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Parametric Study of Slope Stability Analysis using 
Auto LISP 

B.N.D. N<u·asinga Rao* and K. Satyanarayanat 

Introduction 

The stability analysis of ea rth slopes is a complex process requmng 
consideration of numerous factors to determi ne the factor of safety associatctl 
with the cri tical slip surface. The success of stability analysis depentls on the 
determination of the critical slip surface corresponding to the field contlitions, 
such as, type of failu re, drainage condition, non-homogeneity, tension crack, 
hart! stratum below base and many others, that give realistic factor of safety 
for the slope. 

Auto LI SP, which is a built-in programming language in AutoCA D, 
appears to be perfectly suited to so lve the semi-graphical problem of Slope 
stabili ty analysis. There are several special features in AutoLISP, which make 
it a powerful tool in solving problems such as slope stabil ity analysis. Some 
of these features are as foll ows: 

i) Any geometri cal construction can be made by specifying the coortlinates 
of the required points with reference to a predefined point in rectangular 
or polar coord inate system. 

ii) The angle made by a straight line joining predefined end points with 
the reference axis ca n be computed using the angle command. 

ii i) T he area enclosed by any geometrical figure, bouncleJ by straight lines 
joining p'redefincd poi nts can be computed, by the area command. 
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These and many othe r graphical fcalurcs combined wi th the 
computational feasibi li ty, as in C, make AutoUSP a unique programming 
language in solvi ng semi graphica l-computational problems such as slope 
stability analysis. 

The objective of the paper is to introduce AutoLI SP as a powerful and 
convenient tool to carry out slope stability analysis. A program has been 
developed in AutoLI SP for slope stabi lity analysis tha t effectively considers 
all the necessary parameters. With the help of th is program, the effect of 
these parameters on the factor of safety has bl!en examined and the resul t~ 

arc presented in this paper. Work concerning the detailed study of the effect 
of various parameters on the factor of safety does not appear to have been 
published so far in the widely consultcu literature. 

Theoretical Considerations 

Methods of Stabili~v A11a~vsis 

Limit equilibrium and limit analysis arc the two basic mcthous avai lable 
for slope stabil ity analysis. Even though it docs not satisfy all conditions of 
global equilibrium, the slice method of limit equil ibrium analysis, proposed 
by Bishop (1955), is found to give results similar to those obtained from 
other refined methods of lim it equi librium analysis (Yu et al. , 1998). Partly 
because of this and partly because of its simplici ty, Bishop's method has 
been widely used for predicting slope stability under both drai ned and 
undrained conditions. 

In limit equi libriu m method, the factor of safety wi th regard to slope 
stability is estimated by examining the co nditions of equil ibrium when 
incipient failure is postulated along a fa ilure surface, and then comparing the 
strength necessary to maintain equi librium with the avai lable strength. 

Bishop's Simplified Method of Slices 

In the simplified "Bishop's method, it is assumed that the resultant of 
the forces acting upon the sides of any slice is horizonta l (Wilun and 
Krzysztof, 1980). The factor of safety is computed from the relation 

F = 
II 

L W;sina; 
i=l 

(I) 
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where 
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c, Effective average cohesion at the base of i'11 slice 

b; Width of i'h slice 

W; Weight of soil in the i'11 sli ce 

Ll ; Average pore pressure at the base of the i'11 slice 

¢ ,' Effective average friction angle of soil at the base of 
the i'11 slice 

a; Slope of the tangent to the trial slip surface at the 
mid point of the base of the i'11 slice 

n = number of slices, i varying from I to n. 

Because the factor of sa fety appears on both sides of the Eqn. l , it is 
determined by a trial and error method, the convergence of trial s is very 
rapid. 

Shape of Failure Swface 

The errors in a sl0 pc stability analysis arc not so much in the shape 
of the assumed fail ure surface but in the soil properties and the search for 
the critical fai lure location (Bowles, Jl)84 ). Celestino and Dunca n ( Jl)S I) and 
Spencer ( 1981) found that in analyses, where the slip surfaces were allowed 
to wke any shape, the critical slip surface fou nd by the search was essentially 
circul ar, al though Chen ( 1970) and Baker and Garber ( 1977) maintai ned that 
the critical slip surface is actually a log spiral. In any case, the difference 
between the minimum factor of safety for critical ci rcle and the minimum 
fa ctor of safety for critical log spi ml is too small to be of practi cal 
importance (Duncan, 1996). 

Fe/lenius' Methot! of Locating Critical Center 

Since for any part icular problem, a large number of trial surfaces can 
be assumed, it is necessary to determine the cri tical sli p circle, for which the 
factor of sa fety has the minimum value. This is usua lly achieved by analyzing 
a sufficiently large number of trial surfaces until the most critical one is 
found. 

In order to reduce the number of trials, Fellenius ( 1936) suggested a 
method that serves as a guide to locate the critical center with a icw tri als. 
The most cri tical circle passes through the toe of the slope a) when ¢ > 3° 
and b) when the slope angle (3 > 53° irrespect ive of the value of ¢. The 
most critical circle intersects the slope in front of the toe if ¢ < 3° and (3 
< 53° (Wi lun and Krzysztof, 1980). In a cohesive soil, the center o l for toe 
f~1ilu rc case can be located at the in te rsecti on· of two lines drawn from the 
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FIGURE I Fellenius and Jumikis Methods of Location of C ritica l Center 

ends a and b of the slope at angles o 1 and o2 (Fig.!). The angles o 1 and o2 

vary with the slope angle f3 as given in Wilu n and Krzysztof ( 1980). 

