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ABSTRACT Though it is well recognised that the strength of clays in nature varies with
depth and direction of fallure surface, there is pauclty of experimental data to define even
the nature of their interrelation and most of the anaiyses of stabllity problems lgnoare these
aspects, This study consists of three phases. First 1s tne experimental study to determin-
the strength on different fallure planes using direct shegr tests, the results of which have
been used to confirm the rational hypothesis postulated for the functlonal relationship bet-
wveen strength and depth and direction of fallure surface. Secondly, the influence of s useful

range of values of the coefficients defining the anisotropy and st-ength incresse with depth

on bearing capacity of shallow strip foundation has been assessed numer ically with the aig

of a computer. Thirdly,it has been reasoned out that the stability analysis of a slope 1s

best dane in terms of a control chart which 1s defined to be a curve providing criticsl

combination of stability number, N and coefficlent of internal friction tan bh?. Numerical
o

results show the control charts to be governed by the height and inclination

slope, the

nature of strength variation and depth to hard surface and not by the actual magnitude of

the strength,

INTRODUCTION

It is a matter of cholce whether to adopt a
r ational but approximate method which can
account for the complex and varlable nature
of the soll propertles, or to adopt an exact
analytical solution employing a simplified
and 1deallzed mathematical model of the soil.
The 1dealized solutian by the theary of
plasticity provides far static equilibr ium
at all polnts in a falling mass whereas the
approximate solution by assuming a single
fallure zone satisfles only the gross static
equilibrium of the sliding mass. The assump-
tion of a plausible failure surface will no
doubt result in an upper bound solution
which when minimized 1s lnown fram principles
of limit agnalysis to yleld results close en
ough to those obtalned by exact solutions.

when estimating the stability of foundations
and slopes, 1t is often assumed that the
soll 1s hamogeneous and isotropic. But it
is known that the shear strength incresses
with depth beyond the zone of desiccatian
and also that 1t 1s dependent on the direc-
tion of the fallure surface. While it may be
difficult to define the exact functional
relationship between the shear strength and
depth and direction of fallure surface, this
investigation will be concerned with: {y)
obtaining a probable variation of the same
from a csrefully planned labaratory experi-
mental study; and (11) to use these findings
to evaluate the influence of a practical
Tange of such variations on slope stability
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and bearing capuclty of clays on the bagsis
of conventlonzl method of analysis.

BAPLRIMNTAL IN VeS3TIGATION

As already stated the experimental work is
to obtaln the varlation in shear strength
(1) with direction of fallure surfasce, keep~
ing consolidatian pressure constent, and
(11) with consolidgtion pressure, keeping
the direction of fallure surface constant.
Also studied gres (1) the influence of traCe
additives of chemicals which will affect the
initiel structural state of the soill, gnd
(11) the effect of overconsolidation. Since
the strength 1s to be determined on a pre-
determined fallure plane, direct shesr test
1s the obvious choice. Test samples have
been obtained by consolidating soil slurry
to a predetermined stress level in a big
mould designed to reasonably simulate sedi-
mentary deposits. BElock sarple so consoli-
dated 1s transferred to a tilting frame which
can be fixed in any position between vertical
and harizontal, and a square mould of 6 cm.
internal side 1s pushed vertically into the
sample so that any predetermined inclination
can be obtained between the fallure surface
and the direction of sedimentation.

The index properties of clay concentrated
black cotton soll used in this study are:
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L.L = 224 per cent, 7L = 70 per cent,s. = 10
per cent,

?{gure 1 repar ts the varlation of undralned
strength, 2, glven by the rasdisl distance,
witn the direction of fallure surface, g ,
for a sample narmally consollidsted to a
typizal pressure of 30 psi., esch curve In
i1t beinr for a particulasr type of pare
fiuld, viz., sodium oxalate treated, untres-
ted and llme tweated. while the exper imental
valiles are shown 2y points, the smootn cur-
ves are tho:z givan by the relgtionship:

