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CREEP CH A RA CTERI ST I CS O F T W O  U N D I STU  RBE D CLA YS

C A  R A C  TER I S T I O U E S  R H E O I O G  I Q U E S  D E  D E U X  A R G U E S  N O N  R E M A N I E  ES

A L A N  W. B I S H O P  

H O W A R D  T. L O V E N  B U R Y

I m p e r i a l  C o l l  ege.  U n i  ve r si ty o f  L o n d o n

SYNOPSIS Drained constant stress level creep tests have been performed in the triaxial appa
ratus on undisturbed samples of the overconsolidated London Clay and of the normally consoli
dated Pancone Clay from Pisa, the test duration being up to 3!j years. The results indicate 
the limited period of applicability of simple logarithmic or power laws relating strain and 
time, the absence of secondary creep and a marked instability of strain rate which appears to 
be associated with a modification in soil structure.

INTRODUCTION

The study of the rheological properties of 
soils on a time scale which is realistic from 
the engineering point of view presents formi
dable experimental difficulties. In the pre
sent investigation , which was initiated by 
the authors in 1963, an attempt has been made 
to overcome these difficulties. The tests 
have revealed some unexpected aspects of the 
long term creep behaviour of undisturbed soil 
samples which may be of fundamental impor
tance.

Because of the limitations imposed on the tes
ting programme by the duration of each test, 
the data available at present is insufficient 
to permit the formulation of simple generali
sations. However, it is felt that the pre
sentation in some detail of the actual test 
results will be valuable both as a guide to 
further work and as a warning against reli
ance on short term creep tests when examining 
the validity of particular laws or physical 
models.

In the present programme the creep character
istics of two saturated undisturbed clays 
have been studied under drained conditions.
The creep behaviour of the over-consolidated 
brown London Clay from Hendon has been exam
ined when the deformation result^ (a) from 
an increase in o'!' , 9$ being unchanged and 
(b) from a reduction in O'j  , O',1 being unchan
ged.* The behaviour of the normally consoli
dated Pancone clay from the foundation strata 
of the Leaning Tower of Pisa has been studied 
for case (a) only, but for this clay long 
term oedometer tests have also been carried 
out.

The two main purposes of the investigation 
have been (1) to measure the time-dependence 
of the drained strength of undisturbed soils 
and (2) to measure the distortional and volu-

woY and a* are the effective major and minor 
principal stresses

metric components of deformation under con
stant stress difference over long periods of 
time.

The axial strain has been measured to a much 
higher degree of accuracy than is possible 
for the volumetric strain,and the test data is 
therefore presented directly in terms of the 
two sets of strain observations.

EXPERIMENTAL TECHNIQUES

Special triaxial cells were designed to permit 
the application of a constant stress differ
ence (Oi -tfa) without the problems of ram fric
tion associated with a static seal or of fluid 
loss and possible vibration associated with a 
rotating bush. A spring loaded system loca
ted entirely within an elongated triaxial cell 
was adopted for the tests on London Clay. A 
brief description of this type of cell has 
been given by Bishop (1966) . In the cells 
(type 2) used for the tests on the Pancone 
clay the stress difference is maintained by a 
difference in fluid pressure across a flexi
ble membrane (a Bellofram Beal).

In both cells the rubber membrane enclosing 
the saitple ) e  surrounded by a mercury-filled 
inner cylinder to prevent transfer of fluid 
through the membrane and to provide an addi
tional means of measuring volume change. Al
though a back pressure of 1.51 kg/cm^ was 
used in the Pisa tests, gas formation within 
the samples was not entirely prevented. This 
is the cause of some anomalies in the volume 
changes based on the measurement of displaced 
pore fluid using paraffin volume gauges. In 
the type 1 cells, the axial displacement was 
measured with both immersed dial gauges and 
inductance transducers and in the type 2 cells 
with inductance transducers only.

All creep tests were on 3" x l*i" dia. samples 
cut with their axes in the vertical direction. 
The laboratory temperature was basically 
20°C, but was subject to some irregularities 
due to plant defects, but these showed no
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correlation with the significant changes in 
rate of strain. Full details of the appara
tus and experimental techniques are given by 
Lovenbury (1969).

GEOTECHNICAL PROPERTIES OF THE TWO CLAYS 
TESTED

The Hendon samples were from blocks cut from 
the brown weathered zone of the London Clay, 
which is a heavily over-consolidated marine 
deposit of the Eocene period. The index pro
perties and other data are given in Table I. 
The Pisa samples were taken with a piston 
sampler from the Pancone clay, a normally 
consolidated marine deposit. The relevant 
data are given in Table I.