Jum iki s ( 1962) furt her extended thi s meth od to the case of a 
homogeneous c - ¢ soil. After obtaining the center o I as for a f/>

11 
= 0 soil, 

" roint q is located at a distance ( 4.5H, - H) from the toe of the slope. The 
center of the critical circle o is then assumed to lie on the extension of the 
line q-o 1 and the fa ctor of safety obtained arc plotted to get a locus ( Fig. I), 
from which the minimum fac tor of safety can be read. 

Determinatio11 of pore JVI/Ier pressure 

The method of determi nation of pore water pressure, u,, in Eqn. l for 
a given slice depends on the type of problem under consideration. In the 
steady seer age condition, the r ore water r ressure is determined from the 
fl ow net i.e., from the knowledge of piezometric head at a given point. For 
stability analysis, points mid-way along the slip surface of each slice element 
are considered. It is convenient in computer analysis to express the pore 
water pressure at these points in terms of the pore pressure ratio, r

11
, and the 

corresponding total vertical stress (Bishop and Morgenstern, 1960). 

where 

Yw hwi 
yhi 

hi 

ll ; 

y hi 

height of' the i'11 sli ce 

(2) 

hwi piezometric head midway along sli r surface of the 
i'" slice. 
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Enter the Height of th~ Earth Slopt! 

Enter the value or n for the Slope 

L1yer Function 
Enter the munber of layers (nl). Hi, yi, ci,<!> i 

Enter the Pore pressure Ratio, r., 

FIGURE 2 Flow Chart of th~ AuloLJSP Program 
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y Saturated unit weight of the soi l 

Yw Unit weight of water 

AutoLISP Program For Slope Stability Analysis 

A computer program is developed in AutoLI SP to conduct stabilit y 
ana lysis by Bishop's simplified method of slices. In this program, the fa ctor 
of safety is determ ined for each of 441 trial centers at lm in!l..:n <tl, which 
form the corners of a 20 m x 20 m square grid. From each trial center, a 
number of slip surfaces at a radius interva l of lm arc considered . Fig.2 
shows the fl ow chart of the program. The program may be explained under 
the fo llowing heads. 

Options Provided in th e Program 

I. 

following arc the options provided 1n the program. 

Type of fa il ure : The program considers al l possible slip surfaces 
corresponding to slope fai lure. In add it ion, ba se fai lu re is also 
considered depending on the choice of the user. In case a hard stratum 
exists at any depth below the base, the condition of base failure is 
automatically included in the program. In other cases, the user has to 
specify for including such a condition . 

2. Drainage Condi tion: The effect of drainage condition ha s been 
considered in the program by means of an average pore pressure ratio 
r

11
, the va lue of which is to be specifi ed by the use r. 

(3) 

where h, is the a\'eragc height of the i'" sl ice 

3. Hard Stratum: The effect of a hard stratum below base is considered 
by limiting the rad ius of the trial slip surface to such a value that the 
slip surface is tangential to the surface of the hard stratum. 

4. Tension Crack: The effect of tension crack is considered in the program 
by ensuring that the slip circle passes through the base of the crack. 
For a dry tension crack, the slip surface is made to terminate at the 
base of the crack. For a crack filled wi th water, the slip circle is made 
to pass through the bottom of the cra ck and the moment of the 
corresponding hydrostatic pressure about the trial center is considered 
in computing the factor of sa fety. 
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p q 

I---------4.5H=90M--------..f 

FJGURE 3 Axes of Reference to deline Location of Trial Centers 

In the above two cases, all possible slip surfaces starting wi th the 
mtntmum radius have also been considered at each trial center to find the 
mtntmum factor of safety. 

5. Non-homogeneou s soil slope: The program has the option to consider 
the variation of soil propet1ies wi th depth . A maximum of fi ve layers 
are considered in the program, each with different soil properties such 
as y, c and ¢. In computing the shear strength of the soil along the 
bottom of a slice, the program uses those values of c and ¢, depending 
on the layer in which the bottom of the slice falls. To compute the 
weight of a slice, the cross sectional area of the slice per m length, is 
multiplied with equivalent unit weight of the soil Ye· 

Geometrical Construction 

The required geometrical construction for slope stability analysis viz., 
construction of slope, drawing a trial slip surface, dividing the wedge of soil 
into slices etc., is done using AutoLISP commands. After obtaining the 
necessary input data from the user, the slope ab and the Fellenius line qf are 
constructed. The extension of the Fell enius line beyond the Fcll enius point, 
f, is used as the Y-axis. A normal is constructed to the Y-axis through the 
Fellenius point and is used as the X-axis as shown in Fig.3. The location of 
trial centers is specified with reference to the Fellenius point as origin and 
the coordinates are specifi ed along these axes. Fig.4 shows the grid of 
squares, having sides I m parallel to the X and Y-axes, the corners of which 
have been used as trial centers. The coordinates of the trial centers have a 



' I 

• 

PARAMETRIC STUDY OF SLOPE STABI LITY ANALYSIS 

C3 
(-10,20) 

Fcllcnius point, f (0,0) 

Trinl Slip Surfncc 

Fellenius Line 

F IGURE 4 Squa rr G rid descriiJing Loca tions of T rial Centers 
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range of x = -I 0 to I 0 m and y = 0 to 20 m. The stability analysis starts 
with the trial center at (-I 0, 0) and proceeds to ( -9, 0), ( - 8, 0) and so 
on, unti l all the trial centers on XO line are covered (a_n XO line is a line 
parall el to X-axis having a Y-coordinate of 0). When the stability analysis at 
all the trial centers on XO line is completed, the control shifts to ( -1 0, 1) 
to carry out the analysis at the trial centers on X 1 line. The stability analysis 
is thu s carried out in the program at 441 trial centers, on 2 1 X lines with 
21 centers on each X line. 

