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{nTROCUCTION

In the stability analysis of embankments and slopes there are at present two
basic lines of approach. The first is the limit equilibrium approach and the
second is the stress-strain analysis. With the advent of the finite element technique,
given the material properties and the cross section of the embankment or the

“slope, it is not difficult to analyze the section for deformation and safety by

computing the stresses and strains in the structure, However, the use of such
a sophisticated method requires very accurate input data. Otherwise, the results
obtained from such analysis become as doubtful as the input data itself. Therefore,
for a designer who has yet to satisfy himself about the soil properties obtained
from various laboratory tests, and to finalize a cross section of a dam or an
embankment, the use of the finite element method becomes uneconomical.

On the other hand, simple methods such as those based on the limit equilibrium
principle, even though these cannot give the deformation picture of the structure
under stress, are able to produce comparable results as regards the safety of
the structure. Furthermore, the strength parameters computed from analysis
of slope failures agree reasonably well with laboratory tests results, which gives
more confidence in the analytical procedure of the limit equilibrium approach.
Once a final design section is arrived at, it can always be analyzed with a
finite clement or a similar sophisticated method to check the results obtained
from the simple analysis,

The basic idea behind the limit equilibrium approach of analysis is to assume
a surface which is likely to fail and try to find a state of stress along the
surface so that the free body, contained within the slip surface and the free
ground surface, is in static equilibrium. This state of stress, which is known
as the mobilized stress is not necessarily the true state along this surface. However,
this state of stress is then compared with the available strength, i.¢., the stress

Note.—Discussion open until May 1, 1980: To extend the closing date onc month,
8 written request must be filed with the Editor of Technical Publications, ASCE. This
paper is. part of the copyrighted Journal of the Geotechnical Engineering Division,
Proceedings of the American Society of Civil Engineers, Vol. 105, No. GTI12, December,
1979. Manuscript was submitted for review for pogsible publication on September 21,

1978,
!Lect., Dept. of Civ. Engrg., Imperial College of Sci. and Tech., London, England.
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necessary to cause failure along the surface. The factor of safety, F, is then
defined as that factor by which the available shear strength should be reduced
s0 as to bring it into equilibrium with the mobilized shear stress. Within the
same principle, the critical acceleration factor, X, gives the horizontal load
as a fraction of the total weight of the free body, which, when applied to
the free body, brings the stresses along the slip surface into equilibrium with

the available strength. The factor X, is called the critical acceleration factor
because of the association of the horizontal load with the carthquake problem.

In seismic stability analysis, the quantity K_g gives the critical horizontal
acceleration which produces a factor of safety equal to one for the slip surface,
In the absence of a real horizontal load, X . may serve as a measure of the
factor of safety [Sarma and Bhave (1974)].

There are at present several methods of stability analysis in existence which
apply the limit equilibrium principle. Most of these methods apply the technique
of slices, Fellenius (1936), Bishop (1955), Kenney (1956), Janbu (1957), Chugaev
(1564), Morgenstern and Price (1965), Spencer (1967), Skempton and Hutchinson
(1969), and Sarma (1973). In these methods, the available strength is computed
on the basis of the Mohr-Coulomb failure criterion. These methods mainly differ
in the shape of the assumed slip surfaces and in the handling of the indeterminacy
of the problem as shown later. There are other methods based on the Limit
equilibrium principle which do not apply the slices technique. These are generally
of limited use and are not considered here. S

In the method of slices, there are two kinds of solution. The firstis a *‘simplified”’
solution where the conditions of static equilibrium are not rigoerously satisfied.
Assumptions are made to obtain the solution ih a simple form. The second
isa ‘“‘rigorous’” solution where the equilibrium conditions are completely satisfied,
Furthermore, these solutions have to satisfy the conditions of acceptability,
such that the forces obtained from the solution do not violste the Mohr-Coulomb
failure critcrion anywhere within the sliding body, no tension is implicd, and
the direction of forces are kinematically admissible. It is not aiways possible
to obtain a completely acceptable solution without going through a lot of iterations.
Therefore, experience is needed to seek out a seemingly unacceptable solution
that can be treated as acceptable. However, an acceptable rigorous solution
does not necessarily provide the actual stresses in the slope and it is rigorous
only within the context of the method of solution.

