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A STUDY ON STABILITY OF FILL ON CLAY SUBSOIL
ABSTRACT

“The procedures; assumptlons and equ111br1um methoes.
_used to develope the slope stablllty charts and detailed
'analy31s procedures of stablllty are 1nvest1gated ourlng the
first phase of the the51s.A
The stability of ‘a tohesionless fill oh'a‘CIaj founde—”
tlon using Ordlnary Method of Sllces ‘and Blshop s Modlfled
Procedures of stablllty analy51s are examlned on the second
phase of the the51s. For thls purpose the effects of the
‘shear strengths paraneters of the £i11 and sub501l clay S
fondutalon on the factor of safety are 1nvest1gated - Further-
more the efflect of varlatlon 1n flll unlt welght on stability
wand the stability of the flll on normally consolldated clay
foundatlon whose shear strength lS lluearly varying with |
‘depth are “also evaluated For practlcal ‘use, charts gl\lqg
the varlatlons of factor of safetv Vlth almenslonless para-

meters are also developed

Mgex’wor§s¢>51ope.3tability, fill,»clay:subsoil. ’




o KIL TEMEL ZEMIN UZERINDEKI DOLGUI\UN
e STABILITESI UZERINE BIR CALIS“LA

: OZET .ff;g”: :

Aggéﬁ stabiiite abaklérl ve detayli stabilite analizle%i
> 11e 11g111 prosedurler, varsaylmlar ve denge metotlarl te21n ’
,11k klsmlnda sunulmu§tur. '
LT -

©Bir kum‘aolgunun,~Kii'teme;!zémini ﬁzérindeki“stabiiir
te anallzlnln basit dilimler métddu Qe Bishbp'Mo@ifiye metodu -
 11e 1nce1enme31 t821n 1k1nc1 klsmlnl 01u§turmaktad1r Bu
”jamagla dolgunun ve k11 temel zem1n111n kayma mukavemetlerinin
femnlyet katsay151 uzer1ndek1 te31r1er1 1ncelenm1§t1r..Dolgu
7éb1r1m1 aglrllglnln deg1§1m1 ve normal konsollde olmu§ temel
k111n1n ‘kayma- mukavemetlnln derlnllkle degl§m651 haller1 de’
gozonunde tutulmu§tur Pratlk kullanlmlar 1g1n,‘emn1yet kat—
saylslnln boyutsuz parametrelerle olan deg1§1m1 abaklar ha-

llnde ge11§t1r11m1§t1r ',

‘~Anahtér”Kelimé1éf. §ev StabllltESl, ddléﬁ; ki1,teme1

. zemlnl. -
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Table 1.1~ Charts Used in Chapter 2~

o Type of Soil
Charts Used W @l wloe
Culmann Method (1866) Yes*

‘Felleniﬁs Toe circle(1928) A fés*
Deep circle o |Yes*
Taylor's charts (1948) ' 1Yes Yes
Janbu' s_charts (1968) Yes Yes
Hunter*and'Schuster's éharts (1968) Yes
Wright's charts (1969) | Yes
Janbu's apbroximate procedure(1967) Yes
Bishop ‘and Morgenstern procedure
(1960) Yes
Lowe and Karafiath's procedure(l9605. V\Yés
Duncan.and Buchignani's chart(1975) | | Yes

‘(l) 6 —‘0 solls,'w1th constant shear strength with depth.

(2) Soils with strength 1ncrea51ng with depth and é "0

_(3) c - ¢ soils

(4) analysis of soils with pore pressures

(5) ¢ = 0 soils

* " Closed form formulation is given
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-.2-

”fi;é procedures of anaLysls”vhleh;have been described
in Chapter 2 are similar ihﬂthatvthey'consider only the
equilibrium of soil mass bounded;by the shear and slope
surfaces. In contrast‘to these procedures, many other techni-
gques of analysis have been'developed in which the soil mass
1s divided. vertlcally into a number of sllces and are known
as - procedures of sllces. The solutlons of these procedure
Tequire Some assumptlons, detalled hand calculations or. use-
of computer, but they have the advantage to solve the slope
stability problem for all types of soils and complicated soil
profiles. In Chapter 3 the procedures of slices namely the
procedures of slices satlsfylng the moment equilibrium such
as Ordihary Method of Slices, Bishop's prooedure’(l955),
_Bishop*s Modified procedure,'Speheerfs procedure.(1967),a
MorgenStern;and Price's procedﬁre,(1965,:1967)'and,the proce-—
dures of.slices'satisfylng the'forceﬂequilibrium such as LOWe
and Karafiath's proeedhre (1960), Corps of Engineers' Wedge
- analysis (1968); Janbu's‘Geheraliaed'procedure of Slices
(1957, 1968), and Janbu's’simplified proeedure (l956)yare~
diScthed and some of the procedures listed above are used
in the ana1y51s of Chapters 2 and 4

~The stablllty of a cohe51onless flll on a clay founda—k
‘tion using Ordlnary Method of Sllces and Blshop s Modlfled
iProcedures of stablllty are examlned in Chapter 4, For this
Spurpose the effects of the shear strengths parameters of the
’;flll ‘and subsoil clay foundatlon on the factor of safety are
llnvestlgated Morover the effect of varlatlon in flll unit
;welght on stablllty and the stablllty of the fill on normally
~consolidated clay foundatlon whose shear strength is llnearlm
varylng w1th depth are also evaluated For pract1ca1 use,
‘charts: g1v1ng the variations of factor of safety with .

-'dimensionless parameters are also developedvon Chapterwhgih



2, SOLUTIONS USING SLOPE STABILITY CHARTS

2.1. INTRODUCTION

Besides the field observations and the detailed

analysis, the stability charts is one of the méfhod to solve .

the slope sfability problems. Although its common use was' the

’prellmlnary de51gn calculatlon, charts are now available

which make it p0551b1e to perform quite accurate analyses for

many conditions, and

they provide perhaps the'most convenient

method of analysis for simplekhomogeneous slopes cases.

By the appropriate use of dimensionless numbers these

stability charts are
_stability number for

bv. Fellenius (1922).

fellénius simplifiéd 

_khe factot.of safety

considerably simplified. The use of

slope analysis has been first introduced

The stébili;y charts introduced by

considerably the 1terat10n5/to calculate’

for d:; 0 soils.

U51ng the stab111t3 charts.one can alsoc back-calculate

the strength valuef for the falled slopes to be used in -



| . T 5 -
§ﬁraﬁning“réméaf31“ﬁEésufesrfr*“*‘ Tt T o .

This chapter is a collectlon of slope stability charts
concernlng ¢ =0 50113,'w1th constant shear strength with
depth by Taylor s and Janbu's charts, of charts for slopes
w1thvstrength 1ncrea51ng with depth and ¢ > 0 by Hunter and
iSchuster s chart, of charts for stablllty of slopes. in uniform
:30115 w1th d > 0 by Taylor s, Janbu_s‘and.logarlthmlc Splral
~stab111ty charts of erght of chart for stabiiity analysis
; w1thlpore pressures by‘Janbu“s, Bishop and‘bbrgﬁmtern;and
Lowe and Karafiath's charts,of charts for slopes in cohesion-
1ess materials by Duncan and Buchignani's chart. The proce—
dures satisfying overall moment of equ111br1um such as Culman
”'method, circular shear surface{ “the ¢ = 0 method, Fellenlous
4toe circleimethod,-deep circle nethod,Lfriction circle
‘fpfégé&qre, the logarithmic spiral procedure are summarrzed.
oo o ' <

{

2.2. 6 = O SOILS, WITH CONSTANT SHEAR STRENGTH WITH DEPTH

In ‘this_ sectlon the slope stab111ty of the ¢ = 0 soils
b'wlth constant shear strength is discussed by the slope

lstablllty charts ‘and the procedures by means of whlch these

Acharts are developed are rev1sed

N

A. Procedures Used

Many procedures of slope stab111ty analy51s have been
fdeveloped whlch employ the. condltlons of statlc equ111br1um
%to calculate_the average value of shear strength requ;rea to:
ﬂpreuent\failure. The differences'between:these various
;procedures of analysis relate‘to’the assumptions that are
;made"in'order tofachievejstatical determinancy and the
iparticular_conditions,of'equiithium thatbare satisfied. .
-The. procedures of Culman s Metnod Clrcular Shear

isurfaces such as ¢ = Q method, Fellenlus toe: clrcle andé deep



“circle -are summarized in this subsection. . = o e

.\»,.
\

The Culmann Method

~

;  The Culmann Method (1866) is based on the assumptlon
'-that failure occurs on. a plane through the toe of the slope.
iFlgure 2. 1 represents the .type of sectlon to which this
“analysis applies.-The fofcesbthaﬁ'éct on the mass ‘above a
trial failure plane, at ‘an inclination deflned by the angle 8,
are also. shown in the figure. The expre551ons for the weight

and the total cohesion are, respectlvely,

W o= %ﬂyLH csc E»siﬁ‘(iéej - , (2.15
i ¢ = ¢ /L - . ‘ (2.2)
_ S a . - : ’
PR ‘
where o

ed'='m05ilized\cohe5ion intercept, deflned as the

' ratio of the cohesion intercept, c, to the factor
of safety, F. '
i-:,inclination of;the.slbpe”

6 = angle between the horlzontal plane and the trlal‘

fallure plane

The stability‘ntmber for the trial plane at the in-~
clination, 6, is given by the expression

i

ed. 1

e = 3 é;; isin (4,1—.6)‘ sin (:e-éd‘-). sec dy (2.3
'wheieh, ’
‘ 'dd = . developped friction angle defined as
pan:dd = tened/Fb‘r.,
'in which ¢ - internal friction angle

F

factor of safety

'
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"The most’ dangerous prane"ls“that*wrth"the “maximum

—;,stablllty number glven by the expre551on
. { AN .. " .

Ced 1= cCos (i-d) - . ,‘ |
© YH ".4 sin 1 cos dd o , . ‘(2r4)

' h Circular'Shear Surfaces

N

Slnce ‘the early 1900 s,‘when .an lnvestlgatlon of quay
wall fallures led. Swedlsh englneers ‘toMthe conc1u51on that an
approprlate stability analysis couldmbe based on the assump-
tion'of‘ciroular shear surfaces,,many procedUreseof stability
analysis have been developed wh{eh utilize'the several
'advantages"afforded by such sorfacethIn addition’ to the fact
that they‘approximate’the shapes‘oftfailure surface observed
"in many actual slope failnres; and‘theyvconsiderahly simplify
the geometry involved in'defining‘andrloeating aAcritical
Shear surfaCe,'perhaps the moSt’important advantage of USing
c1rcu1ar surfaces is thelr 51gn1f1cant 51mp11f1cat10n of the

mechanlcs of stability. analyses

~The d =0 Method

‘ Whllefthe earllest procedures‘of stablllty ana1y51s
for c1rcu1ar\shear surfaces assumed that the shearlng re51s—’
tance of the soil was due entlrely to frlctlon,_ln 1917
Hellan suggested that the shear strength of a clay could 'be
treated entlrely as a cohe31on (Petterson, 1935 Bjerrum and
Flodln, 1960). Comblnlng thls concept of the shear strength
and thekassumptlon of c1rcu1ar shear surfaces,-Fellenlus 1n
1918 proposed what is today commonly known as the "4 = OV
‘method of stabllltyvanaly51s, a procedure whlch is w1dely

‘used for analysis of shdrt:term slope stability.

Y

T;Avefage Shear'Stress onhCirouiafishear'Surfaces'r»,o_"

The average shear stress (T ) moblllzea along tne

fcircular arc bpd show in Figure 2.2 ,can be determlned from






PR
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the_summation of moments aboutthe center point (o). For a
‘mass of so0il in static equilibrium this  sum must be zero.

- Thus
IM = W.a - 7T .gr =0 . (2.5)

in which W is the weight of'the'soil mass overlying bpd, ‘a is
the 1ength of the moment afm of W about 0, & is the length of
the shear surface and r 1s the radius of the c1rc1e. By
substltutlng a =r 51na, where o is the inclination of the
shear surface at 1ts 1ntersect10n w1th the welght factor, the

average shear stress can be expressed as,

1 I3 s N ’
+ = ¥ sina o (2.6)

This equatlon for the average value of shear stress
requlred for equ111br1um of a circular arc is, free of an)
;assdgptlons. Regardless of what method is used to determine
Athe’equilibrlum'offthe slldlng mass shown in Figure 2,2 . the
average shear stress must be the same as that glven by Fig.

2 6 as long as static equ111br1um is satlsfled

.

- The Factor of Safety .

. Inrmany procedures for’slope analyses, stability'is
ﬁmeasured in terms offansqverall factor of'safety with respect
etq.shear strength. -If the shearistrength’fof tHeVSlopefin 
;Figﬁre;Z;Z is‘éu; theyfactOriqf‘safety is defiﬁed_by,

. . Su’b S : :

. P

’whith"upon substltutlng the expre531on for Tt gives the;»
factor of safety for a partlcular c1rcu1ar shear surface 1n

terms of known geometry and 5011 condltlons



factor of safety is derived from the eqﬁatidﬁwofithe moment

equilibrium.

Fellenius Toe Circle

o,

Felllnlous (1928) has calculated the shear strength,e,
hence the stablllty number by using a toe c1rc1e,'called
_Felllnlous toe circle (presented in Flgure 2,3) and he noted
that ‘the shear strength, ¢ ,depends on Yh/4 5, a, w. These |

varlables are glven in Flgure 2.3 the ilso find a ratio, M,

1
c, Pplane

M (2.9)

—
c circle
m

. where . )
‘ c plane : mobilized shearustress for plaﬁe failure

surface (Culman's Method),

c circle: mobilized shear stress calculated by Felle-
nius ‘Toe_Cirele
M values for different slope angle & are giveﬁAés'fdllows:'
Slope angle 10° 20°  30° 40° 50° 60° 90°
M  0.16 0.28 0.42 0.55 0.66 0.76 0.95

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

*M values is very low and for high values of slope angle (56 =

90°) M values approaches to the unlty.

Deep Circle .

'When-the deep circles case for ¢ -»0°7and s = COnstant
is.studied, and when the radius of the c1rc1e is shlfted up
:and down.it 1s observed that the factor of safety, F, becomes
lindependeﬁt'of the slope angle for “high values of the c1rc1e

‘radius, and it is calculated_Jy the follonlng relatlonshlp.
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Fig 2.3. -,Fellenius toe circle
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2.4, Variation of the stablllty number w1th respecr to

"slope arc for Deep c1rc1e and Fellenlus toe c1rcle"
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As can be seen from the Fig 2.4 for the values of O
less thn orvequal'lo 54° deep circle 'is critical and for
values of a greater than 54°'Felliniu5' toe circle is criti-
~cal. For the whole range in whlch deep circle is critical the

stablllty number 1s constant and equal to 5.53.

1

B.'Solutions by Means of Charts.

In this part of'the'étudy the slope stability for the
"¢ = 0 soils, with constant shear strength with dePth is

discussed by means of the Taylor's and Janbu's charts.

Taylor's Charts

‘Taylorv(l948) has developed charts ‘giving stability
" numbers whose solutions are valid only for the 31mple homoge~

neous finite slope, for cases 1nvolv1ng no seepage

' Tajlor proposed developedﬂéhear’strength the parameters
cq and dd 1n terms of ¢ and é, ~where cd,'the‘mobilized
cohesion and dd, the developed friction angle are defined:

respectively as:

2.12)

i} -

tan ¢

tan g4 = S22 (2.13)

Accordlng é& Taylor 0948)~ the'eritical circle for
steep slopes passes through the toe of the slope. This is
:shown by keylsketch‘A 1n Flgure 2 D. In zone B the crltlcal

';circle.iswdeseribed, by three ‘cases that are shown in'key: v
‘sketch B ln fig{ 2.5. For small lepe angles or'small

‘friction angles'fhe crltlcal circle may pass below the toe of |
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the s1ope,4Forhell ranges in whlch‘thisdease'holds, stéhility
numbers are’given in the chart by 1ong dashed curves..Stabi—
"1ity numbers for the'most dangerous c1rc1es pa331ng through
the toe are given by SOlld lines in the chart both when there
‘is and when there is not a more dangerous circles’ that_passes
dbelow the{toe: For the zero—é?easevthe>criticaIAcrrcle passes
;helowvthe’toe of the slope with slope inclination of less .
fthan 53° Theoretlcally the cr1t1ca1 arc for thls case goes
to an 1nf1n1te depth However»1n(pract1ce, the depth at which
fthe rupture occurs is usually lrmited hy,some'strong:strata.
Thus-the stahiiity~numbergfor the zero-¢ case 1is dependent on
‘the 1imiting valuelof‘depth-‘To represeht this'condition the
varlable used is the ratio of depth of fallure mass  to helght
of slope, 1s de51gnated'as D by’ Taylor and is shown in Fig.
2.6. For various values ‘of D and for zero- ¢ case the chart in

Fig 2.6 supplements Fig 2.5.

,;ThesevCharts are?Usedgas‘Follows:

:; If the‘inciination ahgle ofkthe slope, igvis’éreater
than 530 the crltlcal c1rcle passes through the toe of the
:slope ‘with the lowest p01nt on the fallure arc. ;E the toe of
ithe slope, than chart in Flg. 2 5. ts used by the appropriate
;siohe angle, i, and the developed frictionfaﬁgle dq = 0. The‘
;stability number obtalned is same as can be obtained by the
;Fellenlus toe c1rc1e me thod. ‘

: \
; If- the 1nc11nat10n angle of the slope,}i? is less
r?than 53 the chart in Fig. 2. 6. can be used by knaowing the
‘l;correspondlng depth factor, D, and the 510pe angle i. These
vicharts are . applicable only to the extremly 51mp1e cases. How-
;ever, many slopes that approxlmate the 51mple sect1on and
';that are composed of more OT. 1ess heterogenous 50115 may. be

5sub3ected to an approx1mate ana1y51s by enterrlno the charts

with average values.
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" Janbu's Charts
. Janbu (1968) has developed series of charts to calcu-
late the stability number, N, for du = 0 and c-¢ soils. These
charts are more complicated than the Taylor's charts since
‘they take into the account the’effect of the surcharge on the
slope, the effect of submergence and seepage, the effect of
the ten31on crack for no hydrostatlc pressure and full
‘hydrostatlc pressure in -the crack, o

The following procedure could be followed in usxng
these charts:
1- The location of the cr{ticalbcircle‘can be estimated

using judgement} The cr1t1cal c1rcle for slopes flatter than

- 53° w1ll extend as deep as p0531b1e,‘and will be tangent to

‘the top of some firm- layer. The center of' the circle is
located on a line extending vertlcally upward trom the center
of the slope. The crltlcal c1rc1e for slopes steeper than 53°

will pass through ‘the toe of the slope.

S 2= stng the estlmated critical c1rcle as,. -a gulde,‘thef=
'average value of the shear strength e, can be eéstimated then
i N . .

the welghted average of the strengths along the fallure arc 1is

“calculated. An example is shown in Fig 2 7.

3- The depth factor d, can be calculated using the

iformulal L
D. EEE .
d =,_'ﬁ' : (2.‘.14)
‘where v ‘
‘ D = Depth from the toe to tne lovest poxnt on the. Sllp
circle . . . - ’
‘'H = Slope height, as illustrated on Fig 2.8.

4= Py could be calculatedkusing’the following;relatioan

~
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! tang = 0Ll(tar-“;bl) + o,(tand,) Vf:,d-‘S‘.(ytan¢,3»), )
: av » . s 0.1 T‘ G.z + 0'3 ! ;

i Figfr2.7;‘Figure*illustrating-the ca1culatibn
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shﬁp ,> R - , R -
. YH+ q -~y H - ‘ :
: . wow . : } .
P, = o , . (2.15)
d EJSUNTR - |
'~ where »
Y =.average unit weight,of‘soil ' C '

“H = slope height

chicsutcharge

'Yw‘= unit weight‘of water :

Hw = depth of water outside slope

M, T surchage cotrection factor (Fig 2.9 top)

M, = submergence correction factor'(Fig 2.9 bottom)
R tension crack correction‘factorV(Fig 2.10)

- 57 Using the chaft at top of fig 2. S\the-stability
number,'N, can be determlned as.a functlon of slope angle P

and the value- of d.

6- The factor of safety, is.caiculeted using the

formula.
powode o o (2.15)
Where ¢ 1is average;shear.strength determined.

, 7 7- The actual lOC&thD of the crltlcal c1rcle can be
fdetermlned u51ng the chart at the bottom of Fig 2 8. If this
icrltlcal c1rcle is much dlfferent from the one assumed in step
El, for. the purpose of determlnlng the average strength ‘steps,if

2 through 7 should be repeated.