2. L2
- <, (Cos“™® + n 3in"€) ...

e (1

~1we2n 1s the »~*i5 of the experimentally
Stoaedaaey uni- 21 strengths on vertical
I llure surfaces(i.e.,Cy/Cpl.
rou :al be seen that kquation (1)
(physizal basls of which is given in ref.3)
is a2 reasonanly good represantation of ac-
tual behaviour, with s0dium 9x3late the
particles tend to get better ariented due
to an increase in the repulsive force result
ing in 2 greater anisotropic effect and a
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reduction In the overall strength level.
whaen the soll 1s treated with lime ( floccu-
lent) there is an increase In the attractive
force which resists devliation from the randam
structure resulting in g more a less 1so-
tropic condition and which also increases
the over all strength level. Flgure 2 summa-
rizes the exper imental values of strength
anisotropy with different consolidation
pressures, For the range of pressures tested,
it 1s seen that lime trested soll is mare

a less isotroplc wheress untreated and
sodium oxalate treated soils exhlbit snlso-
tr opy, the magnitude of which changes from

a value greater than unity to one lower than
unity. However, what is not brought out in
the fizure 1s the test result that lime
treated soll has slightly greater strensth
on a fallure plane inclined at about 45°.
Also shown as dotted lines in the same fi-
gure 1s the varlation in strength anisotropy
values of over- consolidzted clays (with and
without sodlum oxalate as additives) all of
wnich have been ariginally consolidatad to
three times the effective normal siress at
which they have been sheared. It is seen
that overcansolidation enhances the degree
of strength anisotropy botn in magnitude

and in 1ts varlatlon with effective stress.

The same results hgve been used to reljste
the undr alned shear strength either an hori-
zontal ar ver tical fallure surface with
consolidation pressure in Figure 3. These
results, while confirming the findings of
egr lier resegrchers in that undrgined stre-
ngth will increase almost linesrly with
consolldation pressure, focus attention that
it 1s so when the direction of fallure sur-
face ramains constant. These results also
emphasize that except far lime treated soll,
the varlations in G, and C,, with consolida-
tion pressure follow distinctly different
lines, It 1s thus logical to define the
shegr strength at any depth in relation to
the direction of failure surfgce in the
following manner:

Chz=Ch° (1+1hﬁ—) ... (2a)
vz = Gyo (1 + Ly ’;‘Fnco Cho(1*1y &

eees Agb

where and 1, respectively define distinct

ly differ ent cgefl’icients of varigtion in &
and Cp over a significant depth H, Thls form
of de?ining the variation over a significant
depth, such as the height of slope (H) in
slope stabllity problems a half the width
(b) in bearing capacity problems, helps to
non-dimensionalise ‘the coefficients. Combin-
ing squations (1, 2nd \2) an expressian for
undr alned shear strength at any depth on

any fallure surface inclined at an gngle @
to the horizontal is obtained.

- 2
Coz = Cpo €1+ 1, &) Cos™® +n

(1+ 1, __Z-)smze oo (3)
n
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Consolidated undrained triaxial compression
tests with pare pressure measurement have
been carried out on ¥ in. diameter samples
extracted at different inclinations with
the use of tilting frame. The test results
are reparted in Table I which gives s maxi-
mum coefficient of anisotropy as 1.146

(= tan 33 ).

- tan 29.

Inclination

between sedi-

mentation and

sampling o a o ° o o
directions O

This limited study 1s used only to get a
qualitative sssessment of the fact that the,
coefficient of anisotropy with respect to¢
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will devigte rather slightly from unity.
Hence the analysls incorporating the effect
of anisotropy in #' and that of increase

in @' with depth would remaein an ascademic
exercise until more extensive results warra-
nt their use in practice.

DoARING CAFACITY FOR ShAuiQa rfWnDALLONS

pearing capacity of foundations an normaglly
consolidsted saturated clay 1s recognised

to be critical at the end of construction
owing to which the analysis is cgrried out
in terms of undralned shear strength of the
soill, while it may be difficult to detarmine
the exact mechanism involved in a failure,

a cylindrical fallure surface is gdopted far
the analysis, since this study is primasrily
concerned with the effect of reallstic vgrig
tion in strength with deptn and directlion
of failure surface on the ultimate besr ing
cagpacity. Figure 4 shows a typical fallure
surface which incidentally defines the
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varlous notations used. For limiting equili-
br ium of the mass gbove the potentlal sur face
of rupture AcGb, the total disturbing moment
about O must be equal to the total resisting
moment sbout the same point (Pigure 4).

Disturbing moment = 2b q (x - b)
&-}ﬁ

% d
Resisting moment =j Cez % de « [ m
o
o

C. (x=-b)dz
vz

where q 1s the uniform intensity of pressure
st foundation level 1n excess of the overbur-
den prassure.

