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Abstract

The locatign ¢f the critical center ¢f slip circle tg give minimum
factor of safety for homegengus soil slope is studied. The actual
safety factor for a slope failure through the toe pgint is determined
with ne apprgximaticns or simplificatign. The equation ¢f minimum
factar o¢f safety 1is presented in a closed form with respect tao the
radius of the mast critical slip circle. However, the direction of the
center ¢f such circle, measured from the tge ¢f the slgpe, is given in

the form of data charts g¢btained with the help ¢f numerical analysis.
Available Methads

Based on numerical analysis, Spencer (1969) suggests that the circular
arc 1is mg@re critical than the lggarithmic spiral arc fer the rupture
surface. The majority of the methoeds currently available for
performing slgpe stability analyses may be categorized as limit

equilibrium methagds.

Metheds that consider only the whele free bedy include the culman
methad with straight rupture surface (Taylor, 1948) and the friction
circle methad (Taylor, 1948). Slice methods may be categerized inte

the well knawn Swedish Circle methed (Fellenius, 1927) and Bishgp
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methad (1955). Refinements ¢f the limit equilibrium methed have been
undertaken by Bishap, Mergenstern, Spencer, Hunter and Schuster (1955
- 1971). These refinements have been concerned with defining a mgre
acceptable failure surface or with mgdifying the methed by which the

forces acting on the failure surface are handled.

Only limited attenticn has been given by the investigaters ta the
precise determination of the critical rupture surface. This could be
the main ¢bjective ¢f this research. In this methed a more rigoerous
semianalytical s¢lutign 1is given for the determination of the most

critical slip circle for the s¢il slgpe.

Factor of Safety faor a Slip Circle Failurs Surface

With the fgllowing assumptiaons the analysis is carried qut;

1. s9il is horggenecus and isgtrapic.

2. Tensign cracks are neglected.

3. No free water surface intercepts the slope

4. Slip circle passing through the tge is considered as the failure

surface.
The factor of safety may be calculated as the sum of the resisting

moments Mr divided by the sum ¢f the maments tending t¢ cause

failure Md (Fellenius, 1927) as;

Equations of the rupture failure, Figure (1); is given by
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a=Hc0tP+RcosGA,bf' R sin 8,4

Xg = R (cos B — cos §,) — cot !
Y,=H+ XtanS & Xo = — cot P H
Figure (1)

In terms of twg independent unknowns, mamely: the radus R and the
herizental angle t¢ the toe point QA. Figure (1), o¢ne may set the

formulae for M, and Mr as follows;

d
Xﬂ 0
M. = (1.O)W[ﬁx+a)(y2—y)dx + j(x+a)(H+x tanf —y)dx]

0 K

Xs
My =Y(1.0) f [X*tan 8+ (H — b) x + ax tan §
+a(H-b)+ Rsinf(x +2)] dx +
0
{ [*tan?+ (atan? + H = b + Rsin §)

Xa

x+ a(H-1b)
+ a R sin 6] dx
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NId:Y(mlx]B+m2X:B+m3XB+m4R3+m5RZ

+m(,R+ m7RXZB+m8R2XB+m9RXB

nd === ¥ (3m X% D, + 2my Xg D, + m; D,
+3ms R*+ D, R* +2ms R + D,.s R?
+mMs + D R +2m; RXg D+ m; X3,
+Dpy RX?g +mg R? Dy + 2m RXg
+Dmg R*Xg +mg RD,+my Xg+DpoRXp)

where

m, = — tand /6

.m,- — H2

. m; = 3 cott HY2

m, = sin §4(H + Xg tan 8)¥/R* —sin"BA(H+Xg

’

tan 3)/R - L (H + Xg tan 5)/R’
,Dge = —2sin ;A(H +Xgtan 8)*/R*+(25in 6 4)(tand Dy)
(H +Xgtan§)/R? + sin? §, (H+Xg tan 8)/R?
— sin® §5 tans DR +(H + Xg tan 87°/R*
- (H + Xgtans)* tand DYR’
. ms = sinfacod H((Xs + H cot /R — cos 4]
, Dps = sin 8 cott H[-(Xg + H cott YR* + Dx/R]

ot H?
, Mg = : 5— [cot sin §.4+3cos 9a—3(Xp - Hcot )R]