An important point with respect to the coordinate system followed in 
this paper is to be noted. A relative coordinate ~ystem with Fellenius point 
as origi n and X and Y axes, as shown in Fig.3, is used to specify the 
location of trial centers. In all other cases, the program uses point p as 
origin and wi th X and Y axes along hori zontal and ve rtical directions. 

Radius of' trial slip sw face 

Radius of trial sl ip surface is one of the most important parameters 
controlling the factor of safety. It depends on: 

i) Type of failure: toe, slope or base 

ii) Existence or otherwise of a hard stratum below the base and its depth 

' ii i) Existence or otherwise of a tension crack, its type (dry or fi lled with 
water) and depth 

iv) Maximum possible intercept of slip circle in front of toe (b,) and crest 
(bJ 
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Center of Trial Slip Surface 

First Trial Slip Surface at the Center 

Last Trial Slip SUlface at the 
center for be= 1Om and bt=O 

a 

Radius of First Trial Slip Surface at the Center Ci, Rli=Rn+ lm 

FIGURE 5 : Trial Slip Surfaces at a Typical Tria l Center 

The progn,m takes into consideration all these factors in fixing the 
minimum and maximum radius of slip surface at each trial center. 

Minimum Rculius of Trial Slip Swface at Any Center 

A perpendicular is dropped from a given trial center c; onto the slope 
ab as shown in Fig.5. This normal distance Rn is incremented by I m to get 
the -radius of the first trial slip surface at that center. The slope stability 
analysis at this center is carried out using this trial slip surface. The radius 
of the successive slip surfaces at the center arc obtained by incrementing the 
radius of the preceding slip surface by 1m, until the radius does not exceed 
:he maximum radius (r""") at that trial center. When the radius of the slip 
surface exceeds rm"x' the control shi fts to the next trial center and the stability 
analysis at the new tri al center is carried out in the same manner. 

Ma~\:imtlln Radius of Trial Slip Swface at Any Trial Center 

The maximum radius of the tria l sl ip surface at each trial center IS 

controlled by the following conditions: 

i) Maximum permissible intercept (b,) of the slip surface 111 front of the 
toe. 

ii) Maximum permissible intercept (be) of the slip surface 111 front of the 
crest. 

whi chever cond iti on gives lesser value of rmax· This IS illu strated 111 Figs.6a 
and 6b. 
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h) Uasc Failure bc= IUm, bt=20m. 

Tn:il l\•ntt.•r 1·~.1(·~ 
'lrwl C~uh..·r (-3, 16~. . . ... f~o: llc nim Pt'ull, ftO,Cl) 

, h:llt.·mus P1uu1 llll,CI) / ..... 
,' ', ,.....it: I "' .. .., 

/ ' ' ,,, I~ ~,' '•, 
' ' ' ' ' ' I I • . / /T . . ,' UuH<•III ul l"li;IUII "1110~ 
~ '-UuUllllll'lkusu.m-.:r;.n;'-. 

c) Urr Tension crack at 
dc~l m, be~ t Om, bt=lO 

d) Tension crack fi lled with water 
at dc=2m, be= I Om, bt=20. 

Trin! Ccuter (-3,16~ 
.... FcllL·niu!<i Pninl , 1'(0,0) 

I I ', 

" ' 

ill~ 

I 1 "', 
I 1 "",. ' ' ' ' ' ' ' o I 

' ' 
: I 

e) Har d S tratum a t dhs=2m , be= I Om , ht=20. 
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FIGU RE 6 1\Iaximum · Radius of Slip Cir cll' at any Trial C enter undl'r 
diffcrl'nt Co nditions 

If a tension crack exists, the maximum radius will be equal to the 
radial distance of the trial center from the base of the crack, because the slip 
surface passes through the base of the crack (Figs.6c and 6d). 

If a hard stratum ex ists at any depth (d11,) below the toe of slope, the 
vertica l di stance of the level of hard stratum from the trial center wi ll be the 
maxi mum radius of the slip surface, because the slip surface tends to be 
tangential to 'the surface of the hard stratum (Fig.6e). 