2
Cez=Cho[(1+ lh-g') Cose+nc°
(1+1, Z) s1n% ]
R Cos @ - y + d,

= oonaml, e -1
.c2-c°s (15—9)’74'= ten (’—;),
RZ = x%+y2, b = half width of foundation,
d = depth of foundation
x and y are the coordinates of the

centre of slip circls.

wall adheslon at depth z i1s taken as m Gy,
in which the multiplying factar m will
gener ally be around 0.5 (Skampton 1959).
Equating the two moments, after integratian
within gppropriate limits, an expressian
for the ratio q/Cp, 1s obtegined in terms of
the various constants and the variables x
and y.

q
“no

F{x,y, n 3

coY Y

1

h’“L

v b)

y Oy

eee (4)
To arrive at the minimum value of q at inci-
plent fallure, the expression is, therefare,
minimised with respect to x and y.

bi=0; 2-&..:0
DX Dy
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The values of x and y satisfying the above
conditions are found by the use of g campu=-
ter and by substituting these values in
Equagtion(4)the ratio ( 3 =N

ho Bin. ~ Tcq?
(the bear ing capacity factar far the com-
bined effect of cohesion and surcharge) is
obtained.

Flgure 5 presents typlcal variation in Ncq
values so computed, with strength aniso-
tropy ng, deviating by 50 per cent on either
side of Tunity (isotropic state) in terms
of the following factors and their range;
(1) depth factar, d/b— O to 2; (1i1) coeffi-
clents defining the undralned strength
increase respectively on the hoarizontal and
ver tical fallure surfgces 1, end 1. — O to
0.1. Since N,, by definition 1is related

to Cho an mcxgease in n,, means an incr ease

in Gy which in turn increases the besring
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cagpacity factar. These results have been
used to relate the variation of N.o with
depth factar far the two limiting conditions
of anisotropy herein studlied in Figure 6.
Also shown in this figure is the variation
of Nog with depth factar far 1isotropic soil
to serve as a useful reference fa compsri-
son. It 1s evident that an incregse in

gshear strength ss well as 1ts vgriation with
depth on a ver tical fallure surfece will
result not only in enhanced velues of N,
but their incresse with depth of foundatfon
will also be more pronounced. The influence
of anlsotropy on N,, incresses with founda-
tion depth, 1is a result that could not have
been comprehended from those of the previous
investigatars. The dash and dot line in

12 >
Nco Ly Lh > g
| 0.5 0.0 Ol
2 1-:O OO0 00
1013 |I-§ O 0.0
o m=0.5
U
- 4
° 8
-
3
=2
0
2o
4 |
(o] | 2
Values of d/b —=
FIG. 6.

Figure 5 reports the influence of ignoring
wall gdhesion (i.e., m = O, insteed of
assuming it to be half the value of cohesion
on vertical surface. As can be expec ted,
ignaring m reduces Nnq, the reduction being
Froportional to the level of anisotropy
about 4 per cent at n.o = 0.5 and about
8 per cent at ngo = 1.85). Flgure 7 repcrts
the veriation in the non-dimensianal factar
defining the deepest level touched by the
fallure surface with anisotropy foar footings
at surface, and for those founded at depths
equal to hglf and full width of the founda~
tion. A decrease In n.o and 1, means a
decrease 1n Gy which in other words means
the verticgl plane to be relatively wesker
with the tendency to push the fallure sur face
deeper. Another result discernible fram the
results In Figure 7 is that the variation
in the depth between the foundation level
and the deepest level of the failure sur face
is negligible and if any, increases slightly
with depth.
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SLOPE STABILITY
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SLOPE STABILITY

The process of evalupting soil behaviour
under vgrious conditions of externagl loading
(no load state elther at the end of construc-
tion o after drawdown, water logd and wave
ac tion during full reservoir condition) and
internal stresses (effective and neutral
stresses, seepage farces) together with the
fact that changes take place In the consti-
tuents of the soil complex {(chenges in water
content and/or degree of saturation, lon
exchanges, deposition gnd/or internal erosion
of fine particles) end the process of incer-
porating the shear strength to best represent
these conditions with particular reference
to the most criticgl combination of these

at any time, are as impor tent as that of
making correct stabllity analysis., secause
of this, a rational method of assessing the
facta of safety of a slope at any time would
be to relate the strength that 1s likely to
be mobllized compatible with the then exist-
ing field conditims with a control chart
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which 1s nothing other thgn a curve providing
the critical combinations of the stability
number N (= CphoAfH) and the coefficient of
internal friction tan £no. 1t may be noted
that the control chart Is influenced both

by the assumptions on which the method of
analysls 1s based and by those considered
regarding the strength mobilised glong the
fallure surface.