. Dmu = - Bij H/(2 sin BA)
my = —:—[sin g —cos B4 tand+tand(Xg + H cod )R]

tand .
. D7 = (tand [DJR —(Xg - H cot? JR]

Py

mg = sing, cos 85— sin 8, (Xg + H cod)/R

., Dmg = — Dms/ (cot?.H)

. mo = H[(Xs + H cot)/R +(cos 5+ sin §4 cot)]
. Do = Das/(sin 84 cotf)

 my = — 5 cot*} HY6

’
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Xg=CR-Ci+ VG R+ CR + G
t’: =C, +% (Cs R +CyR+Cy)” 2 (2Cs R +Co)

Dy =
With Cs = C4 . C, = (Cy — 2C,C2)& C; = (C3 = Cy)
, C, = (sin 94 tan 8— cos §,)/(1 = tan"3)

e
» G

(tan s + coff) H/(1 + tan’s)
(1 + cot?hy HY(1 + tan’3)
and, Cq = 2(sin 84— cosba coth) H/(1 + tan’8)

The resisting moment Mr is computed from Figure (1), by

M, =y @@ (F; R + B, RPH) e @
dM, , dF, . dF, |

and R =Y tan Y[R “R + R?(3F; + H——-dR )
12551 | DS C— (5)

where Fi =Ki+Ks cos® B+ K '(sin 8 cos 8o + o)

]

and F, = Ky + K (sin 8o cos 8o + 60)

. % 1 N
with K, = tant cos® 6473 — tandcos’0s/3— = sin Oa

. 1 I T
(03"9A+-—2—sin285——i—sm26,\)+
—%—cos g tand (s + —;- sin 2 §g) —
—%—wseAtanI(éA+-—;—sin29A)+

sin B —sin §a— sin® Gp/3 —sin® 873
C

’K2=7Htan

. - & 1 .
(0,\“93)‘*—;"93 +—4—sm25g

1 1 - il
- sin 20a— == cott tan & (Ba+ 5

sin 2 6g)
, Ky = —é— (tané-tanf)
, Ky = _32— CdS N K3
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L K5 =—=cott K;

llIh)

,sinBp = H cod/R — cos §4

,cosfp = V 1 - sin®g,

, 8y =sin™' (H cot/R - cos §4)

. cos fg = sin 8, -%(H +Xp tangd) = sin g
, g =— — sin”! [sinf4 - (H + Xg tans)/R]

.sinfg = (Xg ~ H cof)/R — cos §5 = cos g

and. sin 285 = 2 sin fg cos g

In equatign (5), dF1/dR and sz/dR are given by;

9F DB, - DB, + = cos 8, tan 5 (DB,
dR 2
+ DBy2) - ——sin 6 (DB, + DB42)
- tan 8 DBy3 + 3 K; cos® fy sin 8¢
(cos §, - ¥/RY VR" —a- ~ K,
[(cos 84 + &/RY V R* +a (cos” §y + sin’
8o+ 1)
g E’. = ___C_.__ DB, + L (DB, + DB42)
dR vH tan @ 2

(1 — cot tan 8) — Ks [(cos 8,5 +8&/RY

VRS = a2] (cos® f,— sin” 8, + 1)

Alexandria Engineering Journal

April

1989



Sotl Slop Stability Analysis Using A Semi-Analytical Method 253

In which

d cos’ b d 6p
DB, = DB, =
| dR W AR
" d sin® 6g DB, - d sin 2 6g
eBBy =g 7 4R
and DBs = 95 ¥
dR

Minimum value of FS with respect t6¢ R, using equatign (1) is

computing as dM .
EEL:(_\[d £ _Mr%)/(y(d)-z()
dR dR dR

and, - My Do o, T i
dR dR
or F, = e Sy . T

By solving equation (6) the radus R which correspend t¢ the minimum

value Fsmin of equation (7) may be determined.