In the method of slices, the body of mass contained within the assumed
slip surface and free ground surface is divided into » slices. It is not necessary
for the slices to be vertical or even the edges 1o be parallel. But almost all
methods use vertical slices as shown in Fig, 1. Then for n slices, we have
the following 6n — 2 unknowns: » numbers of the effective normal force N

-or total normal force N; n numbers of the shear force T; n — 1 numbers
of the body force E’ in terms of effective stresses or E in terms of total
stresses; » — | numbers of the body forces X; n — 1 numbers of the points
~of application of the E’ or E forces given by z; a numbers of the points of
application of the N’ or N forces given by /; and | number of the factor
of safety F or critical acceleration factor K. ‘

The X, E forces and the point of application of E are defined at both ends
of the slip surface. From the static equilibrium conditions, we have the following
three equations for cach slice: £ moment = 0; I vertical forces = 0; and
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T horizontal forces = 0. The Mohsr-Coulomb failure criterion for each slice
gives T = f(N’), a function of N’. Thus, for » slices, we have 4a equations.
This implies that the solution is statically indeterminate. To obtain a solution,

" one has therefore to make 21 — 2 independent assumptions. If more assumptions

are made, more unknowns will have to be introduced or iterations must be
applied to change the assumed values Since there is an infinite number of
ways in which these assumptions can ‘be made, there is an equally large number
of solutions. Now, let us look into the various available solutions and scc how
these assumptions are made.

Bishop’s Simplified Method.—In this method, the assumptions are of » numbers
of point for the application of the N forces and n — 1 numbers for the magnitude
of the X forces (X = 0). Since one more assumption is made than required,
one of the known conditions cannot be satisfied. In this case the horizontal
equilibrium of one slice cannot be satisfied with the computed safety factor.

For circular slip surfaces this error is small and the result is generally acceptable.

fAG. 1.—Forces Acting on Indlvidual Vertical Slice’

Bishop’s Rigorous Method.—Here we find the same number of assumptions
as in the simplified method, but iterations are performed on the assumed values
of the magnitude of X until equilibrium is achieved.

,Janbu’s Generalized Method of Slices.—The assumptions are » numbers of
point of application of N forces and n —~ 1 numbers of point of application
of E forces. One assumption is more than required and therefore, technically
it cannot be a rigorous solution. However, in the solution one of the assumptions,
i.e., the position of the last N force, is not used. Had he used it, he would
have found that the moment equilibriumn of the last slice is not satisfied, i.c.,
M +# 0, which he does not test, Moreover, as Madej (1971} points out, Janbu's
moment equilibrium equation is _incomplete. However, this error is small and
it only affects the position of the line of thrust and not the factor of safety.

Kenney’s Method.—The same assumptions as in Janbu’s method are made.
In his solution he uses all the assumed values and therefore is unable to satisfy
one of the known conditions which in this case is that E,, is not cqual to
the defined value.
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Morgenstern and Price Method,~—The assumptions are n numbers of point
of application of N forces and n — 1 numbers of relative relationship between
X and E forces. Of course, in this solution, since infinitesimal slices are used,
n tends to infinity but the principle remains the same.-Since one more assumption
is made than required, they introduce an extra unknown. This method therefore
satisfies static equilibrium conditions rigorously,

Spencer’s Method.—He makes the same assumptions as Morgenstern and Price,
but instead of introducing an unknown, he iterates on the relationship between
X and £ to obtain the solution for circular arc slip surfaces only.

The Writer’s Method (1973).—The assumptions are n numbers of point of
application of N forces and n — 1 numbers of relative magnitude of X forces
and an extra unknown is introduced to obtain a solution.