The present study 1s devoted primarily to
demonstrate the procedure of obtaining
control charts fa typlcal clay slopes whose
sheser strength varies with depth snd direc-
tion of fallure surface. The method follows
the analysis of Janbu (1954) (based on
dimensionless parameters for base falilure).
The shear strength S,g on an element at
depth z along the fallure surfsce inclined
at © to the horizontal can be expregsed as
follows:

2

S0 = Sgp Cos® + 5_, Sin%e

2
= (Cpp* Oy tan #,,)Cos%8 + (C+0. ten £,
2 (5)

Sin™o o 58
To facillitate elegant presentation and not
to cloud the method with too many a constant,
the problem has been limited to the follow
ing particular cese when eithar of the ani-
sotropic coefficients no and ny do not vary
with depth which incidentslly makes the
variation of a strength parameter with depth
on harizontal and verticgl fallure sur faces
the same. The analyslis is witn respect to a
slope in criticsl state unlike the methods
generally used for slopes in which the
strength mobllised is made a fraction of
actual strength (i.e., 35 = 5/F) in order
to postulate a limiting state. Hence the
slope in effect is in an active state which
condition gives rise to the following
results

Gyn = K6, = K ¥z oo (8)

in which K, is the coefficient of active
ear th pressure in a backfill with the semme
strength character istics, The method of
obtalning K, has been suggested in ref. 2.

a

The expression for 3,9 will now became:
5,6=(1+1, §Cp(Cos®erncsine) + (1415 £ )

tan By, (Cos+k ngsine) cee (D
where 1. and 1, are dimensionless coeffi-
clents defining the strength increass with
respect to C and tan @ respectively. For
critical equilibrium the overturning and
resisting moments about O (centre of rota~
tion, Figure 8) are equated which an sim-
nlification (details given in ref. 3) will
yialds
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N =frc (ngyr,d,1) + tan dho
frﬂl (ngy 7, d, Ly Kg)

1 J( (r, b, 4)
. . ’ , .-
a_2 ¢

Equation (8)gives the functional interrels-
tion between the¢ stabillity number, N and

the coefficlent of internal friction tan §y .
For a particular slope with the values of
b,d,n,, 1l,, ny and 1, defined, it is possible
to obgai.n critical combinations of N and

tan D, using an iterative process. However,
for tBe P = 0 case N is explicitly defined.
The iterative process in brief cansists of
assuming a value of N (less than that far

# = 0) far a particulsr value of tan @,
the value of K, 1s computed with m = 1" and
substituted in mquatian(8) to yleld g new
value of N, This process 1s repeated in =&
canputer programme till the difference
between two successively computed values of
N 1s loss than sny desired small valueg.
The curve relating so computed values of N
and tan @ 1s the control chart foar the
above deflned slope.

(8)

Figure 9 reports the cantrol charts far a
typical slope with b=2,5 (1 verticsl s 2.5
horizontal) for an isotropic deposit when

it 1s homogeneous with respect to anly
coefficient of internal friction and the
hard surface 1s at half the helght of the
slope. This figure in addition to demons-
trating the control charts to be linear when
depth to hard surface 1s fixed, Indicate the
influence of increase in undrained strength
with depth on control chart. Judged from the
fact that cloger 1s the control chart to the
origin, the higher will be the factor of
safety of the slope for a particulsr value
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o] 02

of sctual strength of the soil, it is evid-
ent that ignoring the effect of strength
increase with depth (1.e., making 1, = 0)
will make the factor of safety camputation
err on the conservative side, the errar
increasing with the value of 1l.. Also evid-
ent 13 the fact that as N approaches zero,
the location of the control chart becames
almost invariant (i.e., converging to a
point)., Figure 10 reparts the influence of
depth to hard surface for the typical slope
with b = 2,5 when the soll is hamogeneous
and 1isotropic with'respect to & but aniso-
tropic and non-homogeneous with respect to
cohesion, Figure 1l reparts the influence
of anisotropy devigtions on either side of
isotropic state (1.e., either n. = = 0.5
oFr nc = ng = 2) on control charts fo the
ssme slope when the soll 1s hamogeneous with
respect to only # (i.e., 1¢ = 0) and 1, =
0.25, The lines get shifted more ar less

