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c.=0 Hypothesis for Normally Loaded Clays at Equilibrium

1’Hypothése ¢, = 0 pour les Argiles Normalement Consolidées en Equilibre

by P. W. Rowk, Engineering Department, The University of Manchester, England

Summary

Circumstantial evidence is collected which suggests that shear stress
applied to true cohesion is associated with creep, and that equilibrium
is only attained if the applied stress is resisted by all or part of the
true friction. The rate of creep depends on the degree of mobiliza-
tion of true cohesion and on the consolidation pressure. Clay of low
activity which does not fail on immediate loading is not likely to have
permanent stress on the cohesion, while high activity clay is likely to
creep. The creep will lead to a gradual increase in pressure on struc-
tures which resist the movement, the ultimate pressure being that due
to a soil having only true friction. There is no contradiction with
the ¢ = 0 analysis.

Theoretical limiting equilibrium conditions are derived from the
strength parameters ¢4, ¢ and ¢, for remoulded clays, but cases of
creep in the field require to be analysed using the particular para-
meters for the undisturbed soil.

Introduction

When a clay is stressed to a value less than the immediate
maximum and left undrained, or to drain, will it come to rest;
if so, how is the stress proportioned between the cohesive and
frictional components?

Such information is necessary in order to determine, for
instance, the maximum stress in a sheet pile wall driven into
clay, after full consolidation. Initial experiments on remoulded
clays suggest the hypothesis that the true cohesion c, is possibly
unstressed at equilibrium and that as long as stress is applied to
the cohesion a rate of flow will occur. This hypothesis is not
new; it has been mentioned by Rankine and Taylor, and recently
by HENKEL and SKEMPTON (1955).

Theory

The hypothesis should fit the known physical composition
of clays. It is generally understood that the scale-shaped clay
particles are surrounded by layers of adsorbed water and
osmotically imbibed water of a different physical nature from
ihe pore water. The London-van der Waals forces between
these adsorbed layers on adjacent particles vary with the
seventh power of the distance between particles and these forces
constitute the cohesive strength of the clay. Thus it is probable
that the clay structure resembles a highly redundant framework
with millions of bonds of highly variable strength orientated at
random. When such a framework is stressed the strongest
bonds take most of the load. Even under very small average
stresses these bonds will fail, the inter-particle distance will
increase, and the stress will be transferred to the next highly
bonded group. The flow which will accompany this yield will
continue as bonds are broken and others are made. The lower
the ratio of the average stress to the true maximum cohesive
strength, the slower the rate of flow. If this is so, it would
follow that for a given average stress applied to the cohesion,
the greater the redundancy of the structure the greater the flow.
Remoulded soils would be expected to possess a more uniform
arrangement of particles than some undisturbed soils and
consequently possess less redundancy and show smaller flow.

Sommaire

Des preuves indirectes ont été assemblées qui suggérent que ’effort
decisaillement appliqué a la cohésion vraie est associé avec le fluage et
qu'on atteint 1’équilibre seulement si la contrainte appliquée est
opposée en totalité ou en partie par la friction vraie. La vitesse de
fluage dépend du degré de mobilisation de la cohésion vraie et de la
pression de consolidation. Il n’est pas probable que l’argile d’une
‘basse activité’ qui ne s’affaisse pas au moment ol on la charge
occasionne une tension permanente sur la cohésion; d’autre part il
est probable que l'argile d’une ‘haute activité’ fluera. Le fluage
aménera une augmentation progressive de la pression sur les struc-
tures qui s’opposent au mouvement, la pression limite étant celle
occasionnée par un sol n’ayant que le vrai frottement interne. Il n’y
Z pas de contradiction entre cette hypothése et la méthode d’analyse

=0,

Les conditions théoriques d’équilibre limite sont calculées d’aprés
les parameétres de résistance ¢4, ¢e et ¢y pour les argiles remoulées,
mais il est nécessaire d’analyser les cas de fluage ir situ en se servant
des paramétres correspondants pour I’échantillon intact.

It is possible that the rate of flow associated with small per-
centages of ¢, is sufficiently small to mean that a small degree
of cohesion will effectively act at ‘equilibrium’.  For the present
purpose this is neglected.

The strengths from field and laboratory tests are sometimes
expressed by parameters such as ¢,, ¢, and ¢, where ¢4 and ¢,
represent angles of shearing resistance (SKEMPTON, 1948a) with
respect to the consolidation pressure under conditions of full
drainage and no drainage, and ¢, is the true angle of friction,
or else as a ratio of the immediate compression strength. In
the former case GiBsoN (1953) has given a general relation
between the parameters and the plasticity index for remoulded
clays and the conditions under which true friction is just not
exceeded may be determined as follows.