N a

8- 1If a slope contalns more than one soil layer, it
'Emay be necessary to calculate ‘the factor of safety for c1rcles.j

“‘at ‘more -than one depth:as recommended by Duncan and Buchlgnanl

4(1975)
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~If a 5011 layer 1s weaker than the layer above, “the - -

c1r1t1cal Cerle will be tangent to ‘the base of the lower

1ayer._

If the reverse is vaiid' the'critical circle may be
tangent to the base of either the upper or the 1ower 1ayer,
v_both p0551b111t1es should be examlned

2.3. CHARTS FOR SLOPES WITH STRENGTH INCREASING WITH DEPTH AND ¢=0
' .For normally consolldated clays the shear strength of .
kthe soil 1s not in general constant throughout of the layer,
~and when sucdh a problem is tried to be solved a constant
shear strength or 1inear>Variation ofgéhear strength with
" depth should be taken into the account in the stability
analysis; In this section the calculation of the Stabilrty
number, N, for a varlable shear strength case,' by means of
Hunter and Schuster (1968) is shown. Therprocedure is ‘as

}follows.”.,

1= Linear strength varlatlon with depht whrch best
f1ts ‘the measured strength data is estlmated

'2--The choosen linear yariation must be extrapolated
upward tokdetermine'Ho;»the heigh at which the strength pro-
file intersects‘zerq‘and'the valuevof strength, Cy o at'the"
‘bottom of the slope is determined.- ‘

3- The ratio M '= HC/H is calculated where H = slope /

; \

‘height.
- 4~ The stablllty number,iN, is determined from the

- chart in the Flg 2 11, ‘

C5- The‘factor'of_safety‘FAis then calculated nsing the -

formula:

L. N Cb | ) ‘ N -
¥F = =1t . (2.17)
) Y (H . H,O >. | |
j éaéazl(ﬁ' NIVERSITESH KOTUPHANES!
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?y‘;”total unit Geight 0f soil
Y :bbuoyant unit welght for submerged slopes S
' Yfﬁ weighted average unit welght for partly. submerged‘
slopes . ’ '

2.4, STABILITYlOF SLOPES;IN UNIFORM SOILS WITH 4 > 0
~In . thls section the slope Stablllty of 50115 possedlng
both the choselon 1ntercept ¢, and internal friction angle,
é values is discussed by the slope stability charts and the

procedures by means of whlch these charts are developed are

}

summarlzed
AR .
A. Procedures Used

The procedures of Frlctlon Circle and the logarlthmlc
‘splral whlch are appllcable for such soils are summarized in

thls subsectlon.

Friction -Circle Procedure L -

: For a circular shear surface the resultants of the
”normal streéees (o) and frlctlonal component of shear resis— ~

‘tance (otand m) where d 1s‘mob1112edvfr1etlon angle given by

tan d;ﬁv='£§%_d- S l».(2-13)
in which F is the factor of safetyvm1d111es tangent to a
ic1rcle ‘of radius rs1n¢'t called the frlctlon clrcle ‘as shown
;1n Flg 2.12. Consequently, the summation of moments about the
center p01nt of the ‘circle shown in the flgure will 1nvolve/.
Sthe normal stress d1str1butlon, and, because the unknown
inumber of coeff1c1ents requlred to descrlbe this dlstrlbutlon
- can't be evaluated from the three equatlons of equlllbrlum,-'
'5the_solutlon for,the factor of safety is 1n§eterm1nantw To

-~
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;/achieve:staticalAdeterminanCy in the Friction Circle proCedureu
of analysis it is assumed that'theﬁsingle resultant (R) of all
normal stresses and fr1ct10na1 shear resistances lies tangent
fto the friction c1rc1e. The unknown magnltude and location -of
thls resultant and the unknown factor of safety: may than be
determlned from the three available equ1l1br1um condltlons,
‘uslngbelther graphlcal or numerical technlques,(erght,'l969)
The Logarithmic Spiral Procedure
: k i
Although the assumptlon of a c1rcular shear surface is

1nsuff1c1ent to achieve stat1ca1 determinancy when ¢ is not
equal ‘to zero, statical determ1nancy may- be achleved by
assumlno ‘a 1ogar1thm1c splral surface of the form:

r = r(e_e,tapé‘mu i ‘ v (2.18)

Where r 1s the radial dlstance from the center nulnt
to a polnt on the splral ré is the reference radius; Oiis'.
the angle between r and’ ros and dm is the mobilized friction.®
angle for the shear surface. Such a surface has the property
that all the resultants of the normal stresses (o) and »
‘frictional components of shear strength (Gtand ) pass through
the center p01nt of the splral ‘and thus ‘their contrlbutlons
‘to- the moments are equal’ and opp051te. Consequently:the
moment equation will only 1nvolve the welght force and
cohe51ve re31stance of the 5011
: Byfsummation of mcmentS»aboutlthe center of the Spiral;i
%the average mobiliied COhesion”required for equilibrium may - ;
be calculated, however 51nce a value of. é must be ‘assumed
‘before a shear surface may be defined by the above equatlon,-
}the moblllzed coheslon which .is calculated may be result in a
dlfferent factor of safety,-:; w1th respect to cohe51on than
‘» was assumed in calculatlng d . Thus several trials . must be ’,
,made until a balanced F wlth respect to a sheax strength can .

be found whlch satisfies the relatlonshlp ‘ -




‘B. Solutions'By Means of Charts

}
/
8

. In this part of | the study the 510pe stablllty of the
uniform soils wlth $ > 0, is dlscussed by means of the Tay-

lor' s~ﬁl958), Janbu's (1968), and Wright's (1969) charts.

1- Taylor's Chart

The chart in Fig., 2.5 developed by Taylor (1948)
and discussed on section.2‘2 is also applicable for c-d

’

50115. Accordlng to Taylor the crltlcal c1rcle for steep ;
SlOpeS passes through<the toe of the slope with the 1owest !
,polnt on the failure arc at the toe _of the slope, as shown by
Lkey;sketcth_ip Fig 2.5 In zone B the low point-of the
Jeritical cifcle”isvnot at the'toe of the slope, and three
cases that wilivbe conSidered\are shown, ih‘key sketch B in
'Fig 2.5. For small slope angles and for c-¢ soils the critical
‘circle may pass below the ‘toe of the slope For all ranges in
) whlch ‘this case holds, stability numbersfare éiven in the _
. chart by long dashed curves.'Stability‘numbers for the’ crltlcal

‘c1rcles passing through the toe are given by solld 11nes 1n the

chart

-

2- Janbu's Charts

. : ’h* As for the d 0 case Jambu (1968) has developed a
'chart for c- d soils g1v1ng the stablllty number, N, whlch can
‘be used Wlth his previous’ charts (Fig 2.8 through 2. lO)to

determine the factor of safety for akglven.set\of conditions.

BN

Steps for use of Japbu;s Charts are summarized below:
» ‘ ok . : {

1- The location of the critical circle is estimated. .In

‘general the critical circle passes_through,the;toe of the slope
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and'the'critical stability nnmbers,‘ch, given as the
ordinate of the chart in Fig 2.13 have been developed b§
’analyslng toe c1rc1es. One must be careful about the two

cases stated below by Duncan and Buchignami - (1975)

T If the soll condltlons are not unlform and there is
a weak 1ayer beneath the toe of the slope, a c1rc1e pa551ng
J

beneath the toe may be more crltlcal than a toe circle. In

this case the chart in Fig 2. 8 can be used provided that the

values’ of "c" and "4" used represent the correct values of the

considered circle,

. A second and more important'case'is to have a weak
layer above the tce of the slcpe where a circle passing above
the7tee;oftthe slope becames\more critical. Similarlyfifb
‘there is‘watetroutside,the tcevof'the_slope, a circle paésing
abonethe’watef‘may'be more critical.”Whenrthese pafticular
;circles are analysed the value of H. is equal to the height
._from the base of the weak layer, orkthe water level, to the
top of the slope. R

‘ o

2- Using the estimated circle as a guide, the apbrokie

mate average values of "e™ and "¢"can be’fonnd by calculating
’?the neighthed average values,of'themralong the failure drc’as

- illustrated in Fig 2.7.

3- The parameter Pdccan then.mefcalculated as:

YH + ¢ - Y_H

‘p - V’W . , O {2.20)

d \“g“w“c
4~'The‘parameterfPe is calculated from:

YH 4 q -y

P = . . S o(2.21).

e‘ : pq'iJ wUt‘ -




where

o]
I}

‘height of water within slope ' i

’w seepage correction factor (Bottom of Fig 2.9)

=
"

and other factors are as defined previously.

y

I1f the. surchage is applied so gquickly that there is
not suff1c1ent tlme for the soll to consolldate dnder sur-—

chage the follow1ng values should be’ utlllzed qg = 0 .and uq =
in Eq 2.21. ' — , S *

5~ The dimensionless parameter Acé}can be calculated

fed T T ¢ . ‘ (2'22)
For ¢ = 0, Acd = », then step 5 is skipped.
- 6- Using the chart ‘at the left in Fig 2.13 the value
of the stability number, ch,can be determined as a fuhctién

of‘slopebéﬁgle 8 and the value of xcd'

7—‘THe factor of safety F is calcula?ed from

>

: | F NCfuP fpr c»>,0 ; _( ) . , ,(-,2?)‘
L. [ ‘ : ‘d ) . .
| P L Lo
F = 53 b tand for ¢ = 0 (b = cot B) = (2.24)

\,

S : /
| 8- The actuai locafion of the critical. Circle:éan be
‘determined by using the chart on the. right side of Fig 2.13.
The coordlnate of the center of the circle are ho Y, and it
is a toe circle, if ‘the case examlnec dlffers from the excep—"

tions stated below: -

. If there is a weak layer beneeth the toe, the
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the crltlcal circle passes tangent ‘to the base of the weak

layer.

) AC¢='w, than the shallow slldlng becomes the criti-

A

.cal failure mechanlsm as described later.
If the cr1t1ca1 crlcle is quite dlfferent from the one
_‘assumed, Steps 2. through 8 must be repeated to obtain the

average strengths.

" For nonhomogenous slopes, the follow1ng rules recommend—

ed by Duncan and Buchlgnanl (1975) could be folloWed

. If a slope contalns more than one soil layer, it may
be necessary to calculate the factor of safety for circles at

more than one depth.

-

_ . If a so11 layer is weaker than the layer above, the
crltlcal c1rc1e (toe or deep c1rc1e) will extend 1nto the
lower layer. ‘ )

. If a soil 1ayer 1s stronger than the layer above,
'the extentlon of the cr1t1ca1 c1rc1e into the lower 1ayer
bﬁdepends upon the . relatlve strengths of the layer. Hence both

p0531b111t1es have to be examlned

’Ldgarithmic Spirai Slope Stability‘Charts - Wright (1969)

This method asspmes the'rnpture surface to be a logaf o
rithmic spiral. No further assumption isrrequited to make the
problem statically determinate;hwhich constitutes the impor-
tant'advantage of the method. On the other hand, solutions
based on spiral surfaces are.not as ea511y ‘handled by grap-
:ghlcs or mathematics. as are those based on circular arc. As in -

the circular arc method,»all p0351b1e logarlthmlc spirals,

i

‘passing either through or below the toe of the slope, shQUId L

be investigated to locate the critical one. The logarithmic
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spiral’forﬂ;ero'd case becames circle and gives the same result
with the circular arc methods. This procedure can be: easily -

used for calculatiodon of the'stability number (N ) for slopes

. in homogeneous soils because regardless of the values the

procedure 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 Chart.

1. The slope ratio, cotB, is calculated. _
2. The dimensionless parameter, Yeg? is determined from.
N . ) ' . ; 4
: YH tand - .
A , = 4H tané 2.25

- c to : ¢ )
where
~t Unit weight of the fill
Slope helght

: Internal frlctlon angle‘

o e m =

: Cohesion intercept

"3. U51ng thevchart in‘Fig.Z.lA,‘prouided by Nright.'

(1969) the” Value of the Stability number is determined for the

» crltlcal log spiral shear surfaces passing throught the toe of

N

the slope.
4. The factor OfsafEQrfS theu_oalculated as:
c
: = 2.26
. cf YH ( 6)

Wrihgt (1969) has,shown that for relatively flat slopes

“with low values of A cd @ more critical spiral may be observed
- which cuts. the surface beyond the toe of the slope. The stabl—

»llty numbers for these most crltlcal surfaces are tabulated

in Table 2.1. together with the values calculated for the

, critical.toe circles. From this table it can be no;ed that

even'the differerce in stability numbers of the most critical

surfaoes is less than 1-1/2 7. for steeper slopes Wi?h high

- S e P . PO IR
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| Table 2.1. Stability numbers (ch) for most crltical and toe log.spirals ~
: : (after erght 1969) ” : o

\Q\\\ : v_ !"Vertical ' 1-1 "_ - 2:1 : 3:1 - h:1 e 2oL

‘ c¢ S i Toe. Crit. Toe-, Crit. | Toe Crit.. kToe Crit.> Toe C;it.' Toe Crit.

- e aare o8| 81 | 10y | 10020 | 12,0 | 11,9 | 13,6 | 13,4 o150 | 14.8

,) o 0 ,"3?50 5:50 "]'0.0’ 10.0- 1 _ 14 13.4 16,31 16,3 ¢ 19,1 18.9 R 21.

b 6.77 | 6.77 | 13.3 | 13.3 | 18.9 | 19.0 | 24.1 ['24.1 | 29.1 ] 29.1 [~132.0] 33.9

6 7.837 7.83 | 16.3 | 16.3 | 24.2 | 24.2 | 31.5 3.5 | 38.6 1 38.6 | A5.6 ! 45.5

8 ; 8.76 | 8.76 | 19.2 | 19.2 | 20.1| 29.2 | 38.6 | 38.7 | 47.9 | 47.9 | 56.7 | 56.9

-7 C -

o 9,61 | 9.61 |-22.0 | 22.0 | .0 | 34.1 | 45.6 | 45.6 | 56.9 | 56.9 | 68.0 ! 68.0

] , 4 y o o e T B ! S - -
e ' 5 o A2 6 | 79, 95. 4 .

15 1145|1165 | 28.6 | 28.6 | 45.8 |.45.8 | 2.6 | 626 | 79.1 79.1 5 % 33

S 13,03 113.03 | w.0 | 3.9 | s7.2 | s7.2 | 79.2 | 79.2 101 {101 [122.3 {122

N ot —— e ...‘..J..,., T e TEETPUPUIIPITY DU
PN B - [P —)

20 - 15.72 |15.72 | 47.0 | 47.0 | 0.5 | 79.6 |11i.s J1an9 | aaa o (146 0 {1759 1175

50 , ’ - 70.2 | 70.2 | 123.0 |123.2 {176 {176 . | 228 |228  |280 280
50 - - . ' e , . SIS B SR i RN B

wo | - | < lizsee f1ese |- |-
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,If A cd is zero,d = O,it can be theoretlcally shown
that the critical shear surface for slopes flatter than 53
will extend lnfnu161y deep and have a stability number of
5.53 as indicated by the dashed line in Fig. 2.14. But in
practice, . the critical_shear_surface can't extend infinitely
"“deep by the presence ofzsome prohable harder layer, and thue
" the ‘actual stability number will Iie somewhere between the
values for- an infinitely deep surface ~and one pa551ng through
Athe,toe. If the spirals can't extend below the toe elevation
' which%is in contradiction w1thrthe assumptlon of Fig. 2.14 -
which stayes that toe spirals can extend as deeply as neces-
sary;;the stability numbers may be consideréblyfhigher as can .’
be seen in Fig 2. 15, For flat slopes having low yeluesjof kcé
7the crltlcal surfaces 1ntersect the slope above the toe. For
steeper slopes hav1ng higher values of Acd’ the critical
splrals pass through the toe of the slope; whence as a conc-
"lusioh, the stablllty number values oh a rigid'base,~given by -
'the‘chart rn_Flg. 2.16. correspond to the omes by the chart gnmn

. n N \
- 'in Fig. 2.14. for critical toe circles. N

4

2.5, STABILITY CHARTS FOR ANALYSIS WITH PORE PRESSURE

_ The Stability charts presented so far were obtained
" for total stress parameters. The pore pressure parameter, L
. . / . N

"for effective stress analysis, is defined as:

u s P
- ~ AR v v 2.27
: Fu T YH ’ . ‘ ( .)
k where:p‘
' H : depth correspondlng to pore pressure
u pore pressure

Yy : total unlt'welght of soil.,

. The use of charts giving the stability number for non
. Zero pore pressure case are evaluated below. For this purpose

rl Janbu's approximate procedure, Bishop ahd Morgenstern's ahd

/




- 39 ~

ECOF
3
. . J ) . .
CriTicaL SrFimiLs | !
é.C‘:» . : g CR\'T\C}‘-.\.; SeirLLS Y\'.\T\—'.- ; _:

RoCKLINE TrEoUGsH TeE

cf

Syaritity Numeer, N¢

n

0 o z 3 4.

Sirore ReTic-ccT &

Fig.2.15. Comparison of log seral StabllltV qumbers for toeg“
- and base Sp1rals (after erght, 1960) '

|




v, .

StaeiciTy Numernr, Nog

- 500 —
. N //
. = "_ 1
- .
X . //,' Rk //
26GC -
- ,/ : / —

e

o 2 3

SLopz RATIO-CcoT B

o
O

(N
)

[oRN

n
"o

,_.
O

> e

Ny

" VALUES OF Aeg ——

Fig.2,16. Log splral stablllty chart for slopes on a rigid
‘ base, Total stress ana1y51s(after Wright, 1969)




- 41;;

Lowe and;Karafiath's procedufeéqareﬁdiSCUSSed.

A. Janbu's Approximate Procedure

Janbu (1967) has Suggested an approximate procedure By
which the charts in Fig. 2.13 may be used for-.analyses with
pore pressures. By Janbu's procedure a modified parameter,

bléd'is calculated'f;om the relationship,
A= ey ,
ed = teg (7T . | - (2.28)

The yalue of X;d is then used to obtain the scability
number from a chart for zero pore pressure, such as shown in
'Fig.2.l3.l1n determining the\stability number from this chart,
the value of Ald is used as if it-were'equivalent to A cd"
Although Janbu (1967) has shown that for many slopes this
procedure is acceptably accurate, a 51gn1f1cant overestlmate
in the factor of safety may result from the use of this’
"approach for some cases. :

L

R ‘To investigate the magnltude of the overestlmate in-

the factor of safety by Janbu's approach _stability numbers;_

for varlous Al cd values correspondlng to. L ;'0 and r‘ = 075

are calculated by erght (1969) us1ng Lowe and Karaf1ath pro-

cedure.

. It isyobserved from Fig.2.17 that the curves repre;
senting the stability nuubers correaponding to a value of
r. = Q,6-1iekconsiderab1y below the curves for no pore pres-
szres. SimilarlfiatkmShﬁmiaﬂfélﬂfshown by Wright (1969) using
- Modified BiShop's and Spencer's (1967) procedures of analysis
as shown in Fig. 2.187 As a suomaty,according to Wright (1969)
the values of factor of safety calculafed”using more accufafei
procedures are in some cases less than 80 7 of the values
calculated by Janbu s approx1mate approach as seen in Fig.

2.19.°

i
]
:
|
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Although the use of,modified_stebility numbers will

~overestimate- the factor of Safety against the stability byl

any given procedure of analysis, if the technique is employed

with the Ordinary Method of Slices, then the overestimates

may. tend to compensate, in part, for the errors assoc1ated

with the Ordinary Method of Sllces procedure

B. Bishop and Morgenstern's Procedure

BlShOp and Morgenstern (1960) have shown that the pre-
sentation of stability charts for analyses w1th pore pressures
is considerably Slmpllfled by the’observed linear relation-
ship between the factor of safety and the value of pore

. pressure'coefficient_ru'as shown in Fig:2.20.

The stability'charts presented by Bishop and Morgens-
tern require the determlnatlon of the two dlmen31onless para-
m"n_ 1n_ 1

‘meters, ‘'m. and "'n from whlch the factor of safety is calcu—

lated using the\relatlonshlp
F = m-nr ' ©(2.29)
. u - : o .

The'dimensionless parameters are determined‘from_the
Fig. 2.21 troogh 2.23. when the ¢'/YH, D and slope ratio
“ values are known. S . ‘
Where: ,
¢' : cohesion intercept in terms of effectivekstress_
'byﬁ : overburden pressure

D and siope ratio, are defined in Fig..2.20.

When the charts in Fig. 2.21 through 2.23 are used, if
the celculated r’e value is found to be less than pore pres-— -
' u , . ] "
‘'sure parameter LI chart with a next D value higher than

before -is read again..

Slmllarly, Wright (1969) has demonstrated ‘that the

E llnearlty in stability number exists in all procedures of
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- slope ana1y51s, as shown in Fig 2.24, The only exceptlon to

linearity- occurs for high wvalues of r, and steep slopes
‘analyzed by the Ordinary. Method of Sllces procedure. The
dev1et10n_£rom a stralgth line is the result of setting nega- -

tive normal stresses equal to zero during the procedure.

C. Lowe and Karafiath's Procedure

By maklng use of the 11near1ty between the factor of
safety and the pore pressure coeff1c1ent (r ) by Lowe- and
Karafiath's (1960) procedure, Wright (1969) hasvdeveloped a
" chart for effective stress analyses,'which'is illustrated in

Fig. 2.25. The follow1ng steps are utilized in the procedure

1. For a given slope ratio and A cd value one can enter
to the chart from Jleft and rlght to calculate the stability

number;correspondlng to values of r, = 0,0 and r, = 1.0,

2. A stralghth line is drawn on the center portlon of
the chart connectlng the values 0of the stability numbers
corresponding to pore pressure values of zero and one.

