34.63 1. 307 1.377 1. 299 1.368 

~1 )CIRCLE 
ABCISSA 1m 

73 73 74.5 74.5 76 76 73 73 74.5 74.5 

OMS 

1. 337 

1. 321 

1. 308 

1.299 

1.297 

1.307 

76 

BM 

1.398 

1.385 

1.374 

1.368 

1.368 

1.377 

76 

1 

t-' 
Ci'I . 

W 
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Table A4-Continued (Run4) 

Circle 
cen ters 
Y1(m) 

-

36 .' 

34 , 

32 

30 

28 

26 

25,5 . 

25 

24,5 

.24 

(l)~CIRCLE 
ABCISSA· 

Ordinat~ of Lowest Point on the Circle ( m) 

y = 12 , 'Y -14 Toe Circles 

OMS BM OMS BM OMS -~BM OMS BM OMS I BM 

1.476 1.563 1.466 1~552 1.476 1.563 2.068 2.188 

.1.438 1.531 1.427' 1.519 1.438 1. 531 1.948 2.079 
'~ 

1.402 L501 1.390 1.488 1.402 1.501 1. 823 1.969 ,. 

1.370 1.:476 1.357 1.461 _t..370 1.476 1.696 1.861 
\ 

1.344 .1.459 1. 329 1.441 1.344 1.459 1.570 1. 761 
, 

1.332 1.455 1.313 1.433 1'.332 ,1. 455 1.315 1.465 1.455 1.681 

1. 313 1.434 1. 310 1.464 1.431 1.666 

1.314 1.437 1.307 1..465 1.409 1.656 

. 1. 317 1.441 1.307 1.468 1.392 1.650 

1.324 1.448, 1. 310 1. 4 74 1.381 1.649 

73 / 7 '3 74.5 74 .. 5 76 ' 76 711.5 7!,.5 74.5 74.5 

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY: .J" 307 

BISHOPS MODIFIED METHoD, NINIMUN FACTOR OF SAFETYi, '-!ZO 

( 

" 

1, 
. I-' , 

(J\ 

l'-



Table A4- -H = 6 m, y = L9 t/m 3 r/J = 35° (Run4) 

, 

ordinate of Lowest Point on the Circle (m) 
ci rcle (1) -

, cen te rs - y = 0 y = 6 
y(m) 

OMS, EM OMS , J1H m1S BM OMS BN OMS BM OMS 

36 ' 1.382 1".4.,30 : 1.379 1.428 1.382 1.430 1.391 1.454, 1.386 1.449 1.391 

34 1. 378 1.427 1. 375 ' 1. 42l. 1. 378 1.427 1. 376 1. 441 1.371 1.436 'i. 376 

32 1.377 1.427 13.9 15.35 1. 377 1. 427 1.364 1.432 1.358 1.425 1.364 
..,--

30 1. 381 1.432 1.377 1.427 1 ~ 381 1. 432 1.357 1.427 1.350 (1. 420 1. 357 

28 1.392 1.442 1.388 1. 437 ,37.1. 42.01 1.357 1.429 1. 350 1.421 1.357 

26 -86.27 -99.62 37.8 43.24 31.26 35.62 1.370 1. 441 1.361 1. 432 1. 369 

(l~IRCLE 73 73 74.5 74.5 76 76 73 n 7/ •. 5 74.S 76 
BCISSA, 'tTl 

- ---- _ --- -1-- ----J_-~--

...: 

BN 

1. 454 

1.441 

1.432 

1.427 

1.429 

1.441 

76 
-

I-' 
C]\ 

V1 



'--

Table A.3- H = 4 m, Y = 2.1 t/m 3 , ~ = 45° (Run3) 

Ordinate of Lowest Point on the Circle (m) 

CIrcle y:.:O y2 .y 4 y-6 ' y .'1 
cente IS 

y(m) 
OMS BM OMS, BM OHS Inl ONS, BM n·H~) 11M; 