Let the angle of shearing resistance applied to the clay at
equilibrium with respect to the consolidation pressure be equal
to ¢,,. Then, under full drainage, creep can only occur if
&aq > ¢.. In the undrained case, for a specimen consolidated
under pressure p, with an applied deviator stress equal to
(o1 — p) the pore pressure according to SKEMPTON (1948b) is
given by

n—r )

“Eir

where X is a coefficient given by

_ 1/1 + cosec éa — plc
A= 2(1 — cosec ¢y +p/c) e ()

In equation 2 the ratio ¢/p is related to ¢, as follows,

¢ _  sing,
feriie e @)

Assuming the hypothesis to be correct, at equilibrium the true
angle of friction mobilized, ¢,,,, is found by drawing a line from
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the origin of a Mohr’s diagram tangential to the effective stress
circle, whence

Si—Pp )

sin ¢,y = PR—

The corresponding value of ¢,, with respect to the applied
stresses is given by

singb,,q::;;l; )

Eliminating o;/p and « from equations 1, 4 and 5,

Sin Gem
1+ 2/(1422).sin ¢ 255w (©)

The maximum value of ¢,, at equilibrium for undrained
specimens will be denoted by ¢,, and is obtained by inserting
¢. for ¢,,, in equation 6. Further, by substituting c¢/p, equation
3, into equation 2 and then substituting A, equation 2, into
equatijon 6 we obtain the relation

1 _ 1 11
sing,, sing, sing, siny
In the drained case, where ¢, > ¢,, an applied stress ratio

¢aq < ¢, cannot lead to creep. In the undrained case, however,
it 1s possible for the condition

bug < bag < Pu

to lead to creep which will continue, until under field conditions
sufficient drainage has occurred. In either the drained or
undrained cases where ¢, < ¢,, it is possible that the value of
$aq used is such that either

¢uq<¢e<¢aq<¢u or ¢uq<¢‘aq<¢c<¢u

Both conditions will lead to creep.

In order to study the results of both CASAGRANDE and
WiLsoN’s (1951) tests and field results it is necessary to calculate
the factor of safety F on the immediate strength which will just
ensure permanent equilibrium. The calculations apply to the
condition of no change in confining pressure from the consolida-
tion pressure during draining to equilibrium. Such change
which occurs in the field will be discussed later.

Drained case—Fig. 1 (a) shows the usual maximum strength
parameter diagram. In Fig. | (b) the diagram is redrawn with
the component ¢, omitted for the equilibrium condition.

Sin ¢gq =

- (M

p+2c

03P G, 0 pt2c
G w—>

Strength parameters
Les paramétres de résistance

Fig. 1

The maximum immediate shear strength is ¢ and the maxi-
mum equilibrium shear strength is o, tan ¢,. It is required to
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know when ¢ = o, tan¢,. From Mohr’s circle of stress o, =
(201063)/(c; + o3) where o, 53 are the major and minor effective
stresses.

Writing %% — tan (a5 _ % _
riting & an (45 2) and oy=p
— 2psin? (45 + %
G, p sin ( + 2)
whence £ = 2sin? (45 + E) tan¢
p ) 2 i

Therefore the critical condition is when

sin ¢,
1—sin ¢,
If the factor of safety on the immediate strength is F, the
equilibrium is just maintained when

= 2 sin? (45 + ‘%’) tand,  .... (8)

l sin¢,, J— in2 ¢e
FTsing, = 28in (45+ %) tang, ... ®

This is almost identical with the condition ¢, = ¢, and, within
the accuracy of the available data, equation 9 could be written as

1 _sing, sin ¢,
Fl—sing, 1—sing,

eo.. (92)

Undrained case—Following equation 9, a factor F on the
immediate ¢ value is equivalent to applying an angle ¢,, which
should not exceed ¢,,, equation 7. The critical case is when

1 sing, — ( ¢

2. S Pu_ 2 sin? (45 ﬂ)tan sasen (10

F 1—sin ¢, 2 i 2 iz (10)
This equation together with equation 7 give the necessary
connection between ¢y, ¢, 6, and F. However, following the
simplification in equation 9a, we can write

1 sind, _ singy
F1—sing, 1—sing,,
Substituting for ¢,, in equation 7,

sing, [ 1 1 \

1 —sin g, \sing, sin s/

F=1+

e (1)

Values of F corresponding to the range of ¢, ¢, and ¢, values
given by Gibson are shown in Table 1.