There are other methods both simplified and rigorous which are not mentioned
here. As the necessary and sufficient number of assumptions that are required
are 2n — 1, if one can make these assumptions satisfactorily, a solotion can
be obtained. Given herein are some possible combinations of assumptions that
can be made: :

1. The n — 1 numbers of relationship between X and E forces and n —
I numbers of point of application of £ or N forces. A methed of solution.
based on these assumptions is provided here. The solution is in fact an extended
wedge method of solution. Sec aiso Chugaev (1964),

2. The n — | numbers of point of application of E forces and » — I numbers
of point of application of N forces. This is the Janiu method of solution but
the position of the last N force should be found as part of the solution.

3. The n ~ 1 numbers of absolute magnitude of X forces and » —~ 1 numbers
of points of application of E ¢or N forcex. This method of solution, although
simple, is not recommended an the solution’ depends.on the absolute magnitudes
of X forces which may be very difficult to define. )

4. The n numbers of relative magnitude of N’ forces and n — I numbers
of points of application of E or N’ forces and introduce an extra unknown.
This comes out to be a very quick solution and the basics of the .analysis
will be provided here, :

It may be possible to find other sets of assumptions and devise solutions, But
the usefulness of such methods will depend on being able to arrive at an acceptable
solution, S '

The writer (1973) has shown that the stability analysis solution obtained in
the form of the critical acceleration factor X . is straightforward and easy. Factor
K. itself can be used as a measure of the stability or alternatively, as he has
shown, the solution obtained in the form of X, can be used to determine the
factor of safety. In order to obtain the static factor of safety or the factor
of safety for any given earthquake acceleration X, one has only to reduce
the strength parameters on the slip surface by a known factor F representing
the factor of safety and determine the valuc of X - corresponding to the reduced
strength. A trial of three or four values of F will produce a graph az shown
in Fig. 2 which can be used to deterthine the fictor of sifety for any X. Thus,
even though an iterative process cannot be Evotded for determining the factor
of safety, the intermediate results in the process of iteration bécome useful,
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particularly when an earthquake load factor is involved.

A method of stability analysis is considered in the following. It is an extended
wedge method of solution. This method is new to the extent that it gives the
solution of the critical acceleration factor X, in a closed form and no graphics
are involved. Moreover, the slices are not necessarily vertical and the critical
inclinations of the slices are found as part of the solution. The reason for
using inclined slices are. that vertical slice interfaces are sometimes not suitable
for an evaluation of internal stresses which is the real purpose of a sophisticated
limit equilibrium analysis. Even though the solution is obtained in the form
of K, it is not restricted to using K as a measure of stability. As mentioned
earlier, a factor of safety can always be computed by iterations. Graphical
solutions to determine the factor of safety with vertical slices are available
which involve repetitive drawing of force polygons with assumed values of
F until complete equilibrium is achieved [Seed (1966); see also Taylor (1948)].

K,

Yake of K

|
|
1
[
|
I
|
I
1
1
|
1
F

F,
Yalue of F

FIG. 2.—Rslationship between Factor of Safety F and Accelerstion Factor X

The method presented here invokes the possibility of shear failures inside the
sliding mass and therefore is a suitable method for back analysis of strength
parameters from actual slips. In order to use the method for computing factors
of safety greater than one, it will be necessary to make assumptions regarding
the degree of mobilization of shear strength inside the soil mass. If we assume
that the factor of safety is the same¢ on the internal shear planes as the factor
of safety on the slip surface, the method is directly applicable, by simply reducing
the strength parameters cverywhere by the same factor of safety.

ANALYSIS

Consider a failure surface as shown in Fig. 3. The failure surface comprises
a series of straight lines. Since any curved surface can be formed of a series
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of straight lines, the method is applicable to any surface.