3. The stability numberw(N ) correspondlng to the
desired fV value 1is the ordlnate of the 1ntersect10n of the
- straight llnebw1th the line y = ru" '
An example 111ustrated on the chart finds N cf T 43 for

: a glven lepe ratlo of 2.5:1, 'Ac8'= 20 and r = 0,4.-

Such a chart 1s useful to calculate the factor of
safety easily but it is rather preferable to be used w1th-
other charts g1v1ng the location of the ceﬂter of the critical
circles for the reason of checklng the assumptlons in the
"analyses, because the chart 1s developped using a procedure

to analvse the cr1t1ca1 toe c1rc1es
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Fig.2.25, Stability chart for effective stress analysis Lowe and Karafiath's
procedure (after Wright, 1969) '
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2.6. SLOPES IN COMESIONLESS MATERIALS (c=0 soils)

"”Slopes in- cohesionless materials, where the critical
fallure mechanism is shallow: slldlng or surface ravelllng and
.nslopes in residual 50115, ‘where a relatlvely thin layer of
'soil overlles soil or rock 'the cr1t1cal failure mechanism of
twhlch slldlng along a plane parallel to the slope, at the
top of the flrm 1ayer can be. analysed accurately using the
‘charts glven by Duncan and Buchlgnan (1975) which are based
on infinite slope analyses

Analysis can be done by using the effective stress

- parameters or by total stress_parameters.‘

A. Effective ‘Stress Analysis
~Steps. for use of the chart tor effective stress

ana1y51s could be given as follow

1- The pore pressure ratio, r, could be determined

from:

N u ' '\ | -
ru .— ',?ﬁ 3 v(2.27.)’7

where .
u = pore pressure
Y. = total unit weight -

H = depth correspondlng to pore pressure u.

For special seepege conditions pore pressure ratio,eru,
could be calculated: :
’

~a) For Seepage parallel to slope it is given by:
: ¥

, o . T - .}i Z.‘i c05>2 3 . . . (2-30) .
.- u ‘\T y. , . . .

™




' Referfing to Fig. 2.26:

' 5:781ope angle

"8: Angle between the dlrectlon of seepage and horizon-

"tal
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b) For seepage emerging from sldpe it -is given by}"

RS 1
u Y 1 + tanBtanb

(2.31)

~
\

‘X: distance from the depth of sliding to the surface

of seepage,,measured‘ﬁormal to the surface of the

slope

T: distance from the depth of sliding to the surface

of the s%oﬁe; measured normal to the surface of the

slope and the other factors are as-defined previ-

ously.

2= The'values

of the dimensionless parameters A and B

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

3- The factor

Steps for use

AT

of safety F is given by:

‘tand' c'
= A 228 +B , 2.32
R Al TR T
' Where | C |
¢ = angle of internal friction in terms of effective
stress ‘ ’ ’ : '
¢' = cohesion intercept in terms of effective stress
"H: = depth of sliding mass measured vertically
B. fetalfStress Analysis _ A .

of charts for total stress aralyses

could be summarized as follows

1- Theralue’of parameter'B,couhibedetermined

"From Fig.2,26.
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Fig.2.,26. Stability charts for lnflnlte slopes. (after Duncan g
: ~and Buchignani, 1975).
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2- The  factor of safety ié'fhen calculated

using:
. tan¢ . B'AL' (2.33)
tanfB YH .
¢ :'apgle'of in;ernal friction intenm\bf total stress

.

cohesion intercept in terms of total stress, and

other factorsgare‘as defined préviously.
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3, THE MECHANICS AND EQUILIBRIUM MLTHODS OF DETAILED
STABILITY ANALYSIS

3.1, INTRODUCTION
:The4pr6cedures of analysis which haVé been pfeviouslj

described in Chapter 2 are\similaf invthat they consider only
" the equilibfiumIdf soil mass bounded by the shear amd slope

'surféces, In‘confrast to these procedures,;maﬁy other :

'techniques of analysis have been developed in which the soil
A,mass.is divided vérticaliy intoma‘number_bf slices and are

;known;asrprocedures'pf slices, Ihefgolutions,qf these pro¢e4m
'iduresvrequire some assumptions, detailed hana mélcuhgtioner
Cor uée of computer, but they have the advantage to solve . the

slope. stability problem for all types of SOlls and complicated .

LSOll proflles.

In thls chapter. the procedures of sllces namely the
,procedures of slices S&tlszlng the moment equlllbrlum

(Ordinary Method of SllCES, Blshop s Procedure, Blshop_S'

Modified procedure, Spencer's procedure, Morgenstern and

.
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1Pr1ce s procedure) and the procedures of. sllces satisfying
‘the force equlllbrlum (Lowe and Karaflath [] procedure, Corps
of Englneers Weage\Ana1y51s Janbu s Generallzed procedure of
Sblces and Janbu's Simplified procedure) are dlscussed and
some of the procedures - stayed above. are used in the. analySes

of the prev1ous and the forthcomlno chapters.

" 3.2, PROCEDURES OF SLICES SATISEYING' MOMENT cQuiL iBRIUM

J

The procedures of analysis'described on—Chapter 2 are
similar in that they consider only’the equilibrium of soil
tmass_bounded‘by the~shear~and s1ope surfaces; In contrast to.
these procedures, many other techniques of analysis have been

-;deve10ped in which the 3011 wass 1s divided into a. number of

N

h,sllces, as shown in Flg 3.1, Each of these slices 1is acted on

by the forces shown in Flg 3.2 and consequently if the sllce

hls assumed to be in complete equlllbrlum, these forces must

' satlsfy the. three condltlons of equilibrium for each sllce.

The system of equatlons and unknowns assoc1ated w1th complete
n "

equilibrium of the entire 5011 mass in terms of 'n slices is

‘summar1zed in Table 3.1. _ s

From Table 3. 1 1t may be noted that there are 5n- 2-
»unknowns\whlch must be determlned in. order to- satlsfy
hequlllbrlum for the n sllces. However, ‘because there are

~only 3mn equatlons of sllce equlllbrlum the equatlons and

Eunknowns in Table 3.1 are 1ndeterm1nant except when only one o

:sllces 1s used Consequently, the ‘use of sllces does not
ellmlnate "the statlcal inde terminancy of the soil mass whlch

has been previously descrlbed with regard to procedures

" ‘without slices.

-

A. Moment'Equilibrium of a Circular Shear Surface

The unknown normal force locatlons on the base of each’

ntly ellmlnated from the equatlon of

slice may be convenie






- 60 -

‘_,’.’.‘
<& .

-1
3

Forces acting on a typical slice

“Fig.3.2.



‘overall moment equilibrium by. con51der1ng a c1rcular shear
urface. For such a surface the equatlon of overall momen t

equlllbrlum may be wrltten as:

n S on S , }
I Wrsino - ¥ SAlr =0 (3.1

1 .. 1

Nhere;l”' S R
‘ | W: Weight of aa'individual/slice
r: radius of the circle _ '
o base slope of the slice -
's: shear strength

Al: 1eﬁgth'of the baselofﬁa particular slice

,KnoWing that

g = ¢! +;(O~a) tané' L : . (3;2)

Where ,
o: normal stress that act on the soil mass
u: pore pressure on _the fallure surface

,cV and d‘ are correspondlng effect1ve shear strength

parameters

By substltutlng the expre551on for s glven by Eq(o 2)
'.into Eq(3.1), the factor of safety may be expressed as,

/o

a .
I c"Al+(N-uAl)tang' ‘ . . | |
F —'1 a = - . S (3.3)
T X W sina -

,17> '

Where ‘ _ o »
| N: Normal force acting on the base of the slice, and
c', ', X, W and o corrospond to the same slice.
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TABLE 3.1

';Equatioﬁé”ahd Unknowns Associated With Complete Siiceﬁquilﬂnﬁum

- Equations

“n
0 PR
n:.

-3

Unknowns
' 1

_

Total unknowns

Moment equilibrium equations for each slice
Vertical force equilibrium equations for €ach.slice

Horizontal force equilibrium equations for €ach slice

Total Equations : -

N

.Factor of safety

Normal forces on the base of each'slicé,/Nj

Locations of the normal forces on the base of
each slice o S
n-1 Resultant interslice

Interslice normal forces(E)
: ' rforces(z)

or ;
n-1 Inclinations of e
. resultant interslice

forces(B)

Interslice shear. forces(X)

‘Locationsboﬁninterslice forces (yt)-(line of

thrust)»




B v S R e e e -

In formulat1ng thlS expres31on for the factor of safety
it was assumed that the normal forces, N;;and the weight for-
ces,‘W, acted through a-po;nt;atxthe center of the base,ofo
each slice. This assumptionlreduces>tﬁe'numbet of unknowns
in Table 3.1 to 4n-2, the remaining uhkaowns are still
‘:statically indeterminant from the 3ﬁ equilibrium conditions;
“thus, the factor of safety cannot be calculated from Eq.3.3

Aw1thout further assumptlons."

B. The'Ordinary»Method of'Slices

7 ‘The most“commonlyAemployed assumptioos in the procedures
of slices are associated with the interslice forces. The
fsimplestﬁassumptionVthat»can be made with_regard to these
force is ' that they are'zero.vBy 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 = Weosa ' L (3.4)

However, by'ﬁakinglsuch an assumption thellast 3n—-3
buﬁknowns'in Table 3.1 are eliminated and consequently the
‘'system of equations and unknowns 1s hlghly overdetermlned As
.a result, the above equatlon for normal forces, N; does not’
:necessarlly satlsfy equ111br1um in any consistent dlrectlon
Eexcept for the case of a plane shear Surface, nevertheless,
'fthls expresslon does provide a convenlent means of calculatlng

fthe normal forces necessary to evaluate the factor of safety.‘ -

By substltutlng the expre551on for N glven by Eq 3. 4

-into Eq.3.3 the follow1ng expre551on for the factor of safety

‘may be written

n

T cAl + (Weoso-uAl)tand . | | |
F:l . -, . _ . . . ~‘-,(3.,5),,,
. n - . , -

L Wsina

1
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.Fig.3.3. Forces acting on a typ'.ifca]. slice with no s1de" forces :
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Thls equatlon is the well known express1on for the

jfactor of safety of a c1rcu1ar shear surface by the Ordlnary

JMethod of Sllces. oy

The assumptlon resultlng 1n the eXpression. used for

vvthe normal force, N, was first proposed by Fellenlus in 1927

.and thus. the Ordlnary Method of Sllces is sometlmes referred

to as Fellenlus ‘Method., _This procedure prov1des a direct

means of calculatlng the factor of safety from the equation

v

of overall moment equ111br1um, however, nelther force . nor

~moment equ111br1um 1s satlsfled for “the 1nd1v1dua1 slrces.

fRegardless of the 1naccurac1es in the Ordinary Method of 7h

Slices, thlS procedure offers several distinct advantages over

the methods which have ‘been dlscussed in chapter two. The

Ordlnary Methad of Slices is the only. procedure that may be

'used to ‘analyze 1nhomogeneous s011 proflles w1th non- unlform,

values of 4, Furthermore the: factor: of safety for a selected

shear surface may be computed dlrectly without nece531ty for

the tr1a1 and, error solutlons requlred by the Frlctlon Circle

,‘for Judglng the reasonableness of a solutlon from the side ’

‘of sllces is the opportunity whlch these procedures provrde_

?the shear surface is usually reasonable also In contrast to

:thls approach procedures, Such as. Bell's (1968), which con51der

J

and logarlthmlc Spiral procedures.»

~ Lo
. oy

C. The Role of Side-Forcesf”h SRR S e

One of ‘the mos t 1mportant advantages of the procedures

forces, If" the d1str1but10n of the side: forces and thelr

locatlon reoresent a resonable distribution of stresses w1th1n

;the 5011 mass,. then the resultlng dlStrlbutlon of stresses along,

;only thm;tresses along the shear surfaces, requlre that the

’reasonableness of the solution be Judged dlrectly from the

.normal'stress,dlstrlbutlon,

In the,procedures.of slices it 'has been shown that the :

neglect of the influence of. side forces_leads to an unreason-

e -,
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able mormal stress distribution, and thus,'to an incorrect

‘value for the factor’ of safety “However, in order to moTe

correctly determine therlnfluence of side forces it is necessary

to satisfy the 3n conditions of slice equilibrium more
completely than was done in the 0rd1nary Method of Slices

procedure.

D~ Eérly‘Graphica1~Procedures

_ A number of graphical solutions such as éetterson's'
i orocedure (1955), Fellenlus Graphical procedufe (1936),
Raedschelder s’ procedure (1948) have been presented which
satlsfy all conditions of ‘equilibrium. Although there are
some- dlfferences among these procedures with regard to the
assumptlons ‘made to achieve stat;cal determlnancy, they all-
fully satisfy. the'2h conditions of force'equilibriumvby ;hev
\closure of the. force polygon for each sllce, and the n
condltlons of moment equlllbrlum are satlsfled by line
‘polygons. Whlle any of these procedures might give an
vacceptable solution for the factor of safety, the relative .
complexlty of obtalnlng a complete solutlon by graph1ca1 trlal

and error has limited their use. , ,

E. Numerical Formulation of151ice Equilibrium

A number of numerlcal procedures of stablllty
"analyses, which are very 51m11ar to the graph1ca1 technlques,
fhave been developed Because of ‘their 1ncreased simplicity
:and adaptablllty “to computer solution, these numer1ca1
procedures have gained a wider acceptance,than the graphical
‘techniQues. For the‘puroose of,examining these various
numerical solucionsiit is gonvenient to consider the three
‘equation o}xequilibrium for an individual slice such as

shown in Fig,3.4.




V-

+ X

’Fig.3.4 Forces and locations 1nvolved in the equlllbrlum of
- an 1nd1v1dua1 slice. .
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- equations as well as the moment equ111br1um equatlon for every

slice is a necessary and sufficient condition .for complete

equ111br1um.,In the absence of any external loads on the slope
the boundary CODdlthﬂS Whlch the solutlon to these’ three N

sets of’ equatlons mus t satlsfy may be expressed as:

(XX, )
RS S D

=0 L(3.11)
| -Z(Ej—Ejfi) é O (3.12)

P » z .‘: g ,- ‘ _ | 12 s
| MJ . 0 | o (3.1_;)‘

An .alternate way of'stating these same requirements is

that theside forces and moments on the extreme ends of the

"shear surface are zero, In other words;. :

Xg= X =0 C(3.14)

(o} n
E = En"= 0 - (3.15\)
M = M_.=0 S o (3.16)

- For this reason the unknown forces acting on’ the sides

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

of slices but rather are’ n- 1 correspondlng to the number of.

boundarles between sllces.L

All procedures of sllces assume that S and N are.
related by the Mohr - Coulomb strength criterion and a

constant factor’ of safety expressed as,’
s = % [e'e1 ¢+ (S-wsl)rand'] (3.17)

~By employing this expression for the shear force, s,

on the base of each slice, this force is reduced from an

_1ndependent unknown to a depeﬂdent quantltv defined in terms

of rhe unknowns F rand N,
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It 1s 1nterest1ng to note the 51m11ar1ty between Eq.f

~(3.9) and the express1on for the normal forces whlch 1s’
employed in the Ordlnary Method of Sllces. Bishop (1955) has

hOWn that these two expre551ons 1nvolv1ng the normal forces
are identical if the resultant of all side forces acts parallel
to the base of each slice, Thus the Ordlnary Method of . Sllces
assumptlon of no 1ntersllce forces is equivalent to assumlng
that ‘their resultant is parallel to the base, however, the
magnltude of this resultant cannot be calculated without

-~

‘addltlonally satisfying moment equlllbrlump

F. Solution of SliceVEquilibrium‘Equations-

‘As exﬁlained«@reviously,<in‘order to acheive statical
'determinancy the 5n-2 unknoVns\must be reduced to 3n. by making
2n-2 assumptions, The,most'commonly'employedrassumptionfis
that the 1ocationfoffthe normal.forces on the base of‘each
slice 1is knonn. This force is;usuailyfassumed to be\located
'.at,the center of the base or the point at which the weight
force’intersects the base.vhowever; even with this assumption,

‘n-2 assumptions still must be made before statical determinancy

iS*achieved The nature of these additional-assumptions varies

“from procedures to procedure and for thls,reason it is-
approprlate to consider the spec1f1c technlques for solutlon

on an individual basis.

Bishop's Procedure

In 1955 BlShOp presented a procedure for slope analv51s
whlch satisfies the 3n condltlons of static equlllbrlum. ’
Nonveiller (1965) has shown that Bishop's approach may also‘

Y
be appllec to a surface of any shape.

Bish0p’a55umed 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 c1rcular surface is expressed

as’ . ,' . ‘. ) -
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.Wr sind - ISr = Q R ’ . (3'185
ior,.
£S . o | s
-0 - o (3.19)

IWsinq

In,addition, byﬁcombining the éheer‘strength expression
“with Eq. (3 6) and ellmlnatlng the unknown force, ‘the equation

of vert1ca1 force equ111br1um may be wrltten as,

e _ .
5 = 5 {c'dx+[u- (x “X, 1) quJ tand} koo (3.20)
in which )
k o * secq ' Ce T o
- e l+tanatan¢ o o (3'21)

F " . . .. - )

) ’ By substltutlng this expre551on into the overall
-moment equatlon Eq. (3.19)‘the factor of safety may be_

expressed as: . o R L -

21c Ax+[w (Xi- X1—1) qul tané} ko ; .‘e ‘,E'.‘
_ EWSlna . ' (3.22)

The values of the 1ntersllce shear forces (XJ) in thls

~

equatlon must also satlsfy the boundary condition:

I(X.-X, ,) =0 S (3.11)
,( i a1 , R = (3.11)
’ A solution to Eq. -(3.22), however, 1s not necessarlly
"a solutlon satlsfylng all condltlons of equlllbrlum. In order
to assure satisfaction of complete equlllbrlum it 1srmcessaqu
1n addltlon, to satlsFy force equlllbrlum in a dlrectlon

other than vertical. For this purpose. Bishop chose to con51der

eouilibriom rn a direction parallel to thevbase of each sllce
which may be expressed from Eq.(3.10) as,

‘
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(;j- —1?'=;[“‘<Xj‘xj—1?] tana—Sseca (3.23)
Summlng thls equatlon for all sllces and 1ntroduc1ng
the boundary condltlon that the sum of the E forces for all

;sllces must . be zZero ylelds,”'
Z[W—(Xj—Xj_l)J_tandfwiésecqx=,0 Ll (3.24)
If the values of the X, forces satlsfy Eq.3.24, ‘then the

1mp11ed E forces w111 satlsfy thelr boundary condition and the

system will be in horizontal as well as in vertical equilibrium.

- Tf Eq. (3 24) is not satisfied a new set of values of X must be

assumed untll one 1is found wh1ch satisfies both Egs.3.22 and
3.24. ‘

Even thongh these two equatlons may be satisfied, their -

partlcular solutlon may not be resonable. Sofar the n moment
equlllbrlum equations for 1nd1v1dua1 slice have not been-
con51dered, however, since the overall moment equ111br1um
equation which has been employed makes dne of these eqmnnons'
'redundant, only n-1 1ndependent equatlons ‘remain to’ be
'satlsfled From these equatlons the n-1 unknown coordlnates for
(yt), whlch ‘define . the 1ocat10ns of the side forces, may be
Mcalculated. Even though 1t is not necessary to solve these"
remaining equations to find a solutlon for the factor of safetv
whlch satlsfles all condltlons of equlllbrlum, the reasmumleness
. of the solution may be Judged from.thejpos;tlon-of (Yt)' If

;an unreasonable (yg) 'is calduiated~from those‘equations, it

is necessary to find another of infinite number of possible _
solutions to:Eqs 3.22 and 3.24 bay\assuming new sets of values

for X.

Bishop's Modified Procedure ' ~

L <theiSimp1est solutiontsatisfying‘Eq.'(3.22) is cbtained

;by’assuming.that there are no interslice shear forces (X=0).

o
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For thls assumptlon the boundary condltlon (Eq 3.11) 1s
satlsfled and Eq. (3. 22) may be solved for the single unknown
‘factor of safety, Although the normal forces (1) need not be
evaluated to calculate the- factor of safety, they may be
determlned from Eq.(3.6) and (3 17) The assumption that
there:arerno 1nters11ce.shear forces was made by Bishop to
simplify;the solution and is»commqniyfreferredyto as the
quified_Bishop;prQCedure..The'balahce of equations and

unknowns which are involved in - the -solution by_this procedure

are:
,Eguatiohs , 7 o
. 1 o Overallympment,equilibrium,equation

n .+ Vertical force equilibrium equation

for individual slices

n+l, Total equations
Unknowns >

1 e v Factor of safety » ‘ 7

n. . .~ Normal forces on the base of each sllce

n+l - .Iotal,unknowns.

In general the assumptiph that XaO will not result ia a
solutioh,satisfying ccmplete‘equifibriumﬂang having a resohable
Ayed. Therefore, the SOlutionS‘satisfying complete equilibrium
will generally have non-zero values for X and glve a . somewhat
dlfferent value for the factor.of safety than the value

calculated by BlShGp s Modified prpceduref

Spencer's Procedure
P

Spencer (1967) has presented a procedurevfor satrsfylng_
'complete sllce equlllbrlum for a c1rcu1ar shear surface.’ v
vAssuming that the normal forces were. 1ocated at the center of

the base of each sllce,>Spehcerlach1eved statical determinancy
with the_additional assumption'thatuall side,forces'(z) are

narallel.

oo
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the locatlons ‘of the normal forces on the base of each sllce

" are thus flxed however, their exact locatlons may only be

determlned once the necessary equ111br1um solution is found

for the differential moment equ111br1um equation may be.

Aexpressed from Eq (3.8) as R
dy, e - |
Y
- X=E—f+n £ O (3.26)

3,3‘, 'PROCEDURES OF SLICES SATISFYING FORCE EQUILIBRIUM

/ The procedures of sllces whlch fully satisfy the three
condltlons of equ111br1um are usually lengthy and not \

amenable to hand calculatlon. If instead only the requirements

of force equlllbrlum are con51dered procedures may be developed(

whlch are su1tab1e for hand calculatlon, however,_{he
inaccuracies 1ntroduced by the improper -side force assumptlons,
and their- resultlng normal stress dlstrlbutlons, will be

eflected to.a greater degree in the force equilibrium

»equatlons than an the equatlons of moment equlllbrlum. For.