Equil'a!eut Unit IVeig ltt For Layered soils 

For non-homogeneous soil slopes, the weight of soil slice is computed 
by multiplying the area of the sli ce with the equi valent unit ·weight for the 
sli ce. The equivalent unit weight is calcu lated separately for each slice fo r 
every trial sl ip su rface. as the weighted average of the density of the soil 
over the height of the sl ice. For the typical slice shown in Fig.7, for which 
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b 
c 

hs a "---------------
c=mitl point of top of the slice 
d=mid point of bottom of the slice 

FIGURE 7 : Equiva lent Unit Wci~ht for a Typical Slice 

(by - cy) < hI and (by - dy) < hI + h2 + h3, the equ ivalent unit weight 1s 
computed from the fol lowing relation 

where 

(ylhd +yzhez + y3 hd ) 

. h<l 

he! height of the slice 

hez height of the slice 

he> height of the slice 

he, total height of the 

YJ unit weight of the 

Yz unit weight of the 

111 the layer 

Ill the layer 

Ill the layer 

slice = ey -

soi l Ill layer 

soil 111 layer 

b 

NOTE: Venicallines represent center line~ of the slices 

I 

2 hz 

3 

dy 

2 

hs 

FIGU RE 8 : Possible Cases of S lices Extcnd i n~ <~c ross Different Laye rs 

(4) 
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Toe portion 

FIGURE 9 Division of soil wedge into slices 

y3 unit weight of the soil in layer 3 

by, cy, dy y-coordinates of the points b, c and d respectively 
with respect to poi nt p as origin . 

All possible cases of the slices extending across different layers have 
been considered in the program as shown in Fig.8 and expressions similar to 
the one in Eqn.4 are used to compute the equivalent unit weight for each slice. 

Slope Stability Analysis 

At each trial center, and for a given slip surface, the wedge of soil 
above the slip surface is divided into I 0 + 50 + 10 slices in the toe, slope 
and crest po1iions respectively as shown in Fig.9. The area of each slice is 
determined by using Area command. It is multiplied with density of soil to 
get the weight of the slice W; per unit length. The angle (a;) made by the 
line joining the bottom mid point of the slice and trial center with the 
vertical (Fig.9) is determined by the angle command. The normal (N;) and 
tangentia l (T ,) components of W, are computed. The effective normal 
component ( N .') is determined by subtracting the total pore pressure over 

I 

the width of the slice. The ·procedure is repeated for all the slices and the 
factor of safety is determined using Eqn . l by trial and error method. 

Output of the Program 

When the user enters the required input data, the program is executed, 
computing the factor of safety at 441 trial centers, considering all possible 
slip surf~tces at each center. The command window of the AutoCAD indicates 
the progress of the program executi on by printing the coord inates of the trial 
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Table 1 Sample Slope Data Used in the Paper 

H = 20 111 n = 1.5 y = 18 kN/m1 c = 20kN/m2 

'P = 30° ru ::: 0 be = 10 Ill bt = 0 

Table 2 Sample of an Output File 

(-3 16) 

Radius (m) Factor of safety 

29.4265 3 .97592 

30.4265 2.502 

31.4265 2.03 141 

32.4265 1.80257 

33.4265 1.68685 

34.4265 1.63 139 

35.4265 I .60026 

. 36.4265 1.68336 

37.4265 1.75894 

center at wh ich the stabili ty analysis has been completed. The output of the 
program is printeu in the output fi le givi ng the coordinates of the trial center, 
the radii of all sli p su rfaces at the center and their respective factor of safety. 
A sample output for the slope, whose data is I is ted in Table I, at a typical 
(critical) trial center (-3, 16), is shown in Table 2. The minimum factor of 
safety in all these trials is determined and is printed at the end of the output 
file and also in the command window. 

, The program also gives a sketch of the earth slope in the Drawing 
Area of AutoCAD (simil ar to the one 111 Fig.9) showing the critical sl ip 
surface and the critical center. 

Results and Discussions 

Effect of Radius of Slip Sl/lface 011 Factor of Sufety 

Figures I Oa and 1 Ob present the factor of sa fety as a function of rad1us 
of sl ip surface at different trial centers for the slope whose data is given in 
Table I. The points on each curve indicate the number of possible slip surfaces 
with a radius interval of I m. In Fig. I Oa, the number of points (read slip 
surbccs) obtained at the center ( - I 0, 20) is only 2, where as this is 6 at the 
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1 -~- ( 1 0,20) - X - (5,20) --*- (0,20) --+-- (-5,20) --- (- 10,20)] 

30 32 34 36 38 40 42 44 

Radius ofTrial Slip Surface, m 

FIGUR E l Oa Effec t of Radius of Slip Surface on Factor of Safety 
on X20 Line 

5 

4 
>. -Ql -Cll 
(/) - 3 0 ... 
0 -u 
Cll 
lL 

2 

15 20 25 30 35 40 45 

Radius of Trial Sl ip Surface, m 

FIGURE l Ob Effect of Radius of Slip Surface on Factor of Sa fety 
on YO Line 
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FIGURE I I Locus of Minimum Factor of safety on X a nd Y Lines 

center (0, 20), indicating that only 2 and 6 trial slip surfaces are obtained for 
the slope at these centers satisfying the limits of rmin and rmax· For an earth 
slope having the same geometric and soil properties, and from a given trial 
center, an increase in radius of slip surface decreases the factor of safety. 

From Fig.! 0, it is apparent that the minimum radius of the slip surface 
at different trial centers has a wide range and it depends on the relati ve 
location of the trial center with respect to the slope. On observing the 
minimum factors of safety at different trial centers, it is evident that a higher 
radius Joes not necessarily give the minimum factor of safety. Apparently, 
there are other parameters, such as the relati ve location of trial center, which 
offset the influence of r-adius in some cases. 