LC=O-25, L‘,:O, nC=2, n.zl, b=2.5

-08

tan ¢ho

.04

6 02 04 06 OB 70
e
FIG. 10.
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equally on either side of that far 1sotropic
case and in keeping with the physical beha-
viour, gn increase in the value of aniso-
tropic coefficlient will make the slope safer.
Also shown dotted is the control chart far
n, =2 and ny = 1 which 1is clearly seen to
anrroach the control chsgrt for n,=ng= 2
at large values of N and n, = ny = 1 at large
values of tan B.,. Thus it confirms the
fect that effect of enisotropy with respect
to a strength parameter gets enhsnced as

the absolute value of that parameter increa-
ses, Figure 12 reparts the veriation in

tan B, for a fixed value of N at 0.001 with
anlsotropy, with respect to eithar of the
strength parameters keeping the other streng
th parameter isgotropic, different lines
indicating different depths to hard surface.
The full lines are for the soil isotropic
with respect to ¢ and the dotted lines far

a soil isotropic with respect to ¢, This
also confirms that anisotropy with respect
to only § affects the value of ten @, far

] ]
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\
14 \\ \
\“\
N
\ N\
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"~ N\
o8 Ne=2 v\‘:l N 3
- .\ X
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N X
\
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- - \ :
02 NNy = 2 \ \
o \ A
(o) 02 04 (o], o]} 10 12
N - -
FIG. Il.
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constant depth to hard sur face. Pigure 13
reparts the variation in critical radius with
depth to hard sur face far the two limiting
combinatlons of anisotropy studied (1.e.,
n, =ng =05 and n, = nyg = 2). when viewed
ﬁcan tge geometrical fact that far a fixed
depth to hard surface, an increase in criti-
cal rodius means a lateral spread of the
fallure sur face the results do confirm the
age-old observation that the fgllure will
follow the path of least resistance,

CONCLUSIONS

The experimental study lends support to the
hypothesls that the undrained strength of

an element of soll along a plane other than
the harizontel ar vertical 1s equsl to the

2.8
b=2.5, N=0O-00I
lLe=1g=0; m=10, Nc=Ngy=2
2.6
& 2.4
221}
2.0 ; | |
o) 2 -4 -6 B O
d ——
FIG, I13.
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vectariasl sum of those z¢ting on the project-
ed greas of the element on the verticgl and
horizontal planes. Further when the soll is
in a flocculeted state with g strongly bind-
ing cglcium ion, the soll 1s mare or less
isotropic with respect to strength when con-
solidation pressures gre in the neighbourhood
of 2 tons/ft2. The increase of strength on
harizontesl and ver tical fallure sur faces
though linear with consolidstion pressure
follow distinctly different lines. This 1is
probably due to the complex influence of
interpar ticle forces as the distance between
par ticles changesdue to consolidation. In
one~-dimensional consolidation the distance
between perti€les in the vertical direction
changes with little or much less change in
the lateral direction.

Numerical results have been presented in the
farm of gr aphs relating the combined besring
capaclity factar of a shallow strip foundatian
in terms of coefficlents deflning strength
anlsotropy and strength increase with depth
on verticagl and harizontal fallure sur faces.
The value of ultimate bearing capacity far

an anisotropic medium changes as the coeffi-
clent of anisotropy but at a lesser rate
when comparisons are made with agn 1sotroplc
medium having the same strength on the hori-
zontal plane. The bearing capacity increase
congequent on linesr Increase in shear stre-
ngth with depth 1s more or less of the same
arder as the strength lncreasse. The influence
of anlsotropy es well es strength increase
becomes more pronounced on begring capacity
factor as foundation depth Increases.

A method of analysis of stability of slopes
which can be used to evaluagte the slope in
relgtion to the actual strength that can be
mobilised at any time in its life is deve-
loped. This is done in terms of a control
chart which 1s a curve providing the critical
combinations of N and tan &, and this curve
1s found to be g stralght lfne when depth

to hard surface is fixed, Numerical results
presented demonstrate the influence of
strength anisotropy and strength Increase
with depth on the control charts which have
been logically reasoned out to be consistent
with the physical behaviour.
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