,example,_the Ordlnary Method of Slices assumptlon for normal-

stress involves no error in the factor of safety for ¢

providing that overall moment'equilibrium is satisfied;

. ' however, the factor of safety calculated from a force

equilibrium solution using the same normal stress assumption’
would be .somewhat in error.

By con51der1ng only the requirements of forceequﬂJbrlmm

it becames unnecessary to’ determlne the locations of any of

the forces on the 51des_and,bases of the slices; thus, the

mathematical formulations are considerably‘simplified, par-
ticularly for a non- c1rcu1ar shear surface. The equations and
unknowns 1nvolved in ‘these formulatlons for force equilibrium-

are given in Table 3.2. In order to cbtain a solution -

satisfying force equilibrium the ‘assumptions made most

frequently relate to either the 1ntersllce shear forces (X)

or the 51de,Force 1nc11natlons(8)

O -~
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©° .TABLE 3.2

Equationswand Unknowns Associated With Fofce'Equilibrium For

Eguations

n

.2n

Unknowns

3n-1"°

Each ~Slice

"Vertical force equilibrium.equations for

individual slices .-

_ Horizontal force equilibrium equations for

individual slices.

Total equations

Factor of safety.(F)

Normal forces on»ﬁhe base of eaﬁh'slice(N)-

)

Interslice normal -1 Rgsuitant,intefélice
forces (E) or forces (2)

Interslice shear ~ ~ n-1 Inclinations of resultant
forces (X) - S interslice forces(B)

“Total unknowns. .
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A, Slde Force Assumptlons

 Use of the Moment Equation

_ Although moment equ111br1um is not ﬁecessarily satisfied
by the side. force assumptlons used 1n a force equilibrium
solution, if the side force assumpt;ons correspond to the
fgeneral-charactefistics'of-the side fofoés satisfying moment
'equilibfium,‘thén‘tﬁose‘assu@ptiOno will lead to a more
accurate procedure for analYéié than a pfocedure which
employs totally arbitrafyﬂside force assumptions. The general
charactefistics of side forces which satisfy moment equilibrium
may be determlned by studylng the d1fferent1a1 moment equation

- (Eq. 3, 26) for an 1nd1v1dual sllce.'

The implications of this équafion may be more readily
determined if it 1s wrltten 1n terms of the side force

olncllnatlon (tanB) as,

, T - dy h - ,
tanf = -t ot dE o (3.27)

dx ~E dx
From thisbequation it may_bé:notgd that if the two
tefmsvon the right hand sideoare°of opposite sign, then the’
side forces will be so?ewhat”iésé[Steéply‘inclined than the
line of thrust, For a typioal line of_thrust aqd‘distribocion
of E fo:ces.such'és shown in Fig.3.5 it may be noted that
these tontefms are of opposite sign along most4of ;hé uopey
half of the length -of the‘sheér éuffgce;'thts along this
portion of the shear surface the side fo;ces are flatter than

-

the line of thrust.

dee and Karafiath's Assumption

R ~

Lowe “and Karaflath (1960) have suggested that the
inclination of the 31de forces may be resonably assumed to be

equal to the average 1nc11nat10ns-of the shear surface  and
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‘slope;face. This assumption»isteduivaient?to assuming that

the side forces are parailel to an imaginary tangent line
drawn at m1dhe1ght through each 1ntersllce boundary. In
general the 11ne of thrust will be somewhat—below this
mldhelght line as'1llustratedwln;Frg.3.6'and ‘therefore it may-
be noted that thiskmidheight line is sbmeuhat flatter than

the line,qf thrust abbvefthe‘Center:dtrthe shear surface and
sdmewhat‘steeper than theline:of thrust aleng much of/the
lower portion of the'shear'Surfaee. Thus, 1t may also be noted
that the. 1nc11nat10n of the 51de forces,,whlch ‘are assumed
tangent to the mldhelght line, will have the same characte-
ristics as thosee51de forces satisfying- moment,equlllhrlum.
Althdugh the side force assumption suggested by Lowe and
‘Karaflath cannot be directly. verlflec from the moment equatum,
_1t appears that the assumptlon is at least qualitatively :

correct over a major portlon of the slope.

Side Forces.Parallel to thé Line bf‘Thrust

) - One spee1a1 condltlon of some interest is that in - :
which the side forces are assumed to act in a direction '

parallel to the line of thrust,.sq that the slope of the side
ferces would be equal to the slope,of;the line“of thrust, If
“this assumption'satisfied momen t equilibrium the second term

in the moment equation (Eg.Q.ZG);mustlbe zero; thus,’

- . -

h, . . . . e . v . -
-E-E LE o | ©(3.28)

dx

However, because in general gi is not equal to zero,
Eq.(3.28) will be satlsfled only>if the line of thrust 15
c01n01dent with the shear surface (h = 0). Thus, 1f‘moment
equ111br1um is satlsfled ‘the.assumptlon'that the siqefforces,
‘are parallel to the line of thrustfimnlies'that the line of
thrust is coincident with the shear surface. Although a force
equ111br1um solutlon, based on the assumptlon that the side

forces were parallel to a llne of thrust c01nc1dent with the |
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shear surface, would satisfy moment equilibrium,\such a
completelv—unreasonable line of thrust mlght lead to a ‘large

1naccurac1es in the factor of safety

B, Lowe and Katafiath's Procedure -

» Lowe and Karafiath (1960) have presented a relatiﬁely
simple procedure for obtaining a force equilibrium solution.
As/previously explained, they assumed that -the side forces a N
act at the(average'inclination>of the'snear and/slope‘surfaces;
thus eliminating the n-1 unknowns relating to sioe force .
inclination and making the - system of 2n equatlons statically
,determlnant. '

kA solution;by this procedure is'commonly obtained
graphically by firstbassuming a factor of safety and draving
the force polygons from slice to slice asillustrated in Fig,
'(3 7). If the-polygon for the last slice fails to close, then
a new factor of safety 1s assumed and the procedure is
,repeated until the closure 1s,obtalned. A numerlcal technlque

similar to the graphical nrocedure has also been developed.

C. Corps of Engineérs"Wedge'Analysis,

A particular force equilibrium solution is nsed.byvthe
U. Army Corps of Englneers employlng only three slices: an
active dnd passxve wedge and a central block as illustraded
in Fig.3.8. The 1nc11nat10ns which are assumed for the side )
forces vary from parallel—to the slope to horizontal., The
pérticnlar,values fo; theseminclinations are determined by
the position of the sliding blocks with resoect to the slope
and are dlscussed in' detail in the U. S Army Corps of Engineers
Stablllty Manual (1968) Once the 51de force inclinations are
assumed, a solution is obtained Bj the s ame technidues»used
in the general force equilibrium procedure previously described.
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Force equilibrium polygons,

" Fig.3.7.
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D. Janbu's Generalized Prdeedure‘of:SIices

An express1on for the factor of safety based on the
requlrements of force equ111br1um for “each sllce may be
obtained by u51ng the follow1ng equatlons of vertical force'
_equilibrium and,force equ;llbr;um parallel to the base.of
each slice whiéh'have beeh state&apreviously'as j

‘s' {c Ax+[w (%, TX; ) qu] tand} k ( (3.205
- and

z[w—(ijX5;i)} tana- ISseca = 0 | (3.24)
As prev1ously explalned the horlzontal force equlllbrlum
'boundary condltlon[(Z(E J 1) =,0] is satlsfled by the
formulatlon of Eq. (3. 24) These two equatlons of force
equlllbrlum were comblned by Janbu (1955) to obtain the

follow1ng express1on for the factor of safety.'

o E{C'Ax [W (X —X ) qu} tané } seco k . -
P = , S (3.29]
[W_(Xjije1>J taho ,

ThlS equatlon satlsfles all condltlons of force
,equ111br1um prov1d1ng that the values of these forces, X, .
satlsfy ‘the boundary condition: ‘

(XK.
g 37 %5-1)
Janbu (1957 1968) has shown that values of the

vert1ca1 side forces for use 1n force equlllbrlum solutions

may - be obtalned by systematlc use of the requlrements of

moment equlllbrlum. These vertlcal forces may be expressed by '

»the moment equatlon as:

Ao e L G

X == E- dx - ht dx

=_¢» R S (3.11) i




Al

o Thus,‘if the values‘of yt are assumed, the forces, X,
'are g1ven by ‘Eq. 3. 26 as a. functlon of E alone. However,
;although satlsfactlon of either thls d1fferent1a1 moment
equatlon on the moment equatlon for a f1n1te slice (Eq 3. 8)
‘1s de51rab1e, this cannot be done in a stralght forward manner
if the n-1 values of y¢ are assumed The solutlon of these
equatlons are 1ong and dlfflcult as can be seen from the

equatlons and unknowns glven in Table 3. 1

K}

Janbu's Approach .

| Janbu (1957, 1968) has presented a more logical
-procedure for using'the conditions of moment equilibrium to
estimate values of the vertlcal 51de .forces, X. A solution by
~Janbu's Generallzed Procedure of Slices (GPS) is begun by ‘
assuming the values of x in Eq (3 29)., These values are
~cOmmon1y~assumed zero for the flrst step of the ana1y51s.’
Once;the_lnltlal factor of safety (Fo) ‘has been calculatedy,
Eqs.3120 and 3.23 are 'used to evaluate the magnitudes of the
‘horizontal side forces (E) using an-assumed line,of thrust.,
From these calculated values of E a numerical orvgraéhicalr
approximation %% isAmade for each interslice_boundary\and new
values of X, which are not equal to 'zero, are calculated
using Eq.(3.26). This'procedurevis'then'repeated until the
change in the calculated value of Faishwithin the desired’

accuracy on consecultive iterations.

' Although the approx1mate numer1ca1 evaluatlon gx by
Janbu s procedure .does not- preclsely satlsfy moment: equlllbrlum
for each slice, the error‘ls,apparently»qulte small. Once a
solution.is'found,‘the n locations of the normal forces could
be‘adjusted to satisfy the' n equations of moment equilibrium
of slice of finite width. This adjustment of the locations of
'the-normalﬂfOrces on. the base of each slice would have no
7effect on the force equlllbrlum solutlon already found and
these calculated 1ocat10ns of the normal force requlred for

moment equlllbrlum of each sllce would prov1de a means of
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ievaluatlng the reasonableness:of the solutlon obtalned

However, tin practlce these locatlons are seldom calculated.

. E{‘Jahbuvetralf Siﬁplified Procedure
Id'the‘deriVation of‘Eq.(3.29) no assumptions were
=madepandwtherefore a'solutionAreﬁains indeterminant until n-1
assuhptions’afe“made. Ih place of‘caiculating the n-1 values
,of the vertlcal side forces u51ng the moment equation, Janbu

et. al. (1956) developed -a s1mp11f1ed force equ111br1um procedure
based on the assumptlon that there are no 1ntersllce shear

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

F o= Z{[c Ax + (W=uAx) tané 1 secaok,
o~ - o Wtana

(3.30)
in whlch F is .the force equlllbrlum factor of safety for
horlzontal 1ntersllce forces. Thevassumptlon made eliminates
" n-1 unknown ‘magnitudes of X;'leaving the following unknowus

to be determined using 2n equations of force equilibrium:.

P

Unknowns ‘ _ _
1 o Factor of safety (Fo) ;
n o Normal forces on the base of each sllce(N)
nrl o .}ntersllce normal force (E) .
2n.h B . Total unknowns {

Although the 31mp11fy1ng assumptlon made by Janbu et. al
.1s 1dent1ca1 to the assumptlon made in the MOdlfled Bishop . "
‘procedure, the conditions of‘equrllbr1um_wh1ch are satisfied
‘are not the same. The,Modified Bishop procedure.satisfied
joverall=moment equiiibrium,andnvertical_force equilibrium for -
each slice whdlevthe:aimplified procedore:of Janbu et.al.
,satisfiee vertical and'horiiontal force equilibrium for~Each%

“slice. |
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Assumlng that the 51de forces are horlzontal always
‘underestlmates the factor of safety based on~a force;equlllr
_hrium solution, In order'topobtain,an improved value of the
faCtorvof safety; Janbu et.al. have presented-the correction
factors shpwn«invFig;3.9. The corrected factor of safety is
obtained by multiplying Fq by. the appropriate value of f,
‘from Flg.3 9. Accordlng to thlS figure the requlred correction
.may be as hlgh as 13 percent and the maximum error introduced
1nto the s;mpllfled solutlon by thevaSSumptlon of zero
vertical side”fgrces occurs when é:isﬂequal to zero.

~

3.4. CONCLUSIONS

In thls chapter the procedures of detailed stability
ana1y51s in whlch the 3011 mass is d1v1ded vertlcally into a
‘number of sllces are dlscussed The 51m11ar1t1es and
dlfferences in the varlous procedures may be examined imn
‘terms of the condltlons of equlllbrlum which they satisfy and
the assumptlons they employ to achleve statical determinancy.
Any procedure satisfying an equ111br1um condltlon for each
slice automatlcally satlsfles that same condltlon for the

entire mass bounded by the shear surface,-

The accuracy of the various procedures of analysis is

‘not necessarlly Telated to the number of equ111br1um condl— V
:tlons satlsfled. For example the Modlfled Blshop Method Solu-
;tion; which satisfres only n+l equlllbrlum conditions, may
’yield a hetter.value for the fector_of safety than a force’
equilibrium procedure using the sameyside force assumption
ﬁend setisfying 2n conditions_of equilibrium. Furthermore, two
.procedures may satisfy the saﬁe”conditiOhs of equilibrium yet
fail to give edualiy satiéfactory solutiohs for\the factor of
v5Safety. For example the 3n equlllbrlum equations are Satlsfled;
‘by Spencer procedure whlch assumes that the slde forces on
all .slices are parallel; however, the solutlon which 'is found’

may in some cases result in an unreasonable line of thrust.

n
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fConsequently a more“reasonable*solutlon to the-same 3n- equa=
tions may ‘sometimes be obtalned us1ng the Horgenstern and
Price procedure and- employlng some otner assumptlon regardlng

,51de force orlentatlons.

For some of the procedures such as ‘Bishop's procedure,
Morgenstern and - Prlce produre, and Janbu s Generalized proce-
'dure of Sllces, the assumptions regardlng the unknowns are
‘determlned ‘to some degree by the user and thus more than one

,

valid solutlon may be found

From the standpoint of mechanics it is desirable to
use-'a procedure satlsfylng equilibrium as comoletely as is
‘reasonably Justlfled ‘with respect to both accuracy and effort.
However, for methods which do not satisfy-all conditions of
‘equ111br1um 1t appears that the condition of moment equilib-

rium should be con51dered of somewhat greater 1mportance

(espec1ally for 46 =0 50115) than force equlllbrlum. For this

‘reason ‘the Ordlnary Method of Sllces and BlShOp s Modified
Method are ‘used.in the calculatlons on the forthcomlng

chapter.

Ty e s g e
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4, STABILITY OF FILLS ON SOFT FOUNDATION

4.1. INTRODUCTION

: The differences between the values of the factor of
safety calculated by various ana1y51s procedures, for in-
homegeneous slopes, may be much larger than for the homogene—

ous slopes dlscussed in Chapter 2.

-To inVestigate ﬂm'possible’differences among the
results obtalned by u51ng ‘the varlous analy51s procedures _
-(Only Analyses by Procedures Satlsfylng Moment Equlllbrlum,
namely Ordlnary Method of Sllces ‘and Blshops Modified Method“
are used s1nce 1t is showu 1n chapter 3 that for ¢ =0 soils
the procedures of sllces satlsfylng moment equ111br1um yleld‘
more reasonable factor of safety that the procedures of slices’
satlsfylng force equlllbrlum), to.determ;he the effects of :
strength parameters on theuFaptor,oflsafety’andrto'determine
uhich‘procedures'map’be the'ﬁost‘applicable for analysis of
slopes in 1nhomogeneous s01l condltlons,-an example was

selected: A cohes1on1ess f111 on a clay foundat1on. The,
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exaﬁplg Sé studied in three»different éqées in which the
shear strehgth and the geometry othhe cohesionlessvfill and
the clay foundation ére variedTvThe7effect of the fill éhear
strength: when the subsoil‘ShéarNStrenéfh is cothant, the
effect of the constant subsoil‘shear,strength'and the effect
of‘linear‘variation of subsoil shear strength with deﬁth to
fheAvariatibn of,the fa;tor of séfefy and the corresponding

critical circles trajectories are investigated. ,

The example is studled by u51ng the computer program
for Ordlnary Method of Sllces and Blshop s Modified Method
"of Stability Analysis, developped by Durgunoglu(1973). More
“than 150 runs arekperformed, whence more thén 3000,possiﬁle

factor of safety values are checked to solve the problems.

-

4.2, EFFECT OF FiLL SHEAR STRENGTH CONSTANT SHEAR STRENGTH OF >
' SUBSOIL

It is 1ntended to find the variation of the factor of
zsafety with respect to the slope helght, f’ for varylngv5011
propertles of the fill layer, when the subsoil properties

remain constant.

For ‘the systématiq~evaluation of the minimum factor of
. safety, the values of the SIQpe height, Hf,the unit weight of
‘the fill material, Yf,‘the internal friction angle ¢, of the

fill material are varied, and for each set of values the possi-

bility of-deep circle and partly the possibility'bf the toe

circle are inveétigated. The slope of the. f111 material taken

as 1/1,5 is kept constant durlng the study For slope height,

3 dlfferent values 'as H,

f’ f

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

Asand layer again 3 dlfferent values as Yf =1.9,:2, 2.1 t/m3, ;

for: 1nternal frlctlon angle of the sand layer 3 dlfferent
:valueg as é,: _ ,40 ,45“ are choosen respectively. The 5ub—

soil is taken- as normally consolidated clay with undrained

.;shééf'stréghth of 3 t/mz, unit weight of 2 t/m>. The thickhéss;




- J1-

of the sub5011 1ayer is constant and equal to three tlmes the

height of the fill, He. o '
v The table 4.1 and Fig.4.l. -give complete data of the

étudy; The results of the study is tabulated in Tables Al1-AlS5

and summatized(in Tables 4.2. endl4.3, - ~

tThe geometry anditheepossible Ctitical circle coordina~
tes qéedkto'calcuiated the.miﬁimﬁm factor of safety for diffe-
- rent,filleheights\both by the Ordinary Method of Slices and
,the(Bishops Modified.Method,are shown in Fig's Al throught A3
in theeAppendiX. i -

In this analysis two different factors are studied sepa-

rately.

“ 1- It ‘is assumed that the increase in fill strength is
‘accompaigned by an increase of the fill's unit weight. In this
- case it is assumed that for fill material with different com-

pactness the foilowing‘averege'values could be4utilized:

. Fill :¢- degree‘_ Y-—t/m3
Loose : 35° 1.9
Medium ’ 4QQ-_ - 2.0

Dense - 450'.f . 2.1

- The factor of safety corrosponding to the cri-
tlcal c1rc1e determlned u31ng both Ordlnary Method of Slices
(OMS) and Blshop s Modified Method (BM) are glven in Table
4 2. and. the detalled analysis.are presented in Tables Al-A9

given in the Appendix.
V ’ ’ - B N N . . o
‘The vVvalues determined are plotted’as a function of the

~slope height, H f’ ‘and the f111 materlal shear strength as

shown in Flg s 4.2, and 4.3.