Locus of Minimum Factor of Sttfety 

The locus of minimum factor of safety on successive X-lines and 
Y- li nes for the slope data in Table I is shown in Fig.ll. The locus of 
minimum factor of safety on X-lines remains far from and on left of the 
Fellenius line on X0 to X7 lines (an X7 line is a line parallel to X-axis with 
n Y-coordinate of 7 m). Thereafter, it gradua lly approaches the Fellenius line. 
The minimum factor of safety on X20 line occurs exactly on the Fellenius 
line. It may be noted that the locus of minimum factor of safety on X-lines 
remains completely on the left of the Fellenius line. 

The locus of minimum factor of safety on Y-lines, located on the left 
of Fellenius line, shifts away from the Fellenius point, as the Y-lines approach 
the Felleni us line. The minimum factor of snfety on Y _10 line occurs at a 
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Table 3 Locu s of M inimum Factor of Safety on X and Y Lines 

Coonlinatcs o f 
cente r correspo nding 
10 Fmm t) Jl X and 
y l ines (- 7, II ) (- 6, 12) (- 3. I 6) (- 2, 17) (-I , 20) 

Facto r of sali:ty 1.627 1.6 19 L600 1.602 1.6 10 

Y-coordinate of 8 and that on Y0 line occurs at a Y-coordinate of 20. The 
locus com pletely remains on the extreme end of Y-lines for the Y-lincs on 
the right of the Fellcnius line. 

The intersection of the locus of minimum factor of safety on X-lines 
and Y-lines represents the minimum factor of sa fety on both these lines and 
from Fig. II , these poi nts and their respective values of factor of sa fety may 
be notcu as shown in Table 3. The minimum of all these values of factor of 
safety gives the absolu te minimum factor of safety for the slope, which is 
1.600 and the corresponding trial center is the critical center i.e., (- 3, 16) . 

Effect of Search ?ammeters 0 11 Factor of Safety 

Followi ng search parameters have been used to locate the critical sli p 
surface: 

a) Lx and Ly - Size of entire grid in X and Y directi ons 

b) ~X, and 6. Y, - Increment to the X and Y Coordinates of the Trial 
center 

c) Rand - Increment to the radius of slip surface at each trial center 

Refinement in stability analysis may be achieved and the true cri tical 
slip surface may be located by using sui table values of the search parameters. 
An attempt is made to study the effect of variation in the search parameters 
by comparing the corresponding minimum factor of safety and the results arc 
presented in th is section. 

Effect of Size of grid Lx and Ly 

Table 4 presents the minimum factor of safety obtained for eli fferent 
sizes of the grid for different heights of slope, keeping all other parameters 
same as in Table I. From Table 4, it is evident that the critical center lies 
within the limits of - H to H in X-direction and 0 to 2H in Y-direction and 
ftrrther increase in grid size gives consistently the same factor of safety for 
th~ height of slope of 2 to 20 m. 
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Tai.Jie 4 Effect of Grid Size on Factor of Safety 

Height of Slope, H Size of Grid Factor of Coordinates of 
(111) Salcty Critical Ccll!er 

Lx Ly 

2.0 -H to 1-1 0 to II 5.390 (- 0.21-1, 0.4 1-1) 

- 1-1 to 1-1 0 to 21 1 5.390 (- 0.2H, 0.41-1) 

- 21-1 to 21-1 0 to 41-1 5.390 (-0.2H, 0.4H) 

5.0 - 1-1 to 1-1 0 to H 3.005 (0.21-1, 0.61-1) 

-H to H 0 to 2H 3.005 (0. 2H, 0.61-1) 

- 21-1 to 21-1 0 to 411 3.005 (0.21-1, 0.61-1) 

20.0 - II to II 0 to II 1.6031 (-0.11-1, H) 

-II to II 0 to 211 1.6076 (0.21-1, 1.411) 

- 211 to 211 0 to 41-1 1.607() (02H, 1.41-1) 

L'.X, = L'.Y, = 0.2 1-1; rand = I 111 

Tai.Jic 5 Effect of aX, a nd a Y, on Factor of Safety 

Height of Slope, H Increment to Coordinates Factor of Coordinates of 
(m) of Trial Centre Safety Critical Center 

L'.X, L'.Y, 

-
2.0 0.21-1 0.21-1 5.390 (- 0.2H, 0.41-1) 

0.1 1-1 0.11-1 5.383 (- 0.1 H. 0.51-1) 

0.051-1 0.05H 5.319 (- 0.1 1-1, 0.251-1) 

0.0251-1 0.0251-1 5.319 (-0.1 J-1 , 0.251-1) 

5.0 0.2 1-l 0.2 1-1 3.005 (- 0.2H, 0.611) 

0.11-1 0.11-1 2.979 (- 0.31-1, 0.2 1-1) 

0.051-1 0.051-1 2.976 (- 0.151-1, 0.71-1) 

0.0251-1 0.0251-1 2.976 (-0.15 1-1, 0.71-1) 

20.0 0.21-1 0.2 11 1.6076 (0.2 1-1, 1.41-1) 

O. IH O.IH 1.603 (- 0.11-1, H) 

0.051-1 0.051-1 1.60057 (-0.051-1, 1.211) 

0.0251-1 0.0251-1 1.60057 (- 0.05H, 1.21-1) 