In this method the mass contained within the slip surface and the free ground
surface is divided into » slices where the slices need not be vertical or even
parallel, as shown in Fig. 3. The inclination of the slices are so chosen that
a kinematic slip mechanism can develop. Since these inclinations are not known
in advance, we start with assumed inclined planes where sliding can take place
inside the mass and later iterate on these inclinations to find a critical set.
The idea of the inclined failure plane inside the failed mass was used by Seed
and Sultan (1967) for the wedge solution with two slices.

The forces acting on the ith slice are as shown in Fig. 3. We assume that
under the influence of the force KW, the factor of safety on.the slip surface

N=NIs Ui
E=B'4PW

FIG. 3.—Fowsa Acting on Individual Inclined Slice

is equal to one in which case X is the critical acceleration factor X .-
From the vertical and horizontal equilibrium of the slice, we obtain

N.cosa,+ T, sina, = W+X,+.oosﬁ,+, X, cosd,— E, | sinjd,,,

+ESInS, L e e e (N

Tcosa, - N;sina, =K _W,+ X,  sind,, - X,sin8, + E,  cos$,,,

—E GOS8, . . I @)
Mohr Coulomb failure criterion gives

T,=(N,~U,tan o] + ¢ b, secu,...; ..... e e (3)

Even if the mass contained within the slip surface is in a state of limiting
equilibrium, the mass will not be able to move unless shear surfaces are formed
within the body. Let us assume that the body forces X and E on the slice
boundaries are such that they are also in a state of limiting equilibrinm producing
a local factor of safety equal to one, so that

y=(E—PWIAn b, + Bid, o (4a)
Xoa=(E, “'PI‘V.-u)tan ¢.‘+I+Cl+1d.‘+l ---------------- (4b)
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in which ¢’ = the average friction
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= the force due to water pressure ml
in Eqs. 1 and 2 thereby climinating T,
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E,=a-p K +Ee ....... <
Eq. 54 is a recurrence relation and froq"
E

n+l

=a,—p.K.+E,e,; ...,j
E,n=(@,+a, e, )—(p,+p.-.e.,1
and proceeding further ;
E,..=(a,+a,_ e, +a, ,e.e, +,1
— K (Pt Pa€y P, s+ j
In the absence of all external forces E,,,j

a, +a,._ ,e +a, 6,8, +..4
= —-i

.pu+pn— e +pn-leneu—l+
in which . "_'_ '

W,sin (¢, — a,) + R,cos &, + §,., sin

- cos(d! —a, + b,
W, cos (b — a,) j

c0s (] = a,+ bl — B,,,) sec b}
cos{d) —o,+ b, -5, secd';;:;
cos (&) —a, + &, — B, sec by,
R,=cib,seca,— U, tand’ ... ,‘

e, =

S,=¢ld,—PW,tand! . ... ..., !'

also ¢\ =%,=¢.,, =5,,=0 .y

Once the X, value is detenmned,‘d
E, = 0; so that Eq. 5a wil give aff ¥
the X,. Using Eqgs. 1 and 3, the normal!

=(W,+ X,, cos8,,,~ X, cos§, 14
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Knowmg N, forces, Eq. 3 gives all theJ
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in which &’ = the average friction angle on the inclined plane; ¢ = the average
cohesion on the same plane; d = the length of the inclined plane; and PW
= the force due to water pressure on the plane. Putting Eqs. 3, 4a, and 4b
in Egs. 1 and 2 thereby eliminating 7,, X, and X, | and then eliminating N,

from the resuiting two equations, we obtain
E.. =a,-pK.+Ee, .. ... . ... e {5a)

i

Eq. 5a is a recurrence relation and from this we can obtain

En.t+l=au K +Enen‘

E,,+l=(a,,+a,,_ie,,)—(p,,+pf,_,e,,)K,+E,,_,e,,e,,_, ......... (58)
and proceeding further

E,.=(a,t‘a, e,+a, e e _,+ .. tonterms)

— K (p,+Po €, +P, 268, ,+ .. tonterms)+ E e e, €, 5......(6)