2- It is assumed that the f£ill material has a constant - =

SmlpT st e e e, R et
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uniifWeigh;;which~ié takenas Y = 2.0»t;m3; but the friction
'ahgle of the fill material isvvéfied. The factor of safety
'corfesﬁdnding ﬁo thé critical,circléfdetefmined using both
 Ordihafy Medhod of Slices and'Biéhop's Modified Method are
"given in Tablé 4.3. and the detailed analysis are presented
in Tables A2, A5, A8 and Al0 trough Al5,
! ' .ufThe_vé1Qé§ determined are ploﬁted as a fucntion of the
slopé:height, Hf and the fill matérial shear stféngth as
‘'shown in Fig. 4.4. and 4.5.




c=0
<& = 35°, 409, 45°
vy =1.9, 2.0, 2. lt/m
Hf’=4 6 Smr o
.
B N S~
pd Sand layer
i e e 2D
: Sk . s _Hs = 3Hf . L k
3Hf . Clay layer ER ' vo= 2t/ I
) IR ) e = _31t/m2 . .
. =0
X

- Figé4.1l. Geometry and 5011 propertles for studlng ‘the effecfs
‘ of fill material

£

— N ‘ . -
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TABLE 4.1. Runs‘for'studing.ﬁhe-Effect cof Fill
: Material ' , : '
Fill Heighti vVay}able ~Yf Constant-yf
'”Hf Loose{Medium|{Dense|Loose{Dense
4 m N 1 "2 3 10 11
6 m 4 5 6 | 12 | 13 |
B g _ Total No
8 m 7 , 8." 9 14 15 of Runs 15
Subsoil Properties:
cC = 3’t/m2
¢ = 0°
Hs.; 3 Hf 2
Y = 27t/m ‘
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{

TABLE 4»2.;Summary‘qf Results (for variable'fill.density)
. Fiil'ﬁeight . Factor of Safety
Heao m oms' | BM? | oms | BM | oms | BM
4.0 1.885/2.084(1.837|2.008|1.787{1.930
1.307|1.420f1.265{1.360{1.224}1.303
1.002|1.075{0.968|1.026[0.935/0.982

Subsoil Properties: =

¢ =3 t/m2

4 =0° - )
Y = 2 t/m3

Hy = 3 Hg

(1) OMS: Ordinary Method of Slices
(2) BM : Bishop's Modified Method.™
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" TABLE 4.3. Summary of Results (for fixed f£ill density) (1)

/

( Factor of Safety
Fllé ﬁie;ght 100SE (#=35°) |MEDTUM(4=40° |DENSE(=45°)
£° ’ :
~ OMS BM OMS BM | OMS BM
11.801}2.004)1.837{2.008{1.871{2.023
~|1.247{1.352)1.265{1.360|1.280|1.366
4 8.0 0.956{1.023]0.968[1.026[0.979|1.044

Subsoil Properties:

C = 3 t/m2 ‘
.0°

2 t/m3'
H-= 3 H

-
n

f ‘ K

', (15‘Const5nt unit weight of fill ma;erial'of 2 t/mB,
‘ is taken ' - '

)




- 2.0 Cufvé Fill |v,t/m? .;zS,deg;“1
1 |Loose | 1.9 33
2 |Medium| 2.0 40
o | .3 |pemse | 2.1 | 45
Subébil Properties
e =3 t/mz; ¢ =G
290 B Jy = 2 t/m3, H = 3.H[
o k1.5
2
m-
v
o
w
Uy
O,A
g
)
LS N
J
o
<]
F1.0
4 e 8 He,m
3 S S i £ ' 1 ’ £
Fig;4.2 Varlatlon of .the factor of safety w1th respect to

'slope height and for variable unit weight b}

' Ordinary Method of Sllces

-



- |curve| Fill |y,t/m? ¢, deg.
, 1 Loose‘k‘1.9 35
-2.0 - ’ E e
: -2 |Medium| 2.0 40
3 Dense ‘.2.1 45
- |Subsoil PrOpertles
N c =3t . =0
e | :m $=0
ke Y:2tm-,H=3fH
‘>‘ - . .s f
e .
L.V]
L
;)
197} .
B S
S .
4
Q
9
U
0
=
- 1. ’ ! ;vb' H -
4 R 8 £
F PO S -1
: Fig. 4.3. Varlatlon of the. factor of safety wlth respect to

slope helght and for variable unit weight by

Bishop' s Modlfled Method




Curve| Fill Y,t/m? Pprdeg.

_ 1 |Loose | 2.0 | 35
2.0 S 1 2 |Mediuwm| 2.0 | 40
» >‘ 3 |Dense 2.0 45

ub5011 Propertles

c =3 t/m R ¢ = 0
=] .
>: .Y=2t/m’vs=3ﬂf
z -
Qo
e
o
w .
Sk 1.5
..}4 ‘
o
“ ]
(&
g
=
L
- 1.0 ) |
4 Beom

: Fig. 4,4, Variation of the factor of safety with respect to.
‘slope height and for variable unit weight by

~Ordinary Method of Slices - .

o . , RN
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Cdrve Fill |y,t/m®|¢,deg.
L 0.0 Loose | 2.0. 35
2 |Medium| 2.0 40
B 3. |pense | 2.0 | 45
e |Subsoil Properties
;:, ) 3 t/m s ¢ =0 ‘
e . .
f, Y_Zt/m’-s:3Hf
o
w
w V,
° t1.5
-
o]
4
[&]
m —
L
r1.0 : -
4 . 6 . 8 f,m
Fig. 4.5. Varlatlon of the factor of Safety with respect to
slope height and for fixed unlt welght by Bishop's
Modlfled Method .
=



4.3. EFFECT OF CONSTANT SUBSOIL SHEAR STRENGTH

It is intended to find the variation of the factor of
safety with respect to the subsoil shear strength, ¢, when

both the fixed fill layer s and sub5011 1ayer s shear strengths

are varied.

" For the’ systematlc evaluat1on of the minimum factor

‘.of safety, the values of the internal friction angle "@" of

the fill material and the-cohesionlintercept 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 different values as ¢ = 35°, 40°, 45°

corresponding to loose, medium ‘and dense. state of the fill

material; for shear strength of the clay layer agaln 3 values

as ¢ = 3,4.5,6 t/m are choosen The un1t weight of. both the

The slope height,

£il1l materlal and the sub5011 clay . 1ayer are ‘taken as 2 t/m3

f’ ls taken as 4 m and the subsoil clay’

*layer helght is fixed as three times the slope height, Hf.

The Table bob. andfthe Figllﬁ.é. give the complete data

of the study.,The\results.offthe study is tabulated in Tables

Al trough A3hand Al6 through'A21 -The factor of safety corres-—

'rpondlng to the .critical circle determlned both by 'Ordinary

Method of Sllces and BlShop s Modlfled Method are given in

‘Table 4. 5 The values determlned are plotted as a function of"

in Fig's 4.7 and 4.8.

el

sub501l shear strength and the fill's shear strength as shown
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TABLE 4.4. Runs for Studying the Effect of Subsoil Shear

Strength

VARIABLE SUBSOIL SHEAR
o . ‘ L STRENGTH
Fill (4,6 degree :
N c=3 t/m2 ¢=4.5 t/m27c=6,t/m2
Loose 35- 1 16 19
Medium 40 2. | 17 20 .
;o . ' Total No
Dens'e 45 -3 18 21 of Runs 9
‘Hgggp =40
Hs 3 Hf
va =Y, =2 t/m3 -
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S 9=35%,40°,45°
o HEA W
Cy=2 t/m3

c=0

Sand.lajer‘
R )
‘ -~ ¢c=3, 4.5, 6 t/m
s N m=15, 4.5, 6 t/m3
clay foundat?g?v - y=2 t/m3
: T $=0
[
Fig. 4.6. Geometry and soil properties for studying
the effects of constant limearly varylng
- ' ~ shear strength of sub5011/
."lJ\‘\.-,z\«-



‘TABLE 4{5;«Sumharywof Results‘(Yariable SheérVStrength of
- Subsoil B R : ‘

- Factor of Safety

xFill/ d—dégfees c= 3 t/mz;;c=4,5't/m2' c= 6 t/m2

oms. | BM- | oms | M | oMs | BM

Loose | ~ 35  [1.801|2.0042.601(2.871|3.400]3.694]
Medium| 40 1.837[2.008]2.640]/2.933]3.440]3.779
Dense 45 1.871[2.023}2.687[2.971{3.4863.862
\ Hejpp =40 e
HS = 3.: Hf o,
Yg =Yg ftz.?/m A
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Factor of safety,

~ 3.5
Curve| Fill {¢,deg.| H ,u
1 |Loose 'v35f3 4
Medium| 40 4
Dené§¥_  45, 4
Subsoil Propertieg
Yy = 2 t/n13, HB='3 e, ¢=0

3.0

2.5

3
1

4.5

6 c(c/mZ)

Fig. 4.

.

1 . A

7.deriatiqﬁﬁdf'tﬂéffactor of safety with .
‘respect to.constant shear strength of the
subsoil by Ordinary Method of Slices
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Factor of Safety,:

L 3,5 -

3.0

2.5 -
3. 4.5 6 c(t/m?)] -
1 1 S | .
‘ Fig.‘4u§. Variation of the factor of safety with respect
. to constant shear strength of sub5011 by Blshop 3
' kodlfled Hethod

- |Curve Eill ¢,deg. |
Loose [--35
2 |Medium] 40
3 |Dense |- 45

Subsoil Properties

3
Y =v2 t/mA, Hs:

3 H,,
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7A.»Effeet)of Fill ShéarfStrengthQV‘
’ When the Fig's 4:4} and 4.5. are-examined, it can be
seeh.that'forfe’fixed ueit weight the soil with hlgher>inter—
nalkffietidn_angle1gives‘higherﬁfactor‘of safety as expected.
But as,weviherease the dnit{weight of the soil with its )
internal friefion angle we observe that the ;ector of safety
decreases'with the”increasiﬁg,Valges of the unit weight and

the internal frieﬁion angle (Fig's 4.2. and 4.3).

; It,is elso obserxed tha; the factor of;safety, decreas-
‘es with an increasing value of the»height of the fill mater-
ial,.Hf. '
‘Since the effect pf'the slice intérface,¢ofces'are\
considered in the analysis of the Bishop's Modified Method,
thiS‘method'results'hihger‘factor of safety than the Ordinary
Method -of Sllces for a ‘given condltlon as shown 1n Tables

[

" 4.2, trough 4, 4 AR vl' : : N - - -

B, Critical'Ciréles‘Trejectbriesl o / .

When we examine, the trajectories of the possible cfi-‘
tical circles (Table Al trough A21). We observ that the deep/
’c1rcles always give: smaller factor of safety then the toe
01rc1es.'1t is also observed from Tables Al6 tr0ugh A21 that

the increasing value of the shear strength of the subsoil

decreases the deepnees of the.cgltlcal circle.

The deepness of the 01rcles increases with the 1ncreas-r‘
ing values of ‘the unit welght, 1nternal frlctlon angle and the -
slope height of the fill materlal It is also observed that

the circles studied . by the Modlfled Bishops method go deeper
than crlcles studled by Ordlnary Yethod of Sllces

~

C. Effect of the Subsoil Shear Strength

~-For—%he_whblew{aﬂge of the internal -friction angle
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forrajfixedlnnit’weight7of and‘slppe:height of theﬁffii mater-

ial, 1t ‘is observed from«Flg s 4,7 and 4.8 that the sub5011
shear strength c, is dlrectly proportlonal to the factor of
safety, F.‘The effect of theesub5011 shear strength ‘becomes
more pronounced when the critical circle gets more deeper
because the length of the fallure arc at which the shear -

strength acts 1ncreases.

D. Normalization of the Results .

'The variation of the factor of safety with respect to

the slope'height fbr'different‘internal friction angle,bfor

-varlable and constant un1t welght of the fill material are

~1plotted in Flg_s 4.2, throught 4.5. and the variation of the

‘factor of safety with respect to‘the_sub501l shear strength

_are plotted invFig’s 4.7 and 4.8. It ‘is also intended to

' have the variation”Ofithe factor of safety with respect to a

dlmen51on1ess parameter 1n order to obtaln directly the _value
of the factor of safety when subsoil shear strength is known.

For thls purpose the graphs 1n flgures 4.9 and 4.10 are gene~-

, rated The~graphs show the varlatlon of the factor of safety,

for d1fferent internal- frlctlon angles of the fill material

with respect to a»dlmen51on1ess parameter, t

S ct' B -
£ = . o - (4.1)
) YfH,f . - . )

~where : o - R R -

" subsoil shear strength

(¢
L]

=<
]

:Unit weight of the fill material -

2=}
"

‘ Height of the‘ful} material

s

The graphs in Fig's 4 9 ‘and 4 10 verlfy the prev1ous

explanatlons and flgures by show1ng that the factor of safety 1ncreases

w1th the increasing values of the 1nterna1’ frlctrlon angle of the fill
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Factor of Safety,

i

Curve ;Fili ¢;deg:
1: |Loose 35
- 2 |Medium| 40.
: 3. |Dense | 45
b3 Lt . ' . . 4"
’ t given in Eq. 4.1.
-2 | ‘
—1 "
a0y o1 0.5 ‘1.0 t.
L N | i
Fig. 4.9. Varlatlon of the factor of . safety ‘with respect to dlmen51on1ess parameter, t,

by Ordlnary Method of Sllces

601




T

N i .
b , =
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LA |Curve| Fill {¢,deg.
{?,”‘.‘.;’ ~1, LOOBE_. 35
2 Medium| 40
- . ;}ﬁ Dense' | 45
t gi in Eq. 4.1,
. given in Eq
- !
>
u -
2 A
o
N U) [§
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A &
v
o
N
0
s
Fxq
P
-ﬁ L1
0.1 - 0.5 | | Lot
: ) - : : 1 : : 1
i ' .

Fig. 4.10, Variation of the factor of safety with respect to d1men51on1ess parameter,
' t, by Bishop's Modified Method:
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material and “the shear~étrength of the subsoil, it decreases
with the increasing values of the slope height and the unit

«

welght of the f111 materlal

o The results obtalned so far and the coordinates of the
correspondlng critical c1rcles are tabulated in Tables Al
trought A21.° In thls part of the,study it is 1ntended to nor-
'malizeuthese:results in terms of the stability number, N_, by

use of the bearing capacity failure criteria.

where

kFaetor-of'saTety

Yf”’ Unit welght of the fill mater1a1
'H% : Helght of the flll mater1a1

¢ : Subsoil shear strength.

i

When we back calculate the stablllty number, NS (Table

4.6) we. observ that the Blshop s Mod1f1ed Method is more
rellable than the Ordlnary Method of Slices w1th a mean of
rvalue of the stablllty number of 5 331 , and when the factor
of safety approaches to un1ty the stablllty number 1sxn£h1n Hm

range of 5 14 to 5.7.
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TABLE 4.6. Calculation of the stability number by use of
- - bearing capacity failure criteria .

N . »~; i F : N
Run No. d2 f3 o f -
e/ 7t/ m7 | m OMS BM OMS BM
-1 3 1.9 | 4 {1.885|2.084 S 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 15,440
6 3 2.1 6 11.224]1.303 5.141 - 5.473
7. 3 1.9.] 8 {1.002}|1.075 5.077 5.4471
.8 3. 2 8 10.968{1.026 5.162] - 5.472
9 3 2.1 | 8 |0.935(0.982 5.236 5.499
10 3 2 4 11.801(2.004 4,801 5.343
11 3 -2 4 }1.87112.023} - 4.989|  5.381
12 3 .| 2 6 |1.247{1.352 4.960]  5.408
13 3 .| 2~ 6 11.280]1.366 5.120 5.464
14 3 T2 8 10.956(1.023 5.095 5.456
~15° 3. 2. 8 [0.979]1.044 5.211 5.564
16 4.5 2 4 12.601}2.871 4.624] - 5.102
17 4.5 2 4 12.64012.933 4,693 - 5.214
18 4.5 | 2 4 12.687]2.971 4,777 5,282
19 6 2 4 13.,400({3.694 4.533] 4.925
20 . 6 2 4 13.440{3.779 4.587] 5.033
21 6 2 4 3.486]13.862 4.648|  5.149
N =4.922|N =5.331
s R

pd.:’Undralne& shear strength of subsoil foundétioﬁ
in : Unit weight of the fill materlal
Height of the illl

F : Factor of safety
N Stablllty number calculated u51ng Eq.4.2.
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4.4. EFFECT OF SUBSOIL ‘SHEAR STRENGTH, LINEAR VARIATION OF
| "SUBSOIL SHEAR STRENGTH = = | R

It is 1ntended to find the var1at10n of the factor of
safety w1th respect to the rate of the shear strength of the

sub5011, m.
~dc v ' '
mo= o - L G )

where -
c : cohesion intercept of the subsoil

z : Depth of subsoil from which the critical circle
passes, for" constant sheer strength cases. as
discussed in F1g 4.11

e'when both the flxed flll layer s and sub5011 layer's shear
trengths are varled ' '
 For the systematic evaluation of the minimum factor of
safety, the values sf the internal frictionvangle, ¢, of the
£i11 material and the rate of the cohesion intercept with
respect tolthe hight, m, of the‘subsoil are varied, and for

" each set of values the possibility of deep circle is»investi-

gated both by-Ordinary Method of Slices ‘and the Bishop's’Modi-t

fied Method. For - lnternal friction'angle of the fill material
Athree dlfferent values as ¢ = 350"%00} 45° corresponding to
loose, medlum and dense state of the flll materlal for shear
strength of the clay layer again ‘three values as m = 1.5,
4,5, .6 t/mzxm are choosen by con51der1ng that the cohe51on .
intercept values of the prev1ous study (c =3,4,5,6 t/m ) being

their mean values as-illustrated in Fig." 4.11.

The Table 4.7 and Fig's 4.6 and 4.11 give the complete
data of the study. The results‘of ‘the study are tabulated in

Tables A22 trough A30. The factor of safety corresponding to

the critical c1rc1e determlnec both by the Ordinary Method of :

Slices and Bishop's Modified Method are_given in Table 4.8.



4 m Sand layer

. . ‘ , e 3
z=4 m Clay layer ' - ; _ L4 ?fl’s t/m,

W . e s s e L L o-o-o-4..‘cougn
, o e : 2%3
' Layer from which the critical ‘
- circle passes for c=3 t/m2 value

4m Sand layer

) e v ———

. Jz=2 m Clay layer . R ; ' 2}\\\\\\\;:'
‘ ‘ R ‘......4.....‘.“',. ‘.l..hv‘..“. . o e » o

= 4.5 t/m”
=6 t/m>
, _ R , - 2x4.5
R : : . 26

Layer from which the critical )
‘circles pass for c=4.5 and 6 t/m” values

Fig. 4.11. Finge illustrating'thé calculation of the
slope of-the shear strength, m, of the subsoil
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fThéwV#IUES'determinéd are plotted as a function of, m, and

the fill's shear strength as shown’in'Figis 4,12, and 4.13.°
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‘TABLE 4.7. Runs for studylng the Effect of Sub5011 Shear
-~ Strength (Linear increase of Sub5011 shear strength
'w1th depth) -

o ‘ A _ LINEAR “INCREASE OF SUBSOIL: SHEAR STRENGTH
- . ) I WITH DEPTH :

Fill |g-degrees - . «
| fo=15tm’ | n=45e/m | n= 6-_c/m3,
froose | 35 | 22 23 | aa o
Medium| 40 - - 25’;”, A 26 . ‘ 27 Total No
Derse. 45 : © 28 29 .30 ~ fof Run. 9
Hegpp 4.0
- Hs ) L4 3 Hf .
s 3
o Yg = ¥g 2 t/m
N
r.,




. TABLE 4.8:
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Summary of Results (Llnear Increase of Sub5011
Shear Strength With Depth) :
~ Factotvbf\Safety_
Fill jd-degreel; ) 5 t/n> [m=d4.5 t/n> [ n= 6 t/m°
OMS | BM OMS BM OMS BM
|Loose 35 0.842/0.986/1.213{1.479|1.411|1.704
_ |Medium 40  ]0.91411.053[1.336|1.633|1.534[1.866
“|Dense 45 10.998]1.126[1.479(1.807|1.677]2.046
) Hegpp 7 40m
- |
Hy _3 Hf
: .3 .
Yo T Vg = .2 t/m.

RV ¥ £ P A W
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Curve| Fill ,deg. ~Hf,m

\ f?’o - 1 |Loose | 35 4
2 |Medium| 40 ‘| 4
3 Dense 45 4

m, given iﬁ'Eq. 4.3

<7 &
)
Es
ok1.5
=0 i R
1]
w
(9]
(o]
=
o]
p=)
.9
L]
<3

k1.0

1 1

Fig. 4.12. Variation.of the factor of safetyfyith respect to
) slope of the subsoil shear strength, m, by
Ordinary Method of slopes
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Fig., 4.13,. Variéfi6n of the-facﬁor of safety with respect to
' 'slope of the subsoil shear strength, m, by
‘Bishop's Modified Method : BT o
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A Effect of the F111 Shear Strength

§

: When the Flg s 4, 12 and 4 13 are examined it is obser-
,ved thatsior a fixed .unit we1ght of the fill materlal,\ﬁhe '
hlncrease of the 1nterna1 frlctlon angle of the fill is
'accompalgned by an 1ncrease in the factor of safety. Since ’
the.effect of the slice ;nterfaee-forces.are considered in
‘thetanalysis,ofbthe Bishop's'Hodified Method, this method
dresnltthigher.factor Qf safety\than:the Ordinary Method of
_Slices for a given conditidnhas shown in Table 4.8.
,B.‘Critical Cirele‘Trajectories»‘
When we .examlne the traJectorles of,the critihal =

c1rcles (Table Al6 through Table A30) we'obserre that the
: 1ncrea51ng value of the shear strength of the subsoil decrea-"
ses the deepness of the critical crlcles. When the constant -
shear strength case is replaced by the varying shear strength
L case, 1t ‘is observed that the critical circles go less deeper
‘and the assoc1ated factor of safety d1m1nlshes. Again it 1is

- observed that the cr1c1es studled by the Modlfled Blshops
._iMethod go deeper than c1rc1es studied by Ordlnary Method of

Slices.

Al

“C. Effect of Subsoil Shear Strength

’Whenfthe Fig's 4. iZVand 4. i3 are examined it is observ—
‘ed that for the whole range of the 1nterna1 frlctlon angle- of
3'the £i11 materlal, the increase of the m 1s accompalgned by :
A.an increaseyof.the factor of - safety,»result which conforms

~with the constant shear strength case.

Whentwe consider the slope of the shear strength in
lieu of the constant shear strength, wevobserv that, for the
same instance, constant eohesion intercept giveSuhigher

. factor. . of safety" and the associated crltlcal c1rc1e go much A
deeper than “the c1rc1e associated to varlable cohesion inter- .-

chptvcaserthosewresultswcan benobserxed,by comparlngﬁthe

D R S LR e
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Tables Al trough A3 and Al6. trough A2l to Tables A22 trough
A30. SURE ' -

: I v o
D. Normalization of the Results

e The variation of the‘faetorrof safety with respect to

the rate‘of the subsoil shear strength, m, is plotted in
Fig's 4,12dand 4,13, It'iS”alsodintended to obtain the varia-

tion of the factor of safety with respeéct to a dimensionless

parameter, Kk, : : oo

* = o (4 4)
b~where;_

‘mo: rate:of;the subsoil shear strength
z»h : denth‘withinvthe subsoilhfrom which the critical
_ circle passes for the varing shear strength
R Yg: Unit weight“of the fill
H_.: Height of the fill.

in order to have a prellmlnary idea about the factor of safety

when the. sub5011 shear strength ‘are known. (Flg s 4,14 and

>'4 15)A1though the Fig's 4. 14 and 4.15 have 11m1ted use, they

1nd1cates that the factor of safety 1s increased ‘when the
cr1t1ca1 c1rc1e goes deep, when the rate of increase of the
‘gshear strength of the sub30111$ higher, and the increase of
“the unit we;ght'and‘the‘hlght-of the fill material have
diminishing effect on the factor ofrsafety.