L, = - H to H; LY = 0 to 21-1~ rand = I m 
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Table 6 Efft>ct of Ra nd on factor of safety 

l·kight or slope, II Rand Factor or Coordinates or 
(Ill) safety critical center 

2 0.51-1 s.:; 1 •> (- 0.1 1-1, 0.525 1-1) 

0.21-1 5.198 (- 0.251-1, 0.25 1-1) 

O.IH 5.198 (-0.251-1, 0.251-1) 

0.051-1 5.198 (-0.251-1, 0.2511) 

5 0.51-1 2.976 (-0. 151-1, 0. 71-1) 

0.21l 2.9097 (- 0. 151-1, 0.51-1) 

O. IH 2.9097 (-0.151-1, 0.5 11) 

0.05 11 2.9097 (-0.15 1-1, 0.51-1) 

20 0.5H 1.71 15 (-0.0751-1, 0.5525 1-1 ) 

0.2H 1.6246 (-0. 15H, 0.71-1) 

O.I H 1.60057 (0.051-1, 1.2 1-1) 

0.05 1-1 1.60057 (- 0. 151-1, 0.81·1) 

C. X, = C. Y, = 0.05 1-1 ; L, = - H to 1-1 ; L> = 0 to 2 1-1 

Table 5 presents the factor of safety for different increments to the 
coordinates of trial centers, keeping all other parameters same as in Table 1. 
Observing the data in Table 5, it is apparent that refinement in the sea rch for 
cri tical slip surface is possible by decreasing the values of L'lX, and L'l Y, i.e., 
placing the trial centers as closely as possi ble. Also trial centers closer than 
0.05H give the same factor of safety for all heights. Thus, L'lX, = L'l Y, = 0.05H 
appear to be the optimum value for the location of critical slip surface for 
the soil prope1iies considered in Table 1. 

Effect of Rand 

Table 6 presents effect of rand on factor of safety for different heights 
of slopes. From Table 6, it is apparent that the factor of safety decreases 
with ·decrease in rand upto a rand of 0.05 1-1 . Further decrease in rand docs 
not ca use refinement in the search for critical slip surface and hence 
corresponding factor of safety remains the same. 

Effect of Directioll(t/ A 11gles 0 11 f actor of safety 

The di rectional angles o t and o2 are used to locate the Fellenius point 
from the slope. The Fellenius point, in turn, decides the location of all the 
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Tab le 7 Influence of Directional Angles on the Facto r 
of Safety 

Directional Angles (deg.) Factor or Critical 
Safety Center 

ot 01 

10 37 1.645 (-6. 20) 

20 37 1.606 (-3. 20) 

28 37 I 600 (-3 . 16) 

40 37 1.(100 (-2, 10) 

28 50 1.601 (-8, IS) 

2lS 20 1.600 (-6. 20) 

21:) 10 1.60 1 (-6, 20) 

trial centers in the stabili ty analysis. Fcllenius recommended different sets of 
directional angles depending on the incli nat ion of the slope. The effect of 
these directional angles on the factor of safety has been investigated for the 
slope data shown 111 Table I and the results <Ire presented in Table 7. 

From Table 7, it is apparent that increase in 0 1 decreases factor of 
safety mnrginally. while the variation of <) c has even lesser apparent effect on 
facto r of sa fety. A higher value of o t locntes Fellenius point nnd hence all 
tri ::tl centers farther from the slope. It has been observed that the factor of 
safety decreases with increase in Y-coordinate of tria l center. It is therefore 
desi rable to use a higher va lue of o1 in the analysis, irrespective of the 
inclination of the slope. In any case, a considerable cha nge in the directional 
angles causes a change in the factor of sa fety only in its second decimal 
place. Presumabl y, the factor of safety wi ll have no re lation to the directional 
angles and Fc llen ius poi nt, provided that enough trial slip surfa ces are 
considered in the analysis from a wide range of trial centers. 

Ejfet:t of Number of Slices Used in the Analysis 0 11 Factor of Safety 

The effect of number of sl ices, into which the wedge of soi l above the 
trial sli p surface is divided, on the factor of safety is investigated for the 
slope data shown in Table I and the results are presented in Table 8. 

From Table 8, it is apparent that the factor of sa fety is not signi licantly 
affected by the variation in num ber of sl ices. the maximum variation be ing 
0.5'% when 7 slices have been used in the analysis relative to that when the 
reasonably large numbers of 60 slices arc used. The area of slices in the 
progmm is computed analy tically incl uding the area of the arc port ion at the 
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T<tblc 8 lnll ucncc o f N umber of S lices Used on Factor 
o f Safety 

Number of Slices Factor of % Variation 
Sali:ty from FoS with 

Slope Po11ion Crest !'onion 50+10 Slices 

50 10 1.6003 0 

10 2 1.602 0.1 25 

5 2 1.608 0.5 

bottom of the slice and it therefore represents the true area of the slice. 
Further, the change of inclinati on of Ni and Ti is uniform over the entire slip 
surface because the shape of the slip surface is circular. This may be the 
possible reason why the number of slices has no influence on the factor of 
safety. The results are however limited to a single problem given in Table 1. 
The influence of number of slices reporied in th is section is in line with that 
reported earlier by Spencer (1967). 
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FIGURE 12 Jntluence of be on Factor of Safety 



116 INDIAN GEOTECHNICAL JOURNAL 

Type of Failure anti Factor of Safety 

The program provides option to the user to choose the desired type of 
fa ilure, ei ther toe or base fai lure. In slope failure, the value of be (Fig.6a) 
lim its the number of trial sli p surfaces at a center and hence may affect the 
factor of safety. Fig.l2 presents the factor of safety as a function of be. 
From Fig.l2, it is apparent that the factor of safety decreases with increase 
in be up to a certain value of be and thereafter remains constant with further 
increase in be. It therefore becomes necessary to use maximum possible 
value for be in order to find minimum factor of safety subject to fi eld/design 
considerati ons. Similar is the case with bt in base fai lu re. 