In the absence of all external forces E,,, = E, = 0. Therefore

a.+a, e, +a, . e.e, +..+a, e e, ..e.€e; '
K‘.-‘ -1 n-2 a—1 i 1 2T (7)
PatP,._ ;e Ll Y N PR R L T1 TR AL
in which
Wsm(d:,—a,)+R cosd+ S, sin(d/ —a,—8,,)— 8 sin(d —a —3) (8)
a,=

cos(d) —o,+ &), —&,,,)secd

W, cos (b —
p.= 08 (9 il ©)

cos (¢': —a;+ d’:+| - §,) sec ¢‘:+|
cos(db! —a,+ b —85,)secd)
= G- td ) d’_' ................. (10}
cos (¢ ~ a;+¢;+1 —8,,,)secd,,
R=cib,seca,-U,tand, . ... ... ... ... ... e (1D
S,=¢ld, —PWitand| . .. . ... .. (12)
also ¢\ =8,=dL,=58,,,=0 ... . ... ... k)]

Once the K_ value is determined, we may start from the known value of
E, = 0, so that Eq. 54 will give all the E, values. Eq. 4 then will give all
the X,. Using Eqs. 1 and 3, the normal force N, is given by

N,=(W +X_,cos8,,,—X,cosd, - E, sind,,
+ E, sin B )cosdisec(d, —a,) . ... (4

Knowmg N, forces, Eq. 3 gives all the T, forces.

In this analysis we have so far made n — 1 assumptions gwmg the relationship
between the X and E forces. In order to determine the line of thrust of E
forces, assumptions must be made about the points of applications of all but
one N, forces. Or, alternatively, points of applications of N, forces can be
determined by assuming the line of thrust of E forces. In either case, the number
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of assumptions required is n — 1. The governing equation is obtained by taking
" moment of all the forces on the ith slice about a corner point A. This gives
(with the coordinate system as shown in Fig. 3)

Nl — X, bseca,cos(a,+38,,,)+ E {2, + byseca,sin(a, + 3,
—E,Z,~ W(xg, - x:) + K. Wig,—-y)=0

in which (xg,, yg,) are the coordinates of the center of gravity of the slice,
Again starting from the first slice, where Z, = 0 assuming /,, Z,,_, can be
determined or vice versa. Proceeding to the last slice, last /, should be determined
when Z,,, = 0. As in the other methods of slices, the solution thus obtained
should satisfy the criterion of acceptability such that all the ¥, T, values should
be positive. The values Z, and /, should lic within the slice, preferably in the
middle third. Since innumerables variations are possible with i, and Z, values,
it should always be possible to determine an acceptable line of thrust, but
this may also take a considerable number of trials. It is felt, therefore, that

J—— 16—

Prandtt's
surlace

LB

FIG. 4.—Example 1: Application of Mathod to Basring Capacity Problem

in this method the line of thrust need not be a criterion of acceptability.

Since the moment equilibrium equation does not play any partin the determina-
tion of X, (it is essential for the complete solution), the slices can be as large
as possible and in fact should be controlled by the change of inclination of
the slip surface, ' '

The solution X, depends on the assumed set of values of 5,, i.e., on the
location of the shear surfaces inside the sliding mass. It is possible that the
assumed set may not be the one required and therefore it is necessary to find
the most critical set. We define a critical set as one which produces the smallest
value of X . The technique for finding this set is a trial and error procedure.
One possible way of obtaining this set is to increase or decrease the &, values
at the ith point, holding the rest of the & values constant, and determine the
K, values in each case until a minimum X, is reached for the ith point.

While increasing 3 at the ith point, if the inclined plane crosses the plane
at the { + 1 point, then 8, is also change simultaneousty. But while decreasing.