TABLE I

Hendon Pisa

Water content 29.3 49.5
Liquid limit 76 76
Plastic limit 29 29
Clay fraction 58 60
Activity 0.81 0.78
Preconsolidation 
Stress kg/cm2 (approx.) 30 ' 2

Representative stress-strain and volume 
change curves from standard* drained tests 
are given in Fig. 1. These tests were car
ried out following the stress paths to be 
used in the creep tests, in order to define 
the respective 'short term' drained strengths. 
Their durations were: Hendon, Cfi increasing,
5 days; Hendon, Oj  decreasing, 10 days;
Pisa, increasing, 8 days. The important 
differences in the axial strain at failure 
and in the magnitude and sign of the volume 
changes will be noted.

RESULTS OF CREEP TESTS ON LONDON CLAY

A series of 6 samples were set up under an 
effective consolidation pressure of 1.41 
kg/cm2, which approximated to the swelling 
pressure. The applied stress difference 
(Cm - O3 ), which represented in each test a 
different percentage of the 5-day failure 
stress, was built up in a series of small 
constant stress increments (to minimise 
transient excess pore pressures) over a per
iod of fourteen days. The duration of the 
tests in Fig. 2 et seq. refers to the period 
measured from the time of application of the 
last increment.

Since the clay is fissured, the results of 
the short term drained tests showed some 
scatter and, for this first series, fell into 
two groups. The stress levels in Fig. 2 are 
therefore represented as a percentage of the 
5-day peak drained strength by two values, 
the first being based on the two highest 
strengths observed, the second being based on

*With increasing, these are controlled 
rate of strain tests, but with O j decrea
sing, the cell pressure and deviator stress 
are changed in a series of steps (Bishop 
and Henkel, 1957).

Fig. 1. Representative stress-strain and
volume change curves from standard 
drained tests on London Clay and 

Pisa Clay

the four lower values in the series.

The test results are presented in Figs. 2, 3 
and 4*. Only the 90-106% stress level sample 
failed, the test duration being two days after 
the final load increment was applied. The 
axial strain rate of the 80-94% sample has 
decreased to 2.2 x 10"^% per day after lOOO 
days and is still falling (at 1250 days).
The average percentage stress levels for 
these two tests are 100% and 89% respectively. 
On this basis, the first sample would be ex
pected to fail soon after loading was comple- 
ted. The fact that the second sample has not 
failed after 100 days suggests that, subject 
to the uncertainty associated with scatter, 
the drop in peak strength with time is less 
than 4.8% per tenfold increase in testing 
time*?

*0wing to significant leakage from the paraf
fin volume measurement system in this series 
of tests, only mercury displacement readings 
are quoted.

**A value of about 5% drop in strength per 
tenfold increase in testing time was found 
by Bishop and Henkel (1957) for remoulded 
soils. The value of 4.8% is equal to (100- 
89%)4 logio (1000/5). Laws relating stren
gth and test duration are discussed by 
Hvorslev (1960).
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Tim e (a f t e r  ap p l i ca t i o n  o f  f i n al  st ress i n c r em en t )  Days

Fig. 2. Drained creep tests on undisturbed Lond 

a 'j constant, O',' increased

Continuing axial deformation is seen to occur 
at all stress levels (Figs. 2,3 and 4), there 
being no apparent threshold value of stress 
below which time dependent deformation does 
not occur. This deformation approximates to 
a linear function of the logarithm of time 
up to 100 days at all stress levels and for 
longer times at lower levels. At 1000 days, 
the proportional increase in axial strain due 
to creep relative to the value at 3 days is 
about 30%. Up to lOO days, the proportional 
increase in strain is almost independent of 
stress level, but at longer times there is a 
tendency for the lower stress levels to ex
hibit a larger proportional increase.

The 'secondary' or constant strain rate phase 
of creep appears to be wholly absent. The 
strain rate (Fig. 4) either decreases stea
dily (giving an almost linear relationship 
between log. strain rate and log. time), or 
rises in the form of an instability, which 
may be catastrophic (as in test Cl) or limi
ted (as in test C4). Limited instabilities 
will also be seen to occur in one of the 
tests on London Clay with Oj‘ decreasing 
(Figs. 4 and 5), in four of the creep tests 
on the Pancone Clay (Figs. 7,8 and 9), and in 
the two long term oedometer tests on the 
Pancone Clay (Figs. 9 and 10). In all the 
creep tests, the instabilities are associated 
with a reduction in volume, even in the case
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of the test with O 31 decreasing, where dila
tation has accompanied creep up to the begin
ning of the instability (Fig. 5). The insta
bility leading to failure in test Cl also 
showed an initial decrease in volume before 
the dilatation which accompanied failure 
(Fig. 21 .