Layered Soil Slope: Equivalent all(/ Average Unit Weight 

Figures 13a and 13b show two typical layered soil slopes, which arc 
analyzed for factor of safety using the AutoLISP program . It has been al ready 
stated that the program considers the equivalent unit we ight for each slice, 
and hence the method may be considered exact. An approxi mate method 
may also be considered, in which instead of computing and using equivalent 
unit weight separately for each slice, an average unit weight for the entire 
slope common to all the· slices, may be used in computing the weight of the 
sl ice (W;). The average unit weight may be defined, for a 5-layered soi l 
slope as: 

Ye = 
(ylhl + y2h2 + y3 h3 +y~h4 +y5hs) 

(hi+ h2 + "h3 + h4 + hJ 
(5) 

Similar expressions may be written for soil slope with less or more 
number of layers. For the problems shown in Figs. l3a and 13b, the average 

rs=22 kN/cum 

c=20kPa: ~=30: ru=O; be= I Om: bt=O 

FIGURE 13a : A Typical L:1yercd Slope 
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f t= I 5 kN/cum 

c=20kPa; ~=30; ru=O; bc= lOm; bt=O 

FIGURE 131J : A Typical Layered Slope 

T 
S.OM 

~ 

T 

unit weight defined by Eqn.5 works out to be 18.4 kN/m3 and 20.05 kN/m3 

respectively. The two problems are solved by the Exact and Approx imate 
methods and the results a're presented in Table 9. 

From Tabl e 9, it is apparent that the error due to the use of average 
unit weight in a layered soil slope is significant but it appears to be on safer 
side. The magnitude of the error is also va riable depending on the problem 
under consideration. 

c}fect of Location (Ill(/ Type of Tension crack 011 Fuctor of Safety 

The probl em shown in Table I is solved by considering a tension crack 
at a distance de from the crest of the slope. Table I 0 presents the factor of 
safety as a function of de for the slope ·with a tension crack, in dry condition 
as well as when the crack is filled with water. 

From Table 10, it is apparent that the factor of safe ty initial ly decreases 
and then increases with increase in the distance of the crack from the crest 
of the slope for both the types of tension crack. Also, the tension crack at 

Table 9 Factor of Safety by Exact and Approximate l\'lcthocls 

Sl. No. Problem Fal'tor of S;ilcty ~~~ Error 

Exact Method Approximate Method 

I. Fig. 13a 1.665 (-3, 18) 1.590 (-3, 16) -4 .5 

2. Fig. 13b 1.591 (-4, 17) 1.550 ( -3, 16) -2.6 
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Table 10 Effect of Type and Location of Tension 
Crack 

Sl. No. de (m) Factor o f Safety 

Dry Crack Crack Filled with Water 

I. 0 1.617 (-4, 17) 1.559 ( -3, 19) 

2 . I 1.605 ( -2, 19) 1.552 (-2 , 19) 

' .>. 2 1.603 ( -1' 19) 1.554 (-1 , 19) 

4 . 5 1.639 (2, 19) 1.595 (2, 19) 

5. 10 1.773 (7, 19) 1.730 (7, 19) 

the same location gives a tower factor of safety, when it is fitted with water 
compared to that of a dry crack. Presumably, the difference in factor of 
safety between these two cases is due to the moment of additional hydrostatic 
pressure in the crack. This hydrostatic pressure depends on the depth of 
crack, which, in turn, is a function of the shear parameters and unit weight 
of the soil. 

r.JJect of Hard Stratum ami its Depth below base 011 Factor of Safety 

When the slope consists of a relatively stronger soil at top and weaker 
soil at bottom and underlain by a hard stratum at a depth, dhs, below the 
base, the critical failure surface is likely to give a base failure. The problem 
shown in Fi g.l4, related to this case, is solved by using the AutoLISP 
program. Table II presents the factor of safety as a functi on of dhs. From 
Table II , it is apparent that increase in the depth of hard stratum below the 
base decreases the factor of safety. However, when hard stratum is at a depth 

n= I.S; hl = l Sm; rl = l8kN/cum; 
c 1 =20k Pa; 4> l =30deg.; ru=O 

h2=5m; r2= I 8kN/cum; c2= l OkPa; 
<j>2=20deg .; dhs=Sm; ru=O; 

/////////////////7.-///7/////////////////////////// 
Hard stratum 

FIGURE 14 : Typical Stope with a li ard Stratum at 5 m Below Base 
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Table I I Effect of Depth of Hard Stnltum on 
Factor of Safety 

Sl. No. dhs (m) Factor of Safety Critical Center 

I. 0 1.202 (- 8. I 0) 

2. 2 I 17~ (-6, II) 

3. 5 I 174 (-6. I I) 

4 . 10 1. 174 (-(>, II ) 

greater than ce11ain critical value, it docs not have any infl uence on factor 
of safety. 