4.5, CONCLUSIONS

_ - For. the example studied the valnes’of the factot of
- safety. calculated by the Modlfled Blshop procedure are in
'general 11 Z hlgher than the value obtained by the Ordinary
_Method of Sllces For homogenoas slopes it may be noted that

the max1mum dlfference that can be found\between the factor
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of safety by these two procedures of ana1y51s 1s only about
'7 7, and thus the larger 1nfluence of the normal stress
‘distributions for analyses of 1nhomogeneous soil profiles may -

be seen., v ' ' e

i

When the results of the Chapter = are examined it is
observed that for a fixed subsoil cohesion intercept and for
.a fixed fill unit'weight the factor of safety increases with

an increasing value of the 1nterna1 friction angle and

decreases with an 1ncrea51ng“va1ue of the £ill height as
expected. But if the unit weight of the £ill ﬁaterial is
increased with its internal friction angle (which is more
.reallstlc) it .is constated that the increase of the 1nterna1
frlctlon angle 1is not accompagned by an increase of the

correspondlng factor of safety

For a fixed fill layer height it isAebserved that the
factor ef’safety is'direetly proportional to the subsoil
shear strengthhand it increases with,anbincreasing value of
the fnternaliffictibn angie:of the'fill materialf

A chart giving the varlatlon 'of the factor of safety
with respect to subsoil shear strength unit weight, 1nterna1
friction angle and the helght of the f111 material is
generated in order to obtain dlrectly the value of the factor
of safety when sub5011 ‘shear strength is known.

When the 11nea:1y varying shear strength of the
sub5011 with deput 1sexam1ned it is observed- that the
crltlcal circles pass from the hlgher layers when compared to
the constant Shear strength cases, but result lower factor of
safety values.. o

Yhen the stability numbers atre back calculated used in
studying the example by use of the bearing capac1ty failure
criteria; it is ~concluded ‘that the Modified Blshop s mathod
is more rellable than the Ordinary Method of Slices w1th a
mean values of the stability number of 5.331.
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5, SUMMARY AND CONCLUSIONS

The golutiops'of the slope'stability ofoblems,by'
VstaBility charts aké'diScussed in Chapter 2. For simple homo—
geneous slopes and 51mp1e slope profiles they prov1de qulte
practlcal tool for 1mmedlate appllcatlons. These charts could
also be used for nonjhomogeneous 8011 condltlons using the
vaverage shear strength parameters as descrlbed Most of these
charts -are generated using the procedures satlsfylng overall

moment equ111br1um and assumlng c1rcular shear surfaces. In

‘addition charts ustng friction c1rc1e,»the logarlthmlc splralil

procedures areeelso pfovided, In Chapter 3 ‘the procedures of
vdetailea-stabiliﬁyraﬁalysis'in which thensoi;»mass is divided
‘vertically into aﬁnumber of slices are discussed. The -

similarities ‘and differences in the various procedures 1is

examined in terms of the conditions of equilibrium which they

‘satisfy and”thecéssumptions they employ to achieve statical

‘determinancy"‘Any procedure satlsfylng an equilibrium condi-

tion for each slice automatlcally satisfies that same condl—v‘

‘tion for:;he‘ent;regmass bounded by the shear surface.
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fTﬁeVaecuracyfdfzthe.various procedures of analysis 1is
not neeessarily related to the«humber of equilibrium condi-
~tions satisfied. For‘example ﬁhe Modified Bishop Method solu-
‘tiep,“whieh~satisfies only n+l equilibrium conditions, may
-yield a‘better value for the factor of safety than a force
equ111br1um procedure using - the same side force assumptlon

and satlsfylng 2n condltlons of equ111br1um

From the standpoint'of mechanics it is desirable to
use a procedure satlsfylng equlllbrlum as completely as 1s
resonably justified with respect to both accuracy and effort.
However for methods whleh do‘not satisfy all conditions of
equilibrium it is shown by Wright (1969) that the condition
“of moment_eqﬁilibfiumvshquld'be'considered of somewhat greater
"importance for ¢=0 soil thaﬂ\force>eqdilibrium./FQr this
_reason ‘the Ordinary Method of Slices and Bishop's Modified

Method are used in the calculations in Chapter 4.

P

‘~Fo:,the example studied in Chapterlé, the-values of
the factor'of safety calculated . by the'Modified Bishop's
procedure ‘are in general 117 higher than the value obtalned
'by the Ordinary Method of Slices. Fer-hqmogeneous.slopes it
may be hoted that*the/maximum'difference that ean be found:
between the fectorrof safety by these ;wo procedures of
ana1y51s is only " about 7%, and thus the larget influence of
the normal stress dlstrlbutlons for analy51s of 1nhomogeneous
soil prof}les may be seen. ‘

' When’the~resu1ts of the Chapter afeeiexamhmd{ it i's
observed that for a fixed subeoi1~cohesion.intercept and for
a fiXedffiIlwunitvweight, the factor of sefety'increases with
an inereasiné valee'ofethe‘internal friction angle and
decreases with ahvincreasing value of the fill'heighg as
expec}ed Buf if the. unit weight of the fill material is
1ncreased with its 1nterna1 frlctlon "angle (wnlch is more
‘realistic).- it is constated that the increase of the internal

; : — . v
friction angle is not accompagned by an increase of the
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c0rresponding factor of safety."

For a fixed-fill'layer height it is observed that the
factor of-safety is directly'proportional to the subsoil
shear strength and- 1t 1ncreases with an. 1ncrea51ng value -of

the 1nternal fr1ct10n angle of the £i1l material.,

A‘chart glving the variation of thevfactor of safety
"with reSpect toASubsoil'shear strength; unit ueight 'internal
,frlctlon angle and the helght of the fill materlal is
generated in order to obtain d1rect1y the value of the factor

of safety when sub5011 shear strengthmis known.

When the llnearly varylng shear strength of the
sub501l with depht is examined it is observed that the
crltlcal circles pass from- the hlgher layers when compared to

the constant shear strength cases, but result lower factor of

-safety values

When the stablllty numbers are back calculated used in
-studylng the example by use of the bearlng capacity failure
crlterla, 1t is concluded ‘that the Nodlfled‘Blshop s method
‘1s more rellable than ‘the Ordinary Method of Slices'with a

_mean values of the stab111ty number of 5. 331.
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center.of circle A,
x = 76 m, abcissa of the

~circle
y = 20 m, ordinate of the
-_circle »

circle is tangent to
elevation y=4m

A._*i , —ye X,

Fig. A.l.»Geometry‘aﬁa circle centers considered for Hf = 4 m
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elevation y = 8 m
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Fig.A.2. Geormetry and circle centers considered for
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E
RS S center of circle A
o " % =76 m, abcissa of the circle
y,m .- o , an y = 39 m, abcissa of the circle
7y o - _ :
N N
4.;
B 2
40 2 . -
z X A, +
. ,
.
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-
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3

_circle is tangent to
elevation y'= 18 m

Geometry and circle centers considered for Hf =8 m
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Table A30- C =6 t/m dfill = 45° (Run30)

Ordinate of Lowest. Point on the'CircIe'(ﬁ)'

Circle
centars
Jy(m) y-10 Cy=11 0 y=11,5 S y=12

(1) T ‘
. OMS BM | OMS BM |- oM5 | BM | ous BN

25 5.299{5,551 {3,193 (3,384 [2.508 [ 2.622] 3,567 3.747

264 5,178 5.441 13,097 |3.299 |2.421 }2,543] 3.443].3.635

23 [5.056(5.332(3.000 [3.214 [2.331 | 2.463}3.314]3.521

22 |4.936]5.227(2.901(3.129 [2.240 | 2.384{ 3.182{3.406

21 4.819.5.127 2.801]3.047 |2.145 | 2.303]3.,045}3.292

25 4;710 5;037 2,701 §2.969 2,047 2.224)2.905(3.181

19 |4.612(4.964(2.605}2.900 [1.948 | 2.150/2.762]3.078

18 |4.535[4.917]2.517 |2.847 [L.847 | 2.087/2.622{2.993

17 [4.501(4.921(2.449 (2,828 1.751 {(2.046)2.497{2.950

16 4,55215,016.}2.433 12, 881 1.677) 2,060 2.428}3,016

ORDINARY METHOD OF SLICES, MINiMEM FACTOR OF SAFETY: 1.677 .
BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY :2.04%6

(1) x = 76 m - ' \ .
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Tablg'A29 ,C -fﬁfSO t(g‘,_dfi11_=145 (Rgn29)\

Dol

/

Circle Qrdin;téfpf Lowest Point dnithefcirclé (m)
centers - - — - -
y(m) | ')":10. P ¥=11 o y=11,5" Y12

(1 ;
4 . foms | BM |oms | BM | ONS BM | oMs | Bx

25 - |2.668|2.82114.127 |4.350 |2.290. 2._375,'3.567 3.747

24 |2,584 2,746 |4.028 [4.761 |2.208 | 2.300]3.443]3.635

23 |2.497(2.670(3.928 [4.173 2,124 | 2.223]3.314(3.521

22 |2.409{2.595(3.829 [4.087 2,038 | 2,147} 3.182]3.406

21 |2.320)2.52003.732 |4,006 [1.947| 2.069] 3.045]3.292

20 [2.320{2.450{3.640 [3.932 [1.853 | 1.992{2.905|3.181

19 |2.141]2.385[3.555 |9.869 1,757 |'1.918/2.762|3.078

| 18 |2.058]2.333{3.486 [3.827 1,658 | 1.853]2.622/2.993

17 |1.987]2.306(3.447|3.821 1,561 |(1.807f 2.497|2.950|

16 [1.955|2.334]3.472 {3,883 [[. 479 | 1.809] 2.428(3.016|

_ ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY: 1.479
BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY : 1.807

i

(i\)" X =76 m

S



/

TaEle'AZS-'C i.l;SO?t/m?,,éfill =-45? (Run28)

Circle

‘_OEdinaﬁe of”Lowest'Point on the Circle (m) .

. ;?:T?S y=8 y=9 'iy=10 ;:1} y=12
[ {oms | ww [ ows | M | ows | mx | oms By | oms | B
25 | 2.726 | 2.873 | 2.209 [2.336 [1.782 1.865 [1.618 | 1.628 |3.567 [3.747
26 | 2.675 | 2.827 {2,156 [2.290 {1.728 [1.817 |1.557 [1.570 {3.443 [3.635
23 | 2.624 | 2.783 | 2.104 |2.243 1,672 |1.768 | 1.493 | 1.510 [3.314 |3.521
I 2.575 | 2.741 [ 2,051 2.199 [1.615 {1.719 .| 1.427 [ 1.449 {3.182 |3.406
21 | 2.529| 2.702{2.000 |2.156 {1.558 [1.670 | 1.359 | 1.388 |3.045 |3.292
20 | 2.487 2.668 11950:.2.116. 1.500 (1.623 | 1.288[1.325 [2.905 |3.181
19 ;2;456 2.641 | 1.904 2,081 {1.443 1.580 | 1.214 | 1.264 2.762 3.078
18 | 2.425 .2,625 1.865 2.055,{1.388' 1,541 | 1.139 | 1.206 |2.622 |2.993
17 | 2,417 2.625 | 1.839 | 2.042 1,361 1,514 | 1,064 | 1.156 | 2.497 |2.950
16 - | 2.440 '2{653 1.838 .2.653 1.311 [1.506 | (-998 <1LEE§) 2.428 [3.016

(1) x = 76 m

ORDTNARY METHOD' OF SLICES, MINTMUM FACTOR OF SAFETY :.998
BISHOPS MODIFTED METHOD, MINIMUM FACTOR OF SAFETY  :L126

 f~L€I -
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P L B ) i
Table A27'JC 6 t/m”, éfill = 40" (Run27)

Circle
centers -
y(m) y=10 1 y=11 . y=11,53 y=12

" Ordinate of Lowest Point on the Circle (m)

oMs | BM | omMs | By [ OoMS [ BM [ omMS [ Bx

25 |5.201(5.425[3,017{3.197|2.244 | 2.356| 2.993] 3,144

24 '|5.085 5.319(2.929 3;118 2.168| 2.287 2.889} 3,050

23 |4.969|5.214]2.840]3.040]2.090 | 2.217 2.781| 2,954

122 |4.854(5.113(2.750(2.963(2.010 | 2.149} 2.670/2.858

21 |4.744 5.017 2.6592.888(1.927{ 2,079} 2.555{2,762

20 14.64014.932(2,5701}2.8181.843| 2.012} 2.437|2.669

19 |4.549|4.863|2.484)2.757]|1.757| 1.949] 2.318[2.583

18 |4.480(4.821|2.408 {2,712 |1.671 | 1.896] 2.200{2.511
17 |4.455{4.829]2.352[2.701|1.591 [(1.866] 2.095[2.475

16 {4.515]4.929]2.349]2.760 [1.534) 1.886 2.037f2.531]

ORDINARY METHOD OF SLICES, MINIMCM FACTOR OF SAFETY: 1.534
© BISHOPS MODIFIED METHOD, MINIM( FACTOR 'OF SAFETY : 1.866

L) x= 76w
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Table A26- C = 4, : R R
, e A 4.50 t/m™, Bo = 40 (Run26)

Circle .Ordi‘nate’ of Lowest Point on the Circle (m)
centerst : ; : o
y(m) Cy=10 ' y=11 y=11,5 | T y=12
(1) — : — -

. : _/OMS :'BMV OMS . | BM . OMS BM-" | .OMS BN

25 [4.029{4.231{2.4922.640 2,027 ] 2,119 2.993] 3.12%

24 13,935 4;145 2.416(2.572(1.956 | 2.047 2.889] 3,050

23 [3.841]4.06202.338)2,504(1.882 | 1.982 2,781/ 2,954

22 [3.747(3.98112.2592.437|1,808| 1.9179 2,670/ 2.858

21 |3.6563.904{2.179 2.370 1,729 | 1.850 2.555| 2.762

20 . |3.57113.834|2.099.J2.308 [1.649 | 1.784 2.437[2.659

19 {3.493{3.777|2.021|2.251 |1.566 | 1.722 2.318] 2.5€3

18 - [3.431(3.739{1.948{2.207 {1.482 | 1.669 2.200|2.5:1

17 |3.40103.739)1.890]2.189 J1.401 [(1.633 2.095| 2.475]

16 |3.435[3.807(1.871(2.225[{.336)] 1.64Q 2.037(2.531

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY: 1.336
BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY : 1.633

(1) x = 76 m

«

. H
STy
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Table Azstc = 1.50_;/m ; dfill =»§0é‘(Run25)"

1

Cifc’le ‘,0r<_1infa’t;e of Lowe-st’; Point .o.n' the Circle (m)
..;?xfr“ y=8 y=9- y=10 y;11 o y=12
(H :oﬁs. B | ooms “BM.” oMs | BM | owus BM | OMS BM
25 2.682| 2.819 [ 2. 146 “é;27o' 1.684 |1.775 | 1.442 | 1.468 [2.993 | 3.144
24 | 2.636| 2,776 | 2.097 | 2,226 .63 |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;060‘_2;142 1.533 [1.643 | 1.277]1.316 [2.670 |2.858
21_~ 2.497] 2.658 | 1.952 2,1031 1.482 1.600 v1;218' i.263 2.555 | 2.762
20 | 2.458 7,627 1.907 2,067 1,@31‘,1,559\ 1,156 | 1.211 | 2.437'] 2.669
19 12525 2,603 1.866 2;035‘ 1.381 |1.521 | 1.093] 1.160 | 2.318 | 2.583
T8 | 2,403 2.590 1,632 2.01& 1.334 |1.489 1.630,_1.112 Z.200 | 2.511
17 2;400 7594 '13812 7006 1.5 1468 | 967 | 1,073 [ 2,095 [ 2575
16 | 2.428 TEoe | T ee [ 2,002 1.2?4 1.467 | (-914Y(1.053)[ 2,037 | 2.531 |

) x

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY = g1y
'BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY

= 76 m

1.053

- oyT -
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Table A24- C_ o051 = 6 t/m3, 400 = 35% (Run24)

‘Ordinate of Lowest Point oh the Circle (m)

Circle

centers - : e ’

y(m) y=10 : y=1i1 - | =~ y=11,5 . - y=12 ,
(1) T - : T— = -

_ |l oMs | BM OMS BM | oMS.| BM | oS BM

125 f5;11§,5{314 2.865(3.031(2.017 2,124 2,498 2.624

24 |5.004(5.210|2.784{2.958(1.950 | 2.064 2.411 2.545

e

23 {4.893[5,109]2.703]2.886|1.881| 2.004 2.32Y 2.465

22 |4,784|5.011|2.620(2.815(1.812| 1.944 2,228 2,385

2 [4.678|4.919|2.537|2.747|1.739.1.884 2.132 2.305

20 |4.581[4.837|2.457|2.6841.666| 1.824 2.034 2,227

19 |4.496|4.771|2:380]2.629 (1,592 1.773 1,934 2,155

18 |4.433 4.733 2,313 2.591|1.519] 1.729 1.836 2.095

17 |4.415|4.744)2.268]2.585[1.453C1.70¢ 1.74§ 2.066

16 |4.483|4.849[2.277|2.649 [1.41T)[ 1.731 1.700 2.122

ORDINARY METHOD OF SLICES, MINIMGM FACTOR OF SAFETY: 1.411
BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY : 1.706

(1)vk.='76 m



S

Table A23-7C

4,50 t/m>, 4

= 35% (Run 23)

: subs;;il = fi11 |
Circlé 'Qidina;e of Lowest Point on‘the Circle (m)
centers . - : : ‘
y(m) y=10 y=11 y=11,5 y=12"
(1) , . .
L oMS | BM | OMS BM | OMS | BM | ONMS BM
25 |3.944[4.125]2.340(2.481 (1,799 | 1.884 2,498 2.624
24 13.854(4.043[2.271]2.419]1.737| 1.82¢ 2.411| 2.545 o
23 {3.765[3.963/2.200|2.357|1.674 _1.]71_2.321f2.465f
" 22°.|3.677|3.885/2.1292.296|1.609 | 1.719 2.22§ 2.385
21, 13.591}3.812(2.057|2:236:/1.541 ] 1.658 2.132 2.305|
.20 {3.511|3.746|1.985]2.181(1.472| 1.609 2.034 2.227|
19 |3.439]3.692 1.916(2.131[1.402 1.55yj1;93412.155_
18 |3.384|3.659[1.854{2.094(1,331{ 1.50¢ 1.836(2.095
17 |3.361|3.663[1.806]2.082|1.264|(1.479 1.749 2.066
16 13.40303.735)1.799|2.124f1.213)"1.499 1.700 2.112
ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY:1,213
'BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY :1.,479
= 76 m | ‘

,  5(13 X
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Table A22- C = 1.50 t/m>, dg517 = 35° (Run22)

'Circic ()"fdiﬁ'é:te of Lowast ,l’din_t "onv the Circvle (m)
sl y=8 y=9 y=10" y=11 y=12
(1) Loows | wv | oms | eM | oms | Bu | oms | su | oms | BM
’"125:71 2,644 2,770 | 2.091 | 2.209 1.599 [1.692 |'1.790 [ 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| 2.6887{ 2,000 }2.128'11.599 [1.613 1.196 1.242i 2.321 12.465
22 ' | 2,509 2,651 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 11,535 | 1.096 1.153 | 2.1%2 |2.305
.20 2.433 ‘2.588 1.870 {2.020 '1,371 1.498 | 1.043 1.109 2.054 2.227
719 , 2.404] 2.566 | 1.834 [1.993 |1.327 [1.465 | 1980 1.066 | 1.934 [2.155
18 2,385 2.556 1}804 1Q9741 1.286 1.438 .935]1.027 | 1.836 [ 2.095
17 | 2.385 7,564 '1;789 17970 {1,255 [1.623 | .863] 997 | 1,748 [2.066
16 | 2.417] 2.600] 1.800 | 1.991 | 1.242 |1.428 1.700 | 2.112

(1) x =

ORDINARY METHOD OF SLTCES, MINTMUM FACTOR OF SAFETY :  .842
- BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY : .986

76 m

- €91 -



pTable A21- C

=6 t/mz,.f

= 45° (RﬁnZl)

“fil1
Ordinate of Lowest Point on the Circle (m)

%i?) Joms | s [ows | su [ows [ov [ows [ e |oms | sm | oms | Bu
25 |3.896 4,000 | 3.886 |4.004 3.889| 4.023]3.916| 4.072] 3.988)4.173] 4,150 4. 374
24 3.886 |3.992 [3.868 |3.987 |3.860 3.9973.870| 4,031 3.921] 4,113 4,051 4,286
23 |3.880 3.983 3.853 | 3.975 |3.833) 3.975] 3. 828 3,994] 3. 856 4.056,3.953 4.199
zz j 3.880 |3.989 3;344 3.969 |3.812 3.557 3.791) 3.962] 3.795) 4.002] 3. 855 4L114.