L
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!
1

version will be to use &, = 0 for all |
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tan ¢/
FL,

Example 1.—In the first case we
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jerning equation is obtained by taking
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L [ZI+l + b,sec o, Sl.l!l (a-.‘ + af+l)]
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jhe center of gravity of the slice.
hre Z, = 0 assuming /,, Z,,, can be
last slice, last /_ should be determined
of slices, the solution thus obtained
such that all the N, 7, values should
fie within the slice, preferably in the
s are possible with /, and Z, values,
pe an acceptable line of thrust, but
br of trials, It is felt, therefore, that

4+

_ M s Bdring Capacity Problem

B & criterion of acceptability.

b niof play any pattin the determina-
giition), the slices can be as large

pd by the change of inclination of

ad set of values of §,, i.e., on the
shiding mass. It is possible that the
and therefore it is necessary to find
it as cne which produces the smallest
I8 set is a trial and error procedure.
Mo increase or decrease the &, values
.values constant, and determine the
. i reached for the /th point.

he inclined pilane crosses the plane
simultaneously, But while decreasing .
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§ at the ith point, it was not allowed to cross the critical plane already obtained
at the i — 1 point. '

Then, holding the 5, at this ctitical angle, proceed to the I + 1 point and
repeat the process pntil all the slip line points are exhausted. The ultimate
minimum X, value with the corresponding B, values should be the critical set.
It is found that proceeding from the toe point to the crest point, the result
obtained is acceptable. The uniqueness of this set of 5, is not tested. However,
the results indicate that the procedure should provide the critical set.

The present method is the only onc that uses the internal strength of material
fot the solution of the problem. [The writer (1973} uses the internal strength
to produce the relative X force distribution but the exact effect is not fekt
because of the parameter A involved in that solution.] It is found that the
higher the internal strength, the higher is the K. In other words, the higher
the internal strength, the lower is the strength required on the slip surface
to produce a given factor of safety. '

Because of the number of itcrations involved in finding the critical set of
8,, this method is mot really suitable for the analysis of sections where large
numbers of probable slip surfaces have to be analyzed. In this case, 8 simplified

TABLE 1.—Values of X for Diffarent Valuea of ¥,

N, =183 N, =185 N, =184
B K, B K, p K,
m_ I @ (3} ) (5) (6}
10° 0.01066 10°. +0,00600
5° 0.00430 5° ~0.00040
> 0.00268 r —0.00202 :
1 0.00246 r° ~0.00225 1 0.00010

version will be to use 3, = 0 for all slices and then introduce a local factor
of safety FL, for each of ¢ and &{. A treasonable valne of FL,is about
1.1 which is obtained from a limited number of test cases with homogeneous
material. In this case, in Eqs. 8-13, replace b, by §; and &} by &/ FL, where

FL,

Example 1,—In the first case we make use of the classical bearing capacity
problem which was tested by Hansen (1966) to check various methods of stability
analysis. He has shown that none of the commonly used methods of stability
analysis could give the Prandtl’s bearing qapacity factor N,. The problem is
as shown in Fig. 4. The foundation material is weightless and cohesionless
with &’ = 30°. The surface load ¢ is 1.0. We use the Prandtl’s theoretical
failure surface for the purpose of analysis, as shown in the figure by the line
ABCD. The curved log-spiral section BC is broken up into several linear segments
BB,, B, B, etc. so that they make an equal angle g at 0.

A value of N, is assumed. The andlysis proceeds with 8, = 0 for all slices
which produces the starting vatue of K.. Then first change & at point B as

e
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shown by the line BE while keeping the rest of the angles constant and determine
K again. This X _ is found to be smaller than the previous X .. Then we move

fos 1]
= - tan 4 "= 0,835
g cf,u
u=0
=145 pcl

L

K.m=.EL (Kol ageeptable]

K =0, 64-{ kot acceplabia)

E Mocgenstem and Price K =058 (Acceptable)

=

£

n’ =0 solution

®

= F, K

; 145 | 0.53

= 1 ) Present melhod 119 | 057
1.0 0,5

0

Scale in meters

FG. 8.—Exlmple_3: Wallingborough Slip of May 1981 [Chandler {1974)]

the point E further away and repeat'. As the point E passes over the poinié
B, B, ctc. the angles at B, B, ctc. are also changed simultaneously,_ until

]

GT12 STABILITY

the minimum K _ is reached correspes
angle obtained is E_BO. Then proces
at B,. It is found that § value at B,
K. The angle at B, is therefore E E, (

Proceeding further on, it is found
can be changed and all the lines pass
C, it is found that the angles beoome:;

05 e
3

s

0.4

=
[

Yalue ol tan ¢ |

Ll
T
.