Stability Number and Factor of Sa{'e()! 

The use of stability charts has become a common practice nowadays to 
determine the fa ctor of safety at least in the preliminary stability analysis. 
Considering the fundamenta l Taylor's stability number, it is defined as 

Sn 
c 

FyH 
(6) 

The basic assumption in the method is that the Stability number has a 
unique value for a given slope angle, f3, and the friction angle, ¢. 

In this study, fa ctor of safety has been determined for several soil 
( c = I 0, 20, 50, I 00 and 200 kPa; ¢ = 30° and 40°) and slope prope11ics 
(H = 5, 20 and 50 m) wi th y = 18 kN/m.l and n = 1.5 (slope is IV to nH), 
using the program and the Stabi lity number has been determi.ned for all 
these cases. Figure 15 presents the results in the form of a graph between 
the Stability number and unit cohesion for different heights of the slope. 
From Fig. IS, it is apparent that the Stability number is not a unique number, 
but it increases considerably with increase in unit cohesion of the soil for the 
same friction angle, height and inclination of slope and density of soil. It 
also increases with decrease in height of the slope, for the same slope, 
fric tion angle and cohesion. Though this observation is limited to the 
problems considered in th is study and needs further confirmation, it appears 
to question the usc of Stability number for determination of factor of safety. 

Comparison of Remits of the program witlz standard problems 

The results of the program are compared with those available 111 
standard l itcrature. 
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Example 16-1 (page 549; Bowles, 1984) 

Given a homogeneous slope with a slope of IV on 1.5 H has 
H = 12 m, y = 18.0 kN/m3 and s = c" = 30 kPa, r" is assumed to be 
0.0. 

Required: What is F if (a) ¢ = 0° and (b) ¢ = !5° and show location 
of critical circle ? 
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Table 12 Comparison of Results of the Pi·ogram 
with Standard Problems 

Ex. No. Factor of Sarety as per 

13owles ( 1984) AutoLISP program 

16-l(a) 0.90 0.873 

16-1 (b) 1.56 1.604 

Solution of the above problem is gtven in Table 12. 

Table 12 indicates that the factor of safety determined by the AutoLISP 
program compares closely with that by the method used in Bowles ( 1984). 

Conclusions 

The discussion tn the preceding section draws the following 
conclusions. 

I. A computer program in AutoLISP has been presented for slope stabil ity 
analysis. The program has the ability to consider typical conditions in 
slope stability analysis, such as a) Non-homogeneous soil slope, b) 
Tension crack in both dry and filled with water condition c) Hard 
stratum at any depth d) pore pressure ratio. 

2. Size of grid (Lx and Ly), increment to the coordinates of trial center 
(~X, and ~ Y,), and radius increment (Rand) are found to be the helpful 
search parameters that enable reliable location of cri tical slip surface. 

3. The magnitude of search parameters required for locating the critical 
slip surface have been determined tn terms of the height of the slope 
for a wide range of heights. 

4. Where, suitable search parameters are used, the number of slices and 
directional angles do not significantly influence the resulting factor of 
safety. 

5. It is preferable to use maximum possibl e values of be and bt, subject 
to tield/design considerations, tn the stability analysis for locating the 
critical slip surface. 

6. The use of average uni t weight in the stability analysis of a non
homogeneous soil slope introduces significant error in the factor of 
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safety, although this error is on the sa fer side. An exact method of 
considering the unit weight for each slice by weighted average has 
bee n used in the program that ensures accu.acy of the resulting factor 
of safety. 

7. The factor of sa fety initially decreases and then increases with the 
increase in the distance of the crack from the crest of the slope. 

8. Deeper the hard str<ltum below the base of the soi l slope, lesser will 
be the factor of safety of the slope up to a ce11a in maximum depth 
after which the hard stratum has no innuencc. 

9. For a given slope, friction angle and unit weight, the Stability number 
is not unique, but increases considerably with increase in unit cohesion 
and decreases with increase in height, other parameters remaining the 
snme. 
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Notations 

' C; 

b; 

W; 

U; 

¢;' 

a; 

n 

hi 

hwi 

y 

Yw 

h., 

hc2 

h e3 

h<l 

1-1 

dhs 

Effective average cohesion at the base of i1
h slice 

Width of ith slice 

Weight of soil in the i1
h slice 

Average pore pressure at the base of the i1
h slice 

Effective average fri ction angle of soil at the base 
of the ith sl ice 

Slope of the tangent to the trial slip surface at the 
mid point of the base of the ith slice 

number of slices 

height of the i1h sl ice 

piezometric head midway along slip surface of the 
i1h slice. 

Saturated uni t weight of the soil 

Unit weight of water 

height of the sli ce 111 the layer 1 

height of the slice in the layer 2 

height of the slice in the layer 3 

Total height of the slice = cY-dY 

Height of slope 

Depth of hard stratum below base 
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Lx and Ly 

t.X, and t. Y, 
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Size of gri d in X and Y uirections 

Increment to the X and Y Coordinates of the Trial 
center 

Rand Increment to the radius of sli p surface nt each tria l 
center 

by, cy, dy y - coordinates of the points b, c and d respectively 
with respect to point p as origin 