71 [54.49 [57.70 3.841..3.968 3.797 3,946'3:i59'3]§36 3,738 3.955] 3. 760] .03
20 |3.899 4.010 ,3.84? 3.976 3.791 5.943 3.735| 3.918 3.688-3.915 3.669] 3.962
19 3.924 4,034 5;865>13;§95 3.797| 3.952f 3.724 3.913) 3.649] 3. 888 3.587 3;902
18 |62.53. 66;9é 3.898 |4.028 | 3.819( 3.976] 3.730} 3.925} 3.628( 3.879) 3.521 3.86}
17 |-109.5 ;1L8;3 46.45 | 50,30 |49.57 54;27 3.762] 3.961] 3.6 3'9°°<§;ﬁ§§(§§§§?

" 16 |-144.8|-157.3|-133.7| -146.7 40.65| 44.72 3.837.4.032 3.696| 3.966] 3.514 3.93

‘(1) X

‘ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY : 3,486
ED METHOD, MINIMUM FACTOR OF SAFETY

'BISHOPS MODIFT

= 76 m

A

3.862

- 791 -



Tablg.AZQ '9?' 6:t/m , éfill

{

(o)

= 40

(Run20) -

- oy -

3.779]

.Ordinaté,of Lowest Point on the‘Circle (m) .
22:232 ~ y=0, o Y:an v 4 y<6 y 8 y+ 10
yi?)‘~ ows | B foms | sM |ows | mw |oms fwm |ows | ww | oms | |
25 13.888 [3.982 {3.875 |3.981 |3.873]3.994 3.891) 4.031 3,944 4,111 4.052| 4.255
24 13.879.|3.975 | 3.858 | 3.966 3}845 3.969]3.847 3.992| 3. 880 4,053 3,959 s
23 {3,874 13.971 [3.844 |3.955 [3.820(3.948 S.BCZ 3.957| 3.818| 3.998 3.865| 4,088
.22 3.874 3.973. 3.836 3.949 3. 800 3.9313.771 3.926 3.759 3;947»3.775'4.008
21 [54.61 57.18 s;sﬁa'3,956"“3Lvé€”5f§2i‘5}ifi 3.901| 3.705| 3.901] 3.684| 3.932] '
20 |3.894 (3,996 3.841! 3.959 5,782 3.920{ 3. 720/ 3.886] 3.659| 3. 865 3.599 3. 864
19 [3.920 [4.022 [3.860 {3.979 [3.789}3.930 3.7i1 3.883]3.624 3. 840 3.524] 3.809]
‘184"62.48 66.19 |3.894 |4.013 |3.813 3.956] 3. 719 3.896] 3.607) 3. 835 3. 466((3.773
17 —109.5'-i1§;8 4.41 [49.68 | 49,50/ 53.48 3. 754/ 3.935]3.619 3.859(3;539
16 [-144.7 1551 ~133.6]-144.5| 40. 60| 44.08] 3. 831 4.010] 3.683] 3.930] 3. 481] 3. 855

(1) x

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY :

BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY

= 76 m

5

)

3.440

3,775



' Table A19- C = 6 t/ng 8

fill

= 35% (Runl9)

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF‘ SAFETY : 3.400
3.694

= 76 m

S/

' 'BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY

"O‘r-d'i_nvate of Lowest Point on the Circle ('m)
Sirrl;lx: y0 vy Vo4 y6 v R y 10
zi?? oms [ mu [omsc| B [oms | s [oms | mu [oms | um | oms [ mM
25 |3.881 [3.95 [3.866 |3.960 |3.859|3.967]3.869|3.994]3.906| 4:054]3.967| 4.148
24 13.873 |3.958 [3.849 3,946 |3.832]3.943]3.827 3,956 3.844) 3,998] 3. 878/ 4.067)
23 13.868 |3.956° 3,836 3-935“3;803 3.922]3.788] 3.922 5.784 3.945) 3.790| 3,988
22 [3.869 |3.958 {3.829 |3.930 {3.790]3.907|3. 754 3.892'3.728,3.895 3,703] 3.912}
21 |54.33 56.66 |3.828 '5.951~h§}7i;?§?§§§‘3;i26‘3.865 3.677| 3,852 3.619| 3. 840|
20 13.891 |3.982 3.836 |3.941 |3.774]3.897] 3. 706] 3,855 3. 634 3.317‘3.540 3.776
19. [3.917 |4.009 [3.856 (3.962 [3.783 3.909]3.700| 3. 853] 3.602{ 3.795 5;471 3,724}
18 |62.43 [65.56 3.89'0: 3.998 |3.808| 3.937| 3. 710| 3. 869 3.588| 3. 792] 3. 419|(3. 694) |
17 |-109.4]-115.5[46.37 |49.13 [49.43)52.79]3.747| 3.910f 3.604| 3. 819](3. 400] 3. 700
16 [-144.7|-153.3[-133.6 -142.5 40.57(43.11| 3. 826( 3,988 3.672| 3. 894 3. 449| 3.784

i 9:?:—[’“._



Table Al18- C

L .
= 4,5 t/m”, éfill =

= 45° (Runl8)

P

Circle

Ordinate of Lowest Point on the Circle (m

(1) x

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY : 2,687

BISHOPS MODIF1ED METHOD, MINIMUM FACTOR OF SATFETY
:7_6m' ‘ )

:2.971

cente s - ye0 ¥ é Vb V-6 y :10
Zg‘)“) oMs | BM | oms B[ oms | me [ oms | s oms | e [ oms | By
25 [2.934 |3.024 [2.932 |3.033 [2.9423.057 |2.976{3.110 |3.060|3.219 3. 265 [3.457
2 |2.926 |3.017 |2.916 3.020 |2.918(3.036 |2.939 [3.078 [3. 006 |3.171 [3. 183 3. 384
23 [2.920 [3.013 [2.904 [3.009 |2.896|3.018 [2.905 |3.048 |2. 952 |3.124 |5. 101 3.312
21 [2.919 [3.012 |2.89 |3.003 [2.8783.003]2.873]3.021 [2.901 |3. 080 [3. 018 |3. 241
21 [s1.0 4.3 z.sé{METB&{“égsa{éféézé.sae2.955é?EE?ATSZfEZé&?&]IZT
“20 |.ost [s.025 [2.895 [3.005 2.858 [2.988 [2.825 |2.983 |a. 811 3.007 2. 859 |3.111
19 |2.948 |3.042 |2.906 |3.017 [2.8602.993|2.813|2.976 |2.776 |2.982 |2.787 |3.059
18 46.98 |51.29 |2.929 |3.040 [2-874 [3.008 f2.813 . 981 2.754 [2.971) 2.725 |3.022)
17 |-82.29 -91.15-521515”55765* 37.29 |41.89 [2.834 3!66;i;;:35 zj9éalij§i55£éi§1
16 |-108.7 [-121.4 |-100.4 |-113.6 |30.55 [34.49 [2.887 |3.052 f2.791 |3.023 [2. 697 [3. 055

Iyt



Table Al7- C = 4.5 t/m>, 8

‘ o
gi11 = 40

.(Run17)

‘ .

- 891 -

dfdihatg of LoWgst”Poinf;on,the Circle (m)
|Siete)yeo yo2 v | yee v | yao
: zg?)“' oMs | B |oms | ew fows |en |ows | eM foms [ wm | oms | eM
257 |2.926 |3.009 [2.921 |3.014 |2.926] 3.032f2.951| 3.075}3.016| 3. 163} 3.167) 3. 345
2% ‘.2-918 3.003 {2.906 |3.002 {2.903|3.012]2.916| 3.044} 2,964 3,117 3.090| 3.276
23 |2.914 [2.999 |2.895 3.992 |2. 583 2.995|2. 883 3.015| 2,914 3.072] 3.013 3. 208
22 |2.913 |3.000 |2.887 |2.986 |2.866|2.981 2.854] 2.990] 2. 866 3.031 2.937 3.143'
21 [40.917[43.65 2§885"é,gsgfjélsélmif§ﬁé 2.829| 29707, 521] 2,994 2. 862 3.080|
20 |[2.926 |3.014 2.889 2.991 {2.849 2.969| 2.810| 2.955| 2. 782] 2.96 3 2.790 3.029
o |2.985 |3.0%2 2.901 {3.004 |2.852|2.975]2.800] 2.951]2.751] 2.941]2. 724/ 2.975
s 40,934] 50.58 2.925 |3.028 [2.868|2.992f2.803 2.958) 2.733{(2.933) 2.671] 2.943
17 |-82.23(-89.60| 34.869] 38.06 |37.22] 41.14 2826/ 2,983 2;736fz.946\g;§39 2.940}
To |-108.6]-119.1|~100. 3| 111, 3| 30. 50| 33.89] 2. 881 3.035| 2. 779] 2.993]2.659] 2,989

N /(

* BISHOPS MODIFIED METHOD, MINTMUM FACTOR OF SAFETY,

@1) x

-
-

76 m

i

‘ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY : 2>.640

£2.93

)

3

y



Table Al6~ C = 4.5 t/m>, ¢

£i11 "

L oghT =

35° (Runlé6)
‘ o Ordinate of-Lowest Point:bnvthe Circle: (m)
B bt IS y=2 yo4 y=6 y o y=10
' Zi?) oMs BM\ oS BM | omsT| BM »omsi su | oms | oMo | ooms | B

25 |2.920 [2.995 |2.911 |2.996 |2.9123.009]2.929| 3.043[2.978| 3.111] 3.082] 3.244|
24 |2.912°2.989 |2.898 |2.984 |2.890|2.989|2. 896/ 3.012 2.928] 3.067 3.010[ 3.179
23 [2.908 |2.986 |2.887 [2.975 |2.871 2,973 2. 865 2.984| 2. 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
21 [40.84 [43.14 2.879 [2.971 | 2.845| 2.952 2. 814] 2.542] 2. 793] 2.950| 2. 796| 2.995
20 [2.923 3.003f)2.884' 2.977 |2.841] 2.950]2.797] 2.920]2. 757 7.921 2Q730‘2.9§2
o |2.942 |3.002 |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 2.922 | 3.016 |2.863]2.976|2.794 2.935] 2. 714] 2. 896] 2. 624|Z. 87
17 T82.17|~88.27| 34.83 | 37.53 37.15 40.46] 2.819] 2.963] 2. 722 2.912|2.601) 2. 879
16 |-108.6|-117.3 “100.3 —109[5'56145;33.34 2.87613;017 2.768| 7.964 é,627l2.926

(1) x

' ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY : 2.601
© BISHOPS MODIFIED METHOD, MINTMUM FACTOR OF SAFETY

= 76 m

1 2.871



'Taﬁle Al5- H = 8 m, ¢ = 45° (Runl5).
Ordinafe of'Lowest Point on the Circle (um)
Circle : '
centers y=12 y 14 y=16 y-18 y 20 y -4
1y (m) ‘
(1) | oms. BM OMS |- BM OMs | BM OMS | BM OMS BM | OMS | BM
43 1,630 1.078 1.056 ’1.107: 1.099]1.153 1.175 1.28é 1.319(1.382].996 [1.035
S 1.013 |1.066 1.034 [1.090 [1.070{1.130[1.098 |1.201 |1.266|1.338.991 |1.032
39 |.998 (1,055 {1.013 ([1.075 |1.042{1.109]1.062(1.171 |1.160|1.256[.989 é;}iﬁ)-
37 |.987 [1.047 |.996 |1.063 [1.017[1.091 1;029 1.144 {1.2131.296 . 991 |1.033
35. |-980 |1.044 [.983 i.6g§W~;§9éf'1:69é'1:ois 1.123[1.110]1.223 21;64 z7i93_-
36 [7979) [1.044 |.979 |1.053 [.988 |1.073|1.009|1.115 f1.087{1.209}11.82]15.03
33.5[.980 [1.045 [.979 |1.053 [.985 [1.072 1.004 [1.112 [1.077|1.204 |36.15 |44. 97
.  33 981 (1.047 [.979 |1.054 [.983 |1.072[1.000{1.1101.068[1.20055.85|74.44
32.5].983  |1.049 |.980 |1.055 |.982 |1.072|.998 |1.1081.059|1.197 [18.56|24.10]
32 |.986 |1.051 |.982 |1.057 |.982 |1.073[.990 |1.108 f1.053|1.195|-33.8]-48.6
' ORDINARY METHOD, OF SLICES, MINTMUM FACTOR OF SAFETY : 0.979

(1) x

BISHOPS MODIFIED METHOD, MI NIMUM FACTOR -OF SAFETY
= 76 m ’

J

: 1.031

- 0ST



'Table-AlA-‘H = 8 ﬁ;‘é‘:

s

359 (Rgnl&)

N

SO | Ordinate of Lowest Point on the Circle (m)
; {Circle : : . : ,
~|centerg  y=1) y=14 y=16 y=18 y=20 y =
y(m) : : 4
(1) | oms BM | oms | BM | oms [ BM | oms | BM | OMs BM | oMs BN
43 |.995 |1.052 [1.010]1.072 J1.036]1.104}1.083]1.158}1.172[1.256].982 |1.024
41 . |.982  [1.042 [.993 |[1.059 {1.013{1.086]1.0531.133]1.131}1.222].979 {(1.022
39 |.972 |1.034 |.978 |1.047 ].992 |1.070|1.023|1.110J1.091}1.191}.979 |1.023
37 [.964 [1.030 {.966 [(1.039 [.974 {1.056].996 {1.091{1.051(1.162f.982 {1.026}
35 {.962 |1.029 |.958 |1.035 |.960 [1.048}.974 |1.077}1.016]1.140}21.46| 26.02
34 |.964 |1.031 {.958 {1.035 [.957 [1.047}.965 |1.073)1.001{1.133}11.74| 14.12
33.5[,965 [1.033 [.958 [1.036 [.956 |1.047[.962 |1.072].995 | 1.131f33.94| 41.70
33 |.968 |1.035 |.960 |1.038 |¢956)|1.048].960 |1.072].990 | 1.130}55.54| 68.77
32.5(.971 [1.038 |.963 [1.040 |.957 |1.049}.959 [1.073}.986 | 1.130]18.47| 22.54
32 |.975 [1.041 |.966 |1.043 |.959 [1.052].960 | 1.074).983 | 1.131]-33.¢] -1.35
'ORDINARY METHOD OF SLICES, MINTMUM FACTOR OF SAFETY : 0.956
BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY  : 1.022 |

(1) x

= 76 m

.



)
Table Al3- 1§ = 6 m, ¢ = 45° (Run13) )
" ‘Ordinate of ,],.owé.-féll’o'viné on tthc ‘Circ‘;‘le {m)
5;;;1;' 0 y=4 w6 | ysl0 y=12 yeld
yi?) ows [ ot foms | v | ows | m fows [mu |oms | M |ows | e |
[ 36 [1.325 [1:372 |1:335 1:389 |1.348[1.406]1.400[1.478]1.479]1.555]1.615] 1. 699 .
34, |1.3197|1.367 |1.321 {1.378 ‘1;329:§.39; 1.376[1.450[1.434|1.516[1.553| 1.646
32 |13.275 15.35 1.311 1;370;’1.313 1.379]1.344]1.424]1. 390 1.480]1.491(1.593
30 " 1.317. |1.367 13305;C£L§§§) 1.302|1.370 1L316 1.402}1.349| 1. 447 1.429'1.543
28 [1.325 1.374{'12.41;’1£T§5fT{;2§§Tifiéé'il2§4'1.385‘i.312 1.420]1.370| 1. 409]
26 |35. 624 42,92 T6.111]19.71 |1.304 1.374]1.284] 1.381]1.286| 1.404]1. 320 1467
25.5(-36.81 “46.26|35.981| 44.85 16.83]21.06 I.284| 1. 382|1.282| 1.403|1. 510 1.463
25 |174.04 213.92|18.960| 23.41 |13.12 ?6.37 7.320 7404 280] 14031303 1. 460
2.5 24.29 |29.18 [79.84 [101.37]20.78] 26.34|1.289] 1.387)1.281} 1.404 1.297|1.459
24 _‘—as.sg ~62.27[16.747(20.65 [13.76[17.20 1{295 17 392{1.784| 1 408| 1.295] 1261
ORDINAkY METHOD d]’ .VSLTCI;IS‘, M [‘.NTMUM I‘;ACT'OR‘. OoF S‘AFET.Y :‘1.280
 BISHOPS MODIFLED METHOD, MINIMUM FACTOR OF SAFETY  :1.366.
‘(l)'x'=‘74.$ n . | | ‘

- Z gT. g



Table Al2- H = 6 m, 8 =

35°

(Rﬁan):

Ordinate_of Lo@eﬁL Dgint dﬁ-tﬁe Circle.(m)

zg?)-' omMs | m {oms | M [oms | mM | oms [ mu | oms | mm | oms | B
36 1,512 1.358 [1.314 |1.368 [1.320{1.380]1.357(1.430|1.402|1.484]1.488|1.581
34 |1.307 [1.355 1.363 1.359 |1.305|1.367|1.329 1.406 1.364|1.451)1.437 i.536

3R ;3.15 14.67 i.295 1.353 [1.293[1.357[1.304 1;385 1.328]1.421|1.386[1.493
30 [1.309  1.3571 1.292 ;;352 '1.285‘1.352 1.282|1.368]1.295 1.395 1.336[1.454
28 [1.319 |1.366 12.298'14f1£5ii;2élfi:§§§‘1.266_1.3Si”i.263 1.375 1:591 1.421]
26 35.48 [40.73 16.002 1.8,64l1.294 1.362 1.263'1,357 252 1.367|1.257 1,401
25.5-36.6 |-43.09[35.767 42.12 |16.69]19.78]1.265 1 360]1.251[1.367 1.252[1.399
25 [173.5 [201.69[18.858(22.12 [13.02|15.43]7.202(8.771]1.251 1.369 1.248|1.400
24.5(24.22 |27.82 ?9.47 94.75 |20.64|24.69]1.273|1.368 1.255|1 373,@233@ 1.402]
2% |-48.41]-57.64|16.73 [19.57 |13.64[16.24]1.2811.375]1.260]1.379]1.250] 1.408

(1) x

ORDINARY METHOD OF SL]C]‘IS; :M[N]MUM FACTOR OF SAFETY :1.247
BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY

= 7&.5 m

.1.352

- €CT



 Table All-'H

= 4 m, ¢ =

45° (Runll)

i Ordinate of Lowest Poinr'on the Circle (m)
Si:;i: : Y=0 y=2 Y 4 Y6 y 8. y- 10
zg?)r oms [ BM foms B [ows | wn | oms [ BM [ ooms | uM | ooms | BM
25 l1.972° 25040 1.977 [2.054 |1.994]2.0812.036]2.136 2.132 2.249)2.380|2.520
24 1,965 [2.034 [1.965 [2.043 |1.9762.065]2.008|2.111]2.090 27212_2{314 2,462
'23_' 1.960 |2.030 1.955 2.035 [1.959(2.050]1.981 2.088 2.048(2.176 2{248 2.405
122 1.958 |2.029 1;947‘ 2.028 1,944 2.038]1.956(2.067]2.008}2.142 2.182 2.348
21 27.511 3Q.64 1.943 2;025 1{95£“£Taééfi;§34 2.0&§,iﬂ969A2.110 211&5 2:535
20 - |1.962 |2.034 |1.943 [2.026 [1.924{2.023 1.915 2.035]1.933 2f082 2.049 Z;QZId
19 [1.972 |2.043 -[1.948 [2.032 [1.923[2.023 1.903|2.026 |1.903|2.059 |1. 987 | 2. 194
18 31.43 35.60 [1.961 (2.044 [1.929/2.030 1.898 2.025]1:880]2.045|1.930 Z:ig;-
17 |-55.00(-64.11]23.367{26.94 |25.01(29.45 |1.907 2.035 2.044 |1.887 2‘..'1‘3-;
16 |-72.6 |-85.71|-67.13 |-80.72 |20.45424.18 |1.936|2. 061 |1.887]2.063 |1.875 |2.153
"ORDINAkY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY : 1.87£
: 2.023

:(1) x

BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY -
= 76 m Lo ‘ '

%61



o

© BISHOPS MODIFLED METHOD, MINIMUM FACTOR OF SAFETY

(1) x

= 76

m

(

Table A10- H = 4 m, ¢ = 35° (Runl0)"
- Ordinate of LoWest Point on the Circle (m)
(c:;:;l; y°0 y=2. yoh y*6 y 8 y< 10
-Zi?)  "oMs B | oms BM | oms | M| oms | oBM | oMs ’uﬁ 1 oms | BM
25 |1.958 [2.019 [1.957 {2.026 |1.9642.043]1.989|2.080]2.0492.157]2.197|2.327
24 [1:952 |2.014 |1.946 [2.017 |1.948 é.029 1.964|2.058|2.012{2.125|2.141|2.278
23 [1.948 |2.011 [1.938 }2.009 |1.933{2.016]1.941|2.038)1.976|2.093]2.085|2.229
22 |1.947 2.011 |1.932 2.005 |1.921 2.006|1.920]2.020]1.941| 2.063|2.029] 2. 161
21 |27.35 |29.605|1.929 |2.004 |1.912|1.9991.901]2.005[1.909]3.0%6 Co7al21%)
20 [1.955 [2.019 [1.931 [2.006 {1.907 1.996]1.887|1.994|1.880| 2.013|1.920 2.093
15 [1.966 iz.oao, 1.939 |2.014 1.908 1.999 1.878(1.989]1.856|1.996]1.871|2.056
18 [31.337[34.34 [1.954 |2.029 [1.917|2.008[1.878(1.992(1.840|fL.988]1.828|2.030
17 [-54.87 Z61.10|23.285{25.89 |24.87|28.09|1.891| 2.0061.839|1.993 1.801) 2,023
TT6 |-72.49|-81.40|—66.93]~76.27|20. 37| 23.12[1.926| 2.038]1.863| 2-021|1.805| 2. 050
ORDINARY METHOD OF SLICES, MINTMUM FACTOR OF SAFETY : 1.801
1.988

- CCT



" Table A9- H

-

: . . : k . . . . ’ . : .2 ‘
= 8m, Y= 2.1 t/m3, ¢ = 45, c¢'= 3 t/m° (Run9)

Circle. Ordinaté of Lowest Point on the Circle «(m)

cente rsf— - :

%E?)T | y=0 y=12 y=14‘  y=l6 | ‘y=18 y=20 Toe Circles

| oms BM | oms | B |ows | BM | oms | mu |oms [ mM | oms | BM | oms| BM

43 [.950 |.982 |.98¢ |1.0%0]1.013]1.059 #.057 1.105|1.134| 1.184{ 1.279] 1. 335] 2.007] 2.121
41" |.948 970 |1.018| .991]1.042|1.028| 1.082|1.096| 1.153] 1.227| 1.291f 1,863 1.986
39 |.949 |.983 |.955 [1.007| .953(1.0151.001]1.061f1.0581.123f1.122 1,2io 1.715| 1.850
37 . |.953 |.987 |.943 |1.000 '.§9If1:62;-»,975 1.043] 1.022| 1.097[1.175 1.243‘1;565 1.714
35" |45.6 {58.7 ].936 996 .940}11.007] .954 1;030 .989/1.075 1.0%2 1.176 1.414/ 1,584
3 |-28.5/-38.9].935 | .996] 936 1.006—*,946 1.026] 975 1.067| 1.049| 1. 162 1. 341 1,523
33,5 |-414 |=550 335 | 997| ((935) 1,005 943 1.024] .969] 1.064] 1.039] 1.157] 1. 306 1.494
vy T30.6 [39.5 |93 | .998| 2935| 1.006 .991 1.023] .963)1.062] 1.029] 1.152] 1.272] 1.467
32;5 a0 -25.5] 938 [ 1.000| .936| 1,007 .939| 1.023] .939| 1,060 1021 1.149| 1.240] 1.442
42 - |-36.8[-51,9 941 |1.07 .93#"I{009 1939| 1.024] 956 1.060| 1,014 1,147 1.210| 1418

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY : (935
BISHOPS MODIFIED }

(1> x =

76 m

{ETHOD,,  MIN [MUM FACTOR OF SAFETY  : 1,982
) " '

- 961



~Table A8~ H = 8'm, y = 2 t/m>, 8 =740°, ¢ = 3/m® (Run8) .