10) 

25. 1:881 1. 946. 1.886 1.960 1.904 1.987 1.946 2.042 2.044 2.156 ._- -

24 1.814 1. 940 1.874 1.949 1.886 1.972 1. 919 2.018 2.003 2.120 
-- t------- f----.-.- I-

. 23 1.869 1.936 1.864 1. 941 . 1.869 1. 957 ,1.893 1. 996 i.962 2.085 _._._- -- --;- -'-.'- _ ...... -
I· 

22 1.866 1.934 1.857 1.935 1.855 1. 945 1.868 1. 9'75 1. 923 2.051 
-- ..,.. .... _._-_._- --- ---.-.- - -- _. _ c. _____ 

_ .... _---
21 25.9 28.9 1.852 1. 932 1.843 1. 936 1.847 1. 958 1.885 2.020 

--. 
20 1.810 1. 939 1.852 1. 932 1.835 1. 931 1.828 1.944 1.850 1.993 

19 1.880 1. 948 1.857 1. 937 1.833 Ill. 930 1.816 1.935 1. 819 1. 970 -
18 29.89 34.03 1.869 1.949 1.839 1.937 1.811 1.933 1. 797 1. 955 

... - ---.-: ---- ._-_._._-
17 "';'56.5 -66.4 22.27' 25.82 23.53 27.88 1.818 1. 942 (1. 787 1. 953 

~---..-/ .'--- .. .... .... - .. _.- ....... -.- f-----.-- - .. _ .. ~--- ._-
'~---"-' . -.. --.- ----

16 -73.31 -87.2 -69.49 -84.25 19.49 23.20 1.846 1.966 1.801 1. 970 

ORDINARY METHOD OF SL1CES, HLNIHUM FACTOR OF SAFETY : 1. 7'S7 

BISHOPS MODIHED HETHOD, NINlHUM FACTOR OF SAFETY 
(1) x = 76 m 

: 1. 930 

Y 10 

OMS BM 

2.295 2.4301 

2.234 2.373 
--

2.167 2.317 

2.102 2.261 
." _.'. '-- .. _-_._-
2.037 2.207 

--1------

1. 972 2.156 

1. 910 2.110 
- -,- -----

1.854 2.073 
r--'-' ..... -.:.-

1.811 2.053 
...-.--- _._._-
1. 796 2.065 

J 

..... 
0\ 
0\ 



v rp 
\) ! 

Tib1e AZ- H'~ ~m, Y 
, 3 

= 2 tIm, t/J = I .-
{.- . 

40° (Run2) 

. , 

.. - , Ordinate of Lowe~tPoint on the Circle (m) 

Circle y=O, y:2 y--- 4 y: 6 y ~) 

cente 15 

y(m) 
OMS BH Ot-lS BM OMS BH O~lS BM L)~lS 1\ ~1 

(1) 
- I 

, 
25 1. 965 . -2.030 1.966 2.039 1.978 2.062 2.011 2.108 2.088 2.202 

, , 
-

24 1.958 2.024 1.955 2.030 1. 961 2.047 1.984 2.084 2.048 2.167 
"- I-- .. 

I 23 1.954 2.021 1.946 2.022 1.945 2.033 1.959 2.063 2'.010 2.133 

22 1.952 2'.020 1. 939 2.017 1.932 2: 022 1. 936 2.043 1. 972 2.102 
- ~---- .. -. ~,.-- --.--.- - _. 'M ..... _" ---- --

21 27.426 30.09 1.936 2.015 1.921 2.014 i. 916 2.027 1. 937 2.072 
--_. 

ZO 1. 958 2.027, 1.936 2.016 1.915 2.010 1.900 2.014 1.905 2.047 

19 1.969 2.037 1. 943 2.023 1. 915 2.011 1.890 2.008\ 1.877 2.027 
-. 