The value of Fsmin and the correspending slip circle depends on the

assumed angle O (Figure 1). T¢ arrive at the minimum-minimum value

A
of the facter of safety, and therefore fixe the most critical slip

circle; one may proceed as follows;
1. Let a value for eA (or a directign angle for slip circle's

center) .

2. Sclve equation (6) (the computer is necessary in this step).
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3. Use the radus R, of step (2) t¢ cbtain P i from equatien

1 in
(7) for the directien of step (1).
4. Repeat steps (2) & (3) for a new value of GA = GA.+A6,
where A may be chagsen as g% te 50.

5. The critical directian correspond to F . .
cr ' min-min.

The abgve steps are set in a camputer rgutine and the results for the

analysis using this methed are given in the fgllgwing sectign.

Results and Discussign

In order tg test the equations presented herein, a selved prcblem
carried o¢ut by Jumikis (1967) wusing the Swedish circle methaed is

sclved using the abgve steps. In this problem the data is as fellgws:

70 D= tan=1(0.5) = 26.6° = 1200 _ 2424
@ =7 ,P=tan"1(0.5)= 26.6°,C/yH TR

Horizontal

200 1b/ft?
10 1b/ft?

—_

Position Line (Swedish) B.= 70°, Ry = 94, Fopin = 2.06
Present B = 57.1°% Ry = 81.7, Fimin = 1.9038

Figure (2) solved Problem
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Figure (3) Data charts for Bicn (8 = 0)
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and the resulting value for minimum factor ¢f safety is 2.06 at an
anglesﬁ - 70° with a position line for critical centers as shown in

Figure (2).

In order to facilitate the sglutign propgesed here, data charts are
prepared to locate the angleeA (or the angleﬁ;) of figure (1) for a
practical range of stability number c/fH and deferent values ¢f angle
of internal friction f’. Figure (3) shews four charts

forP vs Pwith §=0

, e o el
with P = 26.6°, ¢ = 7%and c/y H = 0.2424;B = 57.1° and the
resulting value faor Fs using equations (6) and (7), is 1.9038 which
is less than the resulting value of the sclved example by 7.6 %
Also, there is a deviatigon ¢f the critical center w.r.t ﬁb by abgut

132,

One mere run 1is carried ocut for = 70° produced a factor of afety
for the same problem; Fs = 2.0583 which is in a very g¢qd agreement
with the slice methgd, however, the corresponding value ¢f R = 89.3 is
slightly different than RCr ¢f the sglved example by using the

positign line.

The effect ¢f the greund slgpe D is examined and its concluded that

the only effect of 5 is on the value of R, and the factor of safety

Femin’
cbserve from from Figure (4.b).

however, n¢ effect for on the value of F’cr as one may

It is intersting tg¢ ngte that the computed value ¢f Fsmin
for <{> =P (c = 0) comes out to be slightly higher than 1.0 and the

slip circle is very shallow (almgst a flow type of slide), Figure (5).
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LY

Summary and Conclusiagns

A methed for stability of slgp analysis is intrcduced which enable the
analyst with a quick and accurate mean for determining the mgst
critical slip circle. In this methed data charts t¢ lgcate the
directign of the mast slip circle's center are provided. These charts
cover the different variables invelved in the stability of earth
slopes, namely: the cghesign, the angle ¢f internal frictign, the sgil
unit weight, the slgpe height, the ground slope and the slgpe angle.
The mgst critical raduis ¢f the slip circle 1is computed from
analytical analysis with clgsed form equatigns, using the critical

direction from the data charts (Figure 3).

The analysis yields the fgllgwing canclusigns

1. The mgst critical slip circle's center not meccessarily falls on
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the pgsitign line (Figure 2).

2. Directign angle P’cr ¢f the critical center fcrf: 0 1is
independent o¢f the stability number c/} H.

3. As the stability number decreases the directicn angle Pcr
for Cf:I: 0, increases.

4. A flew type of slide for ¢ = 0 and #=is cbserved, as it should
be, with F . . very clase k¢ unity (Figure 5).

smin-min

5. The greund surface sloping angle § has no effect on the direction
of the critical center. However, as § increases the value of
F . . decreases, and the raduis ¢f the mest critical slip

smin-min
circle increases rapidly for (E>/P) > yb (Figure 4-b).
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