\

Ci.r(:l‘e " Ordinate of Lowest Pc‘>in‘t on the Circle (m) ‘
centers; - ; — - . B . - : - »
{i?) ;0-.v | =2 o oysle y=16. | v =20 |Toe cirgles-‘
| oms | BM | oms ‘ BM\ oms | sM | oms BM -| OMS. | BM | OMS BM | oms BM
43 ] .99 1,027’1.011 1.066/1.031|1.090| 1.066| 1.1281.126( 1.194] 1.240|/1,317| 1. 802} 1.919
41 .989|1.026] .997]1.054|1.012| 1.074{ 1.040 1.106,1.091 1.166[1.194/ 1,278 1;68311;81q
39| .991/1.029) .984 1,045 .994 1,061|1.015 1.089] 1.058{ 1.140[ 1. 147 1.242] 1.561) 1.701
37} .996/1.033f .975/1.039 .980| 1.051] .94 1,074 1,027 1.118[ 1.102 1.208] 1.438 1.59%
35 50.3 [62.2 | .970|1.037] .970| 1.045 .977| 1.063] .999|1.100| 1.060| 1.181] 1.317 1.495
1w |-27.6 435.7'.,971 1.038] - .968 1,045 .971/1.060| .989 1;094 1.041] 1.171] 1.259 1. 450
33,5 |-271 ~33 | .972 1.039_ .968] 1.045" 969 1.060] .984/ 1.092 034 1167 1123211.429
31 32,4 [40.1 ©.974/ 1.041f .969| 1.04§ (-968)1.060] .981 1.091f(1.026 1,164 1.208 1.411]
12,5 |-14.6{-20.5 977 1,043 .970| 1.048 ‘.96§~1;06i .978 1.091f 1.020 1.169 1.187 1.394
32 ;—36.4 -48.1) .981) 1.046f .973 1.051 970 1.062 .977 1.099 1.016 1;163 1.161 1.379
ORDINAR"Y METHOD OF SLICES, MINTMUM FACTQR’OF"/SAF‘E'I‘,Y‘ : 0.9'681
- _ BISHOPS MODiF]ED METHOD, MINIMUM FACTOR OF SAFETY  : 1.026
('1') Vx\‘= 76 m : . , : 3

- 15T -
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Table A7-' Continued (Run7) -

J

Circle 'iOrdinate_of Lovest'POigﬁ on the Ci;cle (m)

centers : - ~ -
zi?) ) y=16 b y=18 y=20 Toe Circle
+ oMs | BM | oMs | BM | oms | BM | oms | B

43 1{083 1.155[1.129 {1.209 f1.216 | 1. 305 1.632|1.750

41 |1.060|1.137[1.098(1.183 [1.174 | 1.271 1.535/1.663

39 {1.03841.120/1.068]1.160 |1.133 1.239]1.436[1.577

37 |1.0201.107 1,041 f1.141 J1.093 | 1.211]1.336]1.495]

'35 |1.007{1.099(1.018|1.127{1.058 | 1.189)1.2411.421f

i . . - .
34 }1.003}1.098(1.0101.123 1.043 §1,182[.1.197{1.389

33,5(1.002)1.098|1.007 f1.122 [1.037 | 1.180| 1.176|1.376]

33 {1.003]1.099|1.005|1.122 |1.032 | 1179 1.158]1.364

32,5[1.004[1.101|1.005 [1.124 | . 1.141f1.354

32 |1.007]1.104|1.006f1.126 [ |1.127f1.347|

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY: 1,002
BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY :1.075
(1) x = 76w ‘ L | -



Table A7-,""  H=8m y=1.9¢t/m3 4=35° (Run?)

Ordindte of Lowest Point on the Circle (m)

66T -

1'Circie y=0 ‘ y=2 o y=4 y=12" 1 - y=1l4
| centerst— —— — S ' -
’Y(mkl) oMs | BM | oMs | BM OMS | BM | OMS | BM | OMS BM
43 |1.03) 1.075 {1.034'[1.075 |1.032 |1.076 | 1.043}1.104 {1.058 1.124
41 | 1.036 1.075[1.033 |1.075 |1,029 [1.075 | 1.030 | 1.094 |1.040 [1.110
39 | 1.039] 1.078 15.03 17.53 |1.029 L.075) 1.026 1.086 | 1.025 |1.098
37 | 1,045 1.084 | 15.54 | 18.26 |1.033 |1.079 1.012 | 1.081 | 1.013 1.096
35 56.2 | 66.9 |14.02 |16,56 [23.2 [27.9 | 1.011 '1}081 1.006 |1.086
34 -26.8 -32.9,,28.7 365 [12.3 (14,7 | 1.013 1.083"1.006' 1.087

33,5 |-?01.7 244,21 16.3 |19.5 37.2 l45.4 1.015{,1.085 }1.006 |1.088

33 | 34.5 | 41,1 1-95.4 F117.5 163.39 77.85 | 1.017 1.087 | 1.008 |1.090

32,5 | -14.6 -19.04] 48.3 }58.6

32 » -36.03 -45.03 18.2 | 21.74

ORDTNARY METHOD OF SLICES, MINTMUM FACTOR OF SAFETY : 1,002

. BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAVFETY :.1.075
(1) x=76 m B , ,




~ Table A6~ Continued (Run6) .

BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY ' 1.

: Ordinate of Lowest Point on the Circle (m)
1Circle -
centers y = 12 ' y =14 |Toe Circles
&Sm) _ . : -
j oms| B oMs| Bu | omMs) B | OmS) By | OMS) BM |
36 1.481]1.502(1.421f1.491}1,431{1.502 " 12.529]2.653
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] 1.376|1.256/ 1.358{ 1,271 1.376| 1.787(1.980
.26 |1.2481.363[1.230] 1.342] 1.248|1.363[1.267[ 1.407[1.597|1.827
25,5 o [1.226|1.361] © |1.257[1.402)1.553[1.793
25 1.226]1.360] | - |1.249[1.398]1.511[1.763
24,5 1.22401.341 | [1.243]1.397[1.473]1.736
24 1.226| 1.344] 1.2611.398 1.440{ 1. 715
K DCIRCLE | 75 | 75 | 7.5 | 76.5| 76 | 76 | 7405 | 745 [ 70,5 | 745
ABCISSA ' <
" ORDINARY METHOD OF SLICES, MINTMUM FACTOR OF SAFETY: 1.224
' 303
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Table A6- H = 6 m, v = 2.1 t/m3,,¢ = 45 (Run6) ;, Voo
\ o . T . . -
o Ordinate of Lowest Point on the Circle (m)
Circle - : - _ . (
mnmm“ﬂ - y =20 1 \ L y=6
y(m) — , —T - , ’ :
. OMS s Joms | M [oms | BM [oMs | BM | oMs | BM | OMS | BM
3% | 1.267 | 1.311 |1.264| 1.308[1.267|1.311{1.292(1.348|1.288|1.343[1.292]1.348
3 1.261 | 1.307 |1.258] 1.304[1.261 1.307{1.214[1.333|1.270( 1. 328] 1.274] 1. 333
32 | 1.258 | 1.305|12.66) 14.72|1.258[1.3051.259|1.321|1.254|1.316/1.260] L. 322}
30 | 1.259 [ 1.307 [1.256 (1.303 1.259{1.3071:249|1.314{1.243|1.307| 1. 249[ 1. 314
28" 1.267 | 1.314 [1.263[ 1.310{31.8338.18|1.245|1.312[1.238|1,305(1.2441.312
26 -108.11| -134.43] 33.5 |40.664] 28.04] 33.92| 1.251{ 1.319] 1.243| 1. 311| 1.251{ 1. 319
RC : : i . :
(;Z;E;ggi,n« 73 73 |7es ) 7es {76 | 76 |73 | 7y |7as | 7a.s] 76 | 76

191 -



_ Table A5- Continued (RunS)

Ordinate of Lowest Point on the Circle (m)
Circle , — —
centers y = 12 o y =14 Toe Circles
¥y (m) - R ,
S oMs| BM | oMs| BM | oMs| BM-| oMs| BM | oMS| BM
36 1.447]|1.529(1.438(1.519|1.447|1.529 : - {2.277]2.400
I . . g
3% [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 ' 11.979]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] S l1.271]1.435|1.403[1.677
y CIRCLE 4 1| 74 65| 76 | 76 |7a.5)74.5 74.5]74.5
(Wyncresa™t 73 | 73 743743 74 1.5 ;

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY: 1.265
BISHOPS MOD’[FTED.METHOD, MINIMUM FACTOR OF SAFETY : 1.360
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Table AS- H'= 6 m, Y= 2 t/m>, 4 = 40° (Run5) .

N

_ . Ordinate of Lowest‘Point:on the Circle (m)
Circle - — - — — -
| conters Sy =0 y=6
| y(m) - . e . —
: , oms- | mM foms | muofows | BM foms | BM |oms | e [ oms | M
%6 1.321 | 1.368 |1.318] 1.365]1.321[1.368[1.337|1.398[1.333]1.393[1.337[1.398
34 '1.316 | 1.364 [1.313] 1.361]1.316|1.364|1.321|1.385|1.316] 1. 379 1. 321/ 1. 385
3 1.314 | 1.363 [13.21| 14.99]1.314[1.363[1.3081.374|1.302[ 1. 368| 1. 308] 1. 374
30 |-1.317 | 1.367 |1.313] 1.362]1.317)13.67) 12299| 1.368) 1.293| 1. 361) 1.299) 1. 368
28 1.326 | 1.375 |1.322| 1.370| 3.2 | 39,84 1.297| 1. 368( 1.290((L. 360] 1.297 1. 36§
26 ~95.97 | -114.68 35.5 | 41.7529.5 | 34.631.307|1.377/1.299| 1. 368 1.307) 1.377
F1)CIRCLE } - —1 ' -
Ycrsen.ml 7 73 |7e.5) 765 | 76 | 76 | 73 | 713|745 745 ] 76 | 76




)

Table A4~ Continued (Runé)

L - Ordinate of LoWest‘Pointron the Circlé'(m)
Circle = — ' —
centers o Ty =120 .y =14 Toe Circles
¥y(m) . . . ,
- ] oMS| BM| OMS| BM OMS | -BM OMS| BM OMS'| BM
, ‘36f_ 11.476]1.563|1.466{1.552|1.476{1.563 B ; . |2.068|2,188
34 1.438{1.531{1.427(1.519|1.438[1.531} | 1.948(2.079
32 [1.402|1:501[1.390[1.488|1.402|1.501] 2 1.823]1.969
30 ]1.370|1.476]|1.357|1.461|1.370|1.476 | 1.696]1.861
28 1.3464]1.459|1.329|1.441 1. 364|1.459) | - 1.570| 1. 761
26 1.332|1.455[1.313]1.433|1.332].1.455/1.315[1.465/1.455[{1.681
25,5 1.313|1.434) | |1.310|1.464]1.431]1.666
o5 | fromsfesr] | |@-307)1.465[1.409|1.656
S, | , {1.317)1.441) 1.307{1.468{1.392{1.650
24 1.324f1.448| ~|1.310/1.474|1,381f1.649
1)-CIRCLE v 99 V765 765 76 ) 76 }76.5 [ 74.5 | 74.5 | 74.5
v( )ABCISSA~ 73 73 | 74.5] 74.5 | _ | i 5 1.5 | 74, .

ORDINARY METHOD OF SLTCES, MINIMUM FACTOR OF SAFETY: 4,307
" BISHOPS MODIFTED METHOD, MINIMUM FACTOR OF SAFETY : [4Z0



Table A4- H = 6 m,

Y = 1.9 t/m> ¢ = 35° (Run4)
' . - Ordinate of Lowest Point on the Circle (m) -
Circle (1) ' - — —
‘centers - y=290 y =6
S oMS . M Joms | nM |oms | BM |oms | BM [oMs | BM | oms | BM
36" 1.382°| 1.430 {1.379| 1.428{1.382|1.430{1.391|1.454|1.386|1.449]1.391]1.454]
34 1.378 | 1.427 [1.375| 1.424|1.378|1.427|1.376|1.441|1.371{1.436]1.376(1.441
32 1,377 | 1,427 [13.9 | 15.35[1.377]|1.427{1.364[1.432/1.358|1.425]1.364)1.432
30 1.381 | 1.432 [1.377] 1.427)1.381[1.432]1.357|1.427]1. 350 .1.357 1.427
28 . 1.392 | 1.442 |1.388| 1.437/37.1 |42,01|1.357]1.429[1.350|1.421|1.357|1.429
26 |-86.27 |-99.62 [37.8 | 43.24]31.26)35.62]1.370[1.441)1.361]1.432)1.369]1.441
" CIRCLE ' ‘ T ' '
1 . ; . :
(A crasa m| 73 73 | 7451765 1 76 | 76 | 73 | 7Y 1 74.5 [ 74.5 | 76 | 76

- 69T -



'!Téble A3- Ho= 4 m;‘y =’2,1ﬁt/m3, é =,459 (Run3)
o Ordinate of Lowest Point on the Circle (m)“ _
g:g;i: y=0 y-2 Vb Y6 v y-10°
'lz§?> oMs | BM oms, | Bm oms | s | ooms.| oM | oms | oum | oms ‘BM'1+
25 |1:881 |1.946,1.886 | 1.960 |1.904] 1.987]1.046| 2.042 2.044| 2.156) 2.295 2.430
- |26 |1.814 |1.940 15874 1.949 |1.886{1.972| 1.919| 2. 018} 2. 003 2.120“2.234 2.373|
23 [1.869 |1.936 |1.864 |1.941 |1.869]1.957).1.893) 1.996| 1,962 2.085 2.167 2.317}
22 |1.866 |1.934 |1.857 | 1.935 |1.855 1.945|1.868| 1.975] 1,923 2. 051 2.102 2.261] -
21 |25.9 |28.9 1.852'T1:55;w~i.sigm{?;3é%i.847 1.§§é‘1.885 2.020] 2.037] 2.207]
20 |{1.810 1;939 1.852 {1.932 |1.835)1.931]1.828|1.944]1.850| 1,993 1.972 2.156} -
19 [1.880 |1.948 [1.857 |1.937 1.833{£Z§§§ 1.816]1.935/1.819|1.970] 1.910| 2,110
18 |29.89 |34.03 |1.869 |1.949 [1.839)1.937|1.811)1.933[1.797] 1.955| 1.854] 2.073
17 563 ~66.4 |22.27°|25.82 [23.53/27.88/1.818 1.942“522%2 1.9531.811] 2.053
T6 |-73.31|-87.2 | -69.49]-84.25(19.49] 23, 20| 1.846| 1.966| 1.801| 1.970| 1. 796] 2. 083

(1) x

ORDINARY METHOD OF SLICES, MINIMUM FACTOR OF SAFETY : 1,787

BIS%PPS MODIFLED METHOD,
m

MINIMUM FACTOR OF SAFETY  :1.930

- 991
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. 'TabJe‘A2?vH7=A4:m,,Y;j},t/m?f 6 = 40° (Run2)

A

Ordinate of Lowest Point on ‘the Circle (m)

Ci.r'cle'

=0 : - ST L R 10
fcenes Y 0 oyE2 MA AN y y-1
{i?) oms | BM | oms | M foms | mm | owms | M | oms | osm | oms [ BM

25 |1.965 [2.030'|1.966 |2.039 |1.978|2.062]2.011|2.108]2.088|2.202}2.280|2.419

24 11,958 |2.024 [1.955 {2.030 |1.961(2.047|1.984|2.084)2.048|2.167]2.222|2.366]

1 23 [1.9s4 [2.021 |1.946 |2.022 |1.945]2.033[1.959|2.063]2.010|2.133|2.161]2.313

22 1.952 12,020 |1.939 |2.017 |1.932|2:022 1.936}2.043]1.972|2.102}2.100|2.260

s - ad

21 [27.426{30.09 [1.936 |2.015 |1.921[2.014)1.916|2.0271.937|2.072|2.039]2.210

20 {1.958 |2.027 [1.936 [2.016 |1.915[2.010]1.900(2.014 1.905(2.0471.980| 2. 164]

19 |1.969. [2.037 |1.943 |2.023 |1.915|2.011]1.890((2.008)1.877|2.027]1.924|2.123

18 [31.38 [34.93 [1.957 [2.037 }1.923)2.020]1.887|2.009|1.859|2.016]1.875|2.092

17 |-56.93|-62.48|23.32 |26.39 |24.94|28.73|1.889]2.021]1.854]2.019)1.841|2.079

16 |-72.54|-83.37|-67.05|-78.33{20.41|23.62|1.931|2.050{1.874|2.042|1.837] 2.100

~ ORDINARY METHOD OF SL‘IC['ZS, MINIMUM FACTOR OF SAFETY : 1.837

BISHOPS MODIFIED METHOD, MINIMUM FACTOR OF SAFETY  : 2.008
(1) x =76 m o co

- 29T -



‘Table‘Al;‘H

o

bm, ¥ = 1.9 t/m>, ¢ = 35° (Rual)

RS 65!

- 891

I - Ordinate of Lowest Point on the Circle (m) .
SZ;S,: - y=0 | y=2 _s"‘:?» ye6 - y & Cy10 -
1y | oy BM | oMs | BM OMS-\éM OMS | BM ‘OMS M| oms BM
.25 |20059 |2.122,|2.057 |2.128 |2.064|2.145{2.088|2.182)2.147| 2.259]2.290| 2.425|
24 2,053 |2.117 |2.046 |2.119 [2.047|2.130]2.062|2.159]2. 109 2.225|2.233| 2.374
23 |2.049 |2.114 2.038-451112- 2.032|2.117{2.038| 2.138 7.109| 2.192|2.175) 2.325
22 [2.008 |2.114 |2.032 |2.107 |2.020]2.107]2.016 2.120|2.036| 2. 161]2.117 2.274
21 [29.17 |31.46 2.029 |2.106 |2.010|2.100|1.997|2.104|2.002| 2.133 2.061] 2.227
20 |2.056 2.123 |2.032 |2.109 |2.005 2.097}1.982|2.093 1.972|2.110|2.006| 2.183|
| 19 |2.069 |2.135 2.040 | 2.117 |2.007] 2.100|1.974| 2.088| 1. 948 2. 092| 1. 953| 2. 146
18 33.05 36.07 |2.056 |2.133 [2.017[2.111]1.975| 2.092| 1.932|(2. 082 1. 912 2.120)
17 [-53.39]-59.16|24.498| 27.12 |26.56| 29.84]1.980] 2.108]1.932| 2.001] 885 2. 114
T6 |-71.80| -80.20] ~64.78| ~73.50| 21.43| 24.20] 2.026| 2.142] 1.959] 2.121[ 1.892] 2.143
ORDINARY METHOD OF SLICES;‘MINIMUﬁ‘FACTOR OF SAFETY :1.885

@ x

'BISHOPS MODIFIE
= 76 m

D METHOD, MINIMUM FACTOR OF SAFETY  :2.084
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