Gibson’s Fig. 7 has been used for ¢, ¢, values which applied
to normally consolidated remoulded clays. This plot does not
appear to agree entirely with his Table 1. The ¢, values given
in his Fig. 6 have been changed to ¢, values using his Table I,
but the difference was found to be very small.

Table 1
[
| tan de F (drained)
Pl | éu | be | da Fq&_ Activity | (eqns. 9 | F (undrained)
| N ¢d and 9a)
20 | 183 |22-8285| 077 060 | 0-80 075 1-22
40 (150 (165|230 0-70 0-77 | 090 0-86 1-34
60 | 139 |13-2]205| 063 092 1-09 1-07 1-48
80 | 130|108 | 191 | 055 1-12 129 1-26 1-67
100 | 12-3| 90180 | 049 1-25 1-47 1-46 1-86
530 | 85| 25[120| 021 610 | 376 376 410

The values of F are plotted against PI values and activity
number in Fig. 2. Since the criterion of long-term stability is
one of relative strength, F is strictly a function of activity
(SKEMPTON, 1948c) rather than PI value. The values of PI
have been retained in Fig. 2, however, as published data have
not always included the activity numbers.



Whilst on first loading the clay is in the undrained state
drainage will occur simultaneously with flow under field
conditions so that a separate investigation is necessary into the
connection between the rate of drainage and the rate of flow
with possible loss in cohesive strength. It can therefore only
be stated at present that the value of F necessary for ultimate
equilibrium lies somewhere between the undrained and the
drained limits. It is clear, however, that even under full
drainage and with a small possible permanent ¢, value, a
sensitive clay with activity greater than 1-0 requires a factor of
safety greater than 10 on the ¢= 0 analysis for permanent
equilibrium. This may be called the critical activity number.

§ x4 No. Author  Soil type
! Clayey sand : |
2 Ohio sandy clay ~— Undrained ’
7 Casagrlande Mississippi gumbo - _= Dra/ned‘
4| and Wilson mexieq City clay |
5 Cambridge clay Variation in F | ’
. 6 Cucaracha shale for 1°variation in |
T 7|7 Peterson ‘Highly saturated’ clay __ 9,0, and @, {
-"| 8 Golder & Soft silty clay Al s \
s Palmer  alluvium Al [
' 9 Henkel & Inactive inorganic \
Skemplon softened clay |
ol
7
(A4 |
016 05 710 50
< Activity

Fig. 2 Factor F for ultimate equilibrium
Coefficient F pour 1’équilibre limite

Comparison with Published Data

Three sources of variation from the simplified conditions of
remoulded soils at equilibrium must be considered.

(1) Scatter of the true ¢,, ¢., ¢; values from the adopted
values. The variation in F for 1° variation in these parameters
is shown in Fig. 2.

(2) Failure implies movermnent which mobilizes cohesion to a
value depending on the sensitivity of the clay and the degree of
remoulding. Partial cohesion decreases the observed value of
F. However, continual flow of over-consolidated clay may
cause an expansion and softening so increasing F to the limits
in Fig. 2.

(3) Field conditions which cause an increase in confining
pressure will lower F and vice versa. A proper study of any
failure which has occurred some time aftet construction can only
be made by carrying out an effective stress analysis in terms of
¢ = ¢.and ¢ = r.c,, where r is to be determined.

The laboratory tests of CASAGRANDE and WILsON (1951), the
field evidence of PETERsON (1953), GOLDER and PALMER (1955),
and HENKEL and SKEMPTON (1955), all plot on Fig. 2 in a way
roughly complementary to the calculated curves. Limitations
of space prevent the full discussion of these cases. GEUZE’s
(1943) torsional creep tests cannot readily be interpreted in
terms of Fig. 2, but the clay appeared to have an activity greater
than unity.

Natural Clay Slopes

SkEMPTON (1948d) records that the steepest natural slope
found in London clay is about 10 degrees. According to
GiBsoN (1953) ¢, = 10-5 degrees. Because of the fissures, this
is not conclusive evidence. It would be interesting to collect
the activities and natural slopes of intact clay. Geologists

associate clays with slopes between 1 in 3 and 1 in 6, namely
¢, = 184 to 94 degrees.

At-rest Earth Pressure
According to the hypothesis, Kj in clay is given by

Ko = tan? (45 = 45_2"') =~ tan? (45 - ‘%)

Consideration of the compression and shear stress-strain
curves suggests that ¢,,, is close to ¢, at rest. Minimum values
of K, are given in Fig. 3. Pre-consolidation raises these values.
The few experimental values (TSCHEBOTARIOFF and WELCH,
1948; ZEevaerT, 1953) for normally loaded clay agree quite
well. TerRzAGHI's (1925) measurements, using friction strips,
mobilized cohesion so that his values should lie between the
curve and unity.