FIG. 7.—E#fect of Shear Strength on
Strength on Slip Surface

FIG. 8.—Example 4: Bury Vi

all the Lines pass through O. Thus,
producing the same kinematic mechanisi
value of X, depends on the assumed 3
Table 1). - B
The following shows the N, valueng
of safety = 1. As angle  is mado 4
Prandtl’s value of 18.401. i
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est of the angles constant and determine
T than the previous X _, Then we move

i j=t0 n
k-
’V tan o ==, §35
A0
L X =185 pet

K om={ 6] (Hol acceptabley
7 ‘
K o=l,54 (Not acceptable)

"\_ K o =058 (Accaptable)

N
\. =0 solution
F, | K.
L | 0
o1t meihod 119 | 05
10| 058

i Solutions by Ditferent Methods

Scals in meters

Bllp of May 1861 [Chandler {1874)]

# the point E passes over the points
also changed simultaneously, until

o ¢
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the minimum X is reached corresponding to the point B. In this case the
angle obtained is £ B0O. Then proceed to point B, and change the angle &
at B,. It is found that § value at B, cannot be changed without increasing

K _. The angle at B, is therefore E, E, .

Proceeding further on, it is found that none of the angles up to point F
can be changed and all the lines pass through O. After point F until point
C, it is found that the angles become negative to produce minimum X and

Wellinghorough shin, 4 '=24°
o __--"-—\

r
o
T

/igury Hill slide, #"=26.5¢

Valye of tan oh ”

@, = sverage friction angie od cobesion
- ) ot inlernal sheat surfaces
01—, = equired residuai strength on -

’ slip surface { o] =f

wSarms (1973} solution - - -

|

0 5 10 15
Value of €7, in kilopascals

FIG. 7.—Ettact of Shear Strength on Internal Shear Surfaces on Calculated Residual
Strength on Slip Surface

el

o 1:!.- 2 0

Scale in meters
FIG. 8.—Example 4: Bury Hill Slida [Hutchinson, st al. {1873)]

all the lines pass through O. Thus, all local shear surfaces pass through O,
producing the same kinematic mechanism as given by Prandtl. The final minimum
value of K, depends on the assumed value of ¥ . and on the angle B (sece
Table 1). .

The following shows the N, values required for K, = 0 or static factor
of safety = 1. As angle § is made smaller and smaller, N, approaches the
Prandtl’s value of 18.401.
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B | N,
10° 18.750
50 18.483
2 18.414
1° 18.405

This example clearly shows that the present method is capable of finding
the kinematic mechanism as well as the K value for any given slip surface,
From this, to find the critical surface, it is only a process of trial and error.

Example 2.—In this problem, the slip surface is an arbitrary one, This is
a simple problem but chosen because in this case both the writer {1973), and
Morgenstérn and Price (1965) methods were unable to produce an acceptable
resilt. The presemt method does give an acceptable solution. The final resulis
are as shown in Fig. 5. It is possible that both the Morgenstern and Price
methad and the writer's method will produce an acceptable result if one tries

_with the different variations of their assumptions for a long time.

Example 3.—These two cases are chosen as examples of actual slips. The
first one is a rotational slide and is described by Chandler (1974) and the second
one is a transjational slide described by Hutchinson, et al. (1973). In studying
these cases, the nonhomogeneity of the internal material is disregarded.