18 31.-38 34.93 1.957 2.037 1.923 2.02,0 1.887" 2.009 1.859 2.016 
------.- -~- -- --- .. -... _.-.. _-

17 -54.93 -62.48 23.32 26.39 24.94 f8.73 1. 889 2.021 1.854 2.019 
-- ------_. + ... _._----, --- -----I .,----_._- ---- --.-.. -.- -----.-.. -. ·-0·· ____ --

16 -72.54 -83.37 -67-.'05 -78.33 20.41 23.62 1. 931 2.050 1'.874 2.042 

. ORDINARY METHOD OF SLICES, MlNIMUM FACTOR oj;' SAFETY 1.837 

BISHOPS .MO~lFIED METHOD, MINIMUM FACTOR-OF SAFETY 
(1) x =76 m 

2.008 

y- 10 

OMS BH 

2.280 2.419 

2.222 2.366 

2.161 2.313 

2.100 2.260 
- .. _--

2.039 2.210 
--~ 

1.980 2.164 

1. 924 2.123 
-- --- ----

.1. 875 2.092 
---- .-------
1.841 2.079 

---~ 

1.837 2.100 

r 
,I-' .! 

- 0' 
..... 



.' . 

./ 

Table' AI""" H 
- 3 = 4 m, Y = 1.9 tIm , ~ = '0 

35 ' (Run1) 
I 

~ Ordinate of Lowest Poi1lt l'n the Circle (m) 

Circle y::O y" 2 y- L, }I'6 Y II 
centelS 
y(m) 

, 

(1) 
,OM.S Rl:1 OMS ' BN OM-'-i BM OM-I) 3M m1S 11M 

\ 

-
2.122. 2.'057 ,25 2.059 2.128 2.064 2.145 2.088 2.182 2.147 2.259 

- ' -- . 
24 2.053 2.117 2.046 2.119 2.Q47 2.130 2.062 -2.159 2.109 2.225 

--.--. - .. --~-- ~ .. - R, __ -- -- ---
23 2.049 2.114 2.038 2.11:2 2.032 2. U7 2.038 2.138 2'. ~09 2.192 

----! -------.- 1-' ------.- _.---
22 2.048 2.114 2.032 2.107 2.0'20 2.107 2.016 2.120 2.036 2.161 

r.------- --- --.-... - -- - -- ,., -. ... -- --
21 29.17 31.46 2.029 2.106 2.010 2.100 1.997 2.104 2.002 2.-133 

--
20 2.056 2.,123 2.032 2.109 2.005 2.097 1. 982 2.093 1.972 2.110 

19 2.069 2.135 2.040 2.117 2.007 2.100 1. 97/+ 2.088 1.948 2.092 

18 33.05 36.07 2.056 2.133 2.017 '2.111 1.975 2.092 1. 932 r 2 • 084 
-- --,--

17 -:-53.39 -59.16 24~498 27.12 26.56 29.84 1.980 2.108 1. 932 2.091 
, . 

.. --.. "- --._-- --- ------ f-.------;-- --"'-'-'- -- -_._--
16 -71.80 -80.20 -64.78 -73.50 21.43 24.20 2.026 2.142 1. 959 2.121 

------ ---- -
ORDIN~YMETHOD OF SLICES; MINIMUM .FACTOR OF SAFETY : 1.885 

BISHOPS MODIFIED METHOD, NI N nmN FACTOR OF SAFETY 
('~) x = 76. m 

: 2.084 

I 

y' 10 , ! 

I 
OMS UM I 

2.290 2.425 
, 

2.233 2.374
1 

-----i---------j 

2.175 2.325 
, 

2.117 2.274 
, -_ ... _.- .--~ 

2.061 2.227 

2.006 2.183 
, 

1. 955 2.146 

1. 912 
-----~ 
2,.120

1 

, 

,--------r. 
~~ 2.114 
_. 
1.892 2.143 

t-' 
0\ 
co 
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