10 ‘
2 A
tan‘ (45-1/2 @em) 2 __’_,__—-—-—"‘
[ e ANBLNE - ey —— 1—___. ]
x3 = e
. P
A P 1 Tschebotarioff
l 05 /’-"_{:____ 2 Zeevaert___
o | 3 Terzaghi
By tan? (45-1/2 )
0 100 200 300
P —>

Fig. 3 At-rest earth pressure coefficient for normally loaded re-
moulded soils

Le coefficient de pression du sol au repos pour les sols
normalement consolidés et remoulés

Secondary Compression

Secondary compression, described as ‘the gradual adjust-
ment of the soil structure to stress’ (TERZAGHI and Peck, 1948)
increases with activity and is reduced by remoulding. This
could therefore be creep of the cohesive bonds due to re-
dundancy of structure.

Pressures on Structures

HouseL (1943) records gradual increase in pressure on a
tunnel in clay over a period of 10 years. PEcK et al (1948)
records that creep of clay beneath and adjacent to retaining
walls is a common cause of failure. TSCHEBOTARIOFF and
WELCH (1948) observed the lateral pressures against a model
wall retaining fluid clay of PI 20 per cent and less during con-
solidation. He found a triangular distribution with a lateral
pressure coefficient X of 0-50. Since the clay was normally
consolidated, the immediate strength would be proportional to
depth according to equation 3. Following classical theory
using immediate strength tests,

K,yz — 2c4/K, = Kyz

K=K, ~2VEK, sin ¢,

whence, > Fu
— sin ¢,

Assuming ¢, = 18-3 degrees and ¢ in the immediate test = 0,
K = 0-08. However, according to the hypothesis,

K = tan? (45 . %) = 045
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It is clear that the rate of creep is a function of the water con-
tent or true cohesion. Thus, in dealing with a soft fill normally
consolidated under a few feet head, the equilibrium state was
reached rapidly, whereas for an intact pre-consolidated clay,
the pressure increase with creep on a new wall might take
hundreds of years. Therefore for active or soft clays, the
hypothesis is in agreement with Tschebotarioff’s ‘neutral earth
pressure ratio design method’ with the slight distinction that
for low PI values and yielding walls, ¢,, rather than ¢,,, is
mobilized.

For fissured pre-consolidated clay, local softening speeds up
the creep. The Civil Engineering Code of Practice (1951) sug-
gests using the immediate strength ¢ for softened clay. For
London clay this is given as 800 to 300 Ib./sq. ft. over 20 to 50
years. Equating the load on the wall, height H, by ¢ =0
analysis, to that taking ¢, = 0, ¢ = ¢,,

3y H — 2c)(H — 39) = YsH2tan? (45 - i”)
Vs ; Vs 2 2
e =1 - ﬁe)]
S H = 2[1 tan (45 5
Taking ¢, = 104 degrees for London clay, ¢ = 300 Ib./sq. ft.,
v, = 130 Ib./sq. in., we obtain H = 25 ft. For greater wall
heights, the softened strength method gives larger loads on the
wall at 50 years than that due to fully drained clay with ¢, = 0,
and vice versa for smaller heights. This may explain why a
range of ‘fully softened strengths’ is necessary in the Code to
meet agreement with observations on walls of varying heights.

whence

Laboratory Tests

Tests have been confined to remoulded clays. After all
consolidation movements ceased a deviator stress was applied

10

Fens clay

Drained e

/o |  Undrained o x |
o I/ Failed after 3 weeks
~ i / l ¢n =4 ,o - /
RS =
= s 5 g -
@ ‘ g !
Jo “Bentonite
. e
7
2 ”
//
7
” ]
0 0-:05 0-10
Creep rate: A3lrain_
Alog fime

A
Fig. 4 Creep rate increase with activity and mobilized cohesion

Augmentation de la déformation de glissement avec I’activité
et la cohésion mobilisée
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and the subsequent vertical strain plotted against log time over
periods up to 6 months. A measure of the degree of permanent
stress to the cohesion is given by the ratios r; and r,,.

For drained tests, ry= $a — e
¢’d v ¢e

For undrained tests, r, = ‘ff'__‘{t’ﬂ
Yu = ¥Yuq

Values of r and the creep rate are plotted in Fig. 4, for a Fens
clay, activity 1-7, and for bentonite, activity > 5. Tests with
Manchester clay, activity 0-5, showed very little creep unless
stresses close to the maximum were applied.
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