Case 3, the Wellingborough slip [Chandler (1974)], is shown in Fig. 6 for
the pre-1961 section. Pore pressures are assumed on the slip surface. The tension
crack is assumed to be filled with water. (The sclution is modified easily to
take this external force into account,) The results are as shown in Fig. 7. This
example shows clearly the effect of the shear strength of material on the internal
shear surfaces on the residual strength required for F,=1lorK, =0

Case 4, the Bury Hill slide [Hutchinson, et al, (1973)}, is shown in Fig.
8. The tension crack is assumed to be dry. The results are shown in Fig. 7.
This example shows that for translational slides, the shear strength on the internal
shear surfaces does not have a dramatic effect on the required residual strength,
but still can account for about & degree in friction angle.

It is often noticed that the residual shear strength measured from torsional
shear tests in the laboratory is lower than that computed from analysis of actual
slips, Hutchinson, et al. (1973). It is now seen that the method of analysis
itself can account for some of this difference, depending on the shape of the
slip surface and the peak strength, :

From the test cases, it is found that the method is suitable for analyzing
actual slips that has occurred. Because large slices can be used, the time required
for each analysis is comparatively small.

A computer program was written for the analysis with homogeneous materials
only and the program was used in the Imperial College Computer CDC-6400.

ConcLusions

In conclusion, it appears that there is still scope . for the development of
limit equilibrium methods of stability analysis where different methods can serve
different purposes. The method presented in this paper is suitable for analysis
of slope failures taking into account the kinematics of sliding Blecks. It 'dl_:'gfvs

GT12

that the shear strength on the ff
computed factor of safety.
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that the shear strength on the internal shear surfaces has an effect on the

. computed factor of safety.
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Aprennix ll.—NoTation

The following s.j’mbols are used in this paper:

It

width of slice measured horizontally;

cohesion in terms of effective stresses on slip surface;

average cohesion in terms of effective stresses on side of slice;
difference between normal body forces, E, on two sides of slice;
difference between shear forces, X, on two sides of slice;

length of inclined internal shear plane measured from slip surface
to ground surface;

normal body force on side of sllce in terms of total stresses;

normal body force on side of slice in terms of effective stresses;
factor of safety for given seismic coefﬁmem

static factor of safety;

depth of slip surface measured vemcally from ground surface;
seismic coefficient;

critical acceleration factor;

distance of point of application of normal force, N, from corner
of slice measured along slip surface;

normal force on base of slice in terms of total stresses;

normal force on base of slice in terms of effective stresses;

number of slices;

normal force function on base of slice in térms of effective stresses
giving distribution of normal stresses on slip surface;

force due to pore water. pmre on side.of slice;

pore pressure ratio;

shear force on slip surface at base of slice;

force due to pore water pressure on base of slice;

pore water pressure at point;

total weight of sliding mass;

weight of slice;

shear force on side of slice;

distance of point of application of E force measured from correspond-
ing point on slip surface;

angle made by slip surface with horizontal;

angle made by internal shear surface with vertical; -

normal stress function on slip surface;

friction angle on slip surface in terms of effective stresses; and
average friction angle on side of slice in terms of effective stresses..
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SETTLEMENTS
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INTRODUCTION

. Several methods have been pro,
on sands. Table 1 summarizes
Penetration Test (SPT) N values. ~

The purpose of this paper is {07
way considers important parameters
methods, with the intent of improvin
The key to the proposed method is
is dependent on the mcan—effecuve
compactness of sand,

The first five methods in Table 1 are1
and Peck’s (23) well-known settle
allowable foundation pressure such 4
Meyerhof’s (11,12) method is an analy
chart, Meyerhof (12) and I’ Appolony
and Peck chart {and thus Meyerhof’s
grossly overestimates) settlements u“
of this, they concluded the Terzaghi'
increased by 50%. Meyerhof (12) fus
the water table be ignored, since ite+
Peck ahd Baezaraa (15) offered a
based on the Terzaghi and Peck design
pressure by 50%) but still proposing
when the depth to water table below
than one-half foundation width. The ¥
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