B I S H O P  an

Fig. 3. Strain rate as a function of axial 
strain for various stress levels: 
drained tests on undisturbed London 

Clay

Two tests were set up with the same consoli
dation pressure, but with the stress differ
ence (Cfi - O3) applied by reducing 0 '3' while 
maintaining C7 unchanged. The stress levels 
were 76 and 81% of the peak stress difference 
of the corresponding 10 day drained tests. 
These tests (Fig. 5) are characterised by a 
very small initial axial strain (0.13% com
pared with 1.9% for the corresponding test 
with O'! increasing) and an initial dilata
tion of about 1.0% compared with a decrease 
in volume of 1.0%. The volumetric creep is 
likewise a dilatation, except during the 
period of limited instability referred to 
above.

The axial strain rates during creep are of 
the san̂ e order of magnitude as in the tests 
with a\  increasing (Fig. 4). The propor
tional increase in strain due to creep is 
thus much greater than in the tests with Cf, 
increasing. For example, in the period 3 
days to 100 days, the proportional increases 
in axial strain of tests E3 and C3 are 133% 
and 13% respectively, and the corresponding 
increases in shear strain are 65% and 16%.

A limited instability occurred in test E3

Fig. 4. Strain rate as a function of time 
for various stress levels: drained 
tests on undisturbed London Clay.

after 60 days (Fig. 4), and a second instabi
lity has become apparent after 400 days. A 
comparison of Fig. 5 and Fig. 2 shows that 
a less regular development of axial strain is 
a feature of tests performed with cf3 ‘ decrea
sing.

RESULTS OF CREEP TESTS ON THE PANCONE CLAY

A series of 6 samples were set up under an 
effective consolidation pressure of 1.55 
kg/cm2, and three levels of applied stress 
difference (50%, 75% and 85% of the 8 day 
drained strength) were established by increa
sing CTj’ . All the vertical stresses were well 
in excess of the preconsolidatLon stress.

One of the disadvantages of using step loading 
with normally consolidated clay samples in a 
controlled stress triaxial apparatus is the 
transient positive pore pressure set up at 
the beginning of each increment. At the 
higher stress levels, this may displace the 
stress path almost to the failure envelope 
before drainage becomes effective throughout 
the sample (Fig. 6)*. In the present series 
of tests (Fig. 7), the increases in the axial 
strain in the period 1 minute to 3 days, as 
percentages of the 1 minute strains,were 73%,

*Fig. 6 is a simplification, since the value 
of A depends on the duration of the undrai
ned stage of the increment and on the 
preceding stress ratio.

L O V E N B U R Y

IO  -------

IOOO

32



C R E E P  C H A R A C T E R I S T I C S

Fig. 5. Drained creep tests on2p tests on unaisturoea bon' 

O'/ constant, Ô ' decreased

from Hendon:

27% and 30% at the 85%, 75% and 50% stress 
levels respectively. The additional creep 
strains at 300 days, as percentages of the 
3 day strains were 28%, 47% and 84% respecti
vely. These values support the view that the 
85% stress level samples were close to fai
lure in the early incompletely drained stage 
of the last stress increment.

The fact that the 85% sample H8 did not fail 
- the limit of travel of the piston was 
reached after 317 days when the strain rate 
had fallen to 2 x 10"3% per day - is not a 
very critical test of the time dependence of 
strength. If the value 8f 5% drop in strength 
per tenfold increase in testing time were 
applicable, the 'life' of the 85% stress

level sample would have been 8 x 10  ̂ days 
(nearly 22 years). Additional tests using 
very small load increments are clearly desi
rable with normally consolidated soils.

The Pancone Clay showed continuous axial de
formation and volumetric change at the three 
stress levels (Figs. 7,8 and 9). The axial 
deformation can be approximated to a linear 
function of the logarithm of time for only 
limited periods, though, as with London Clay, 
the approximation applies for the longest 
time at the lowest stress level.

At 300 days, the proportional increases in 
axial strain due to creep, expressed as per
centages of the 3 day strains, ranged from
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Fig. 6. Stress path for step loading 
with A = 1

28% at the 85% streBs level to 84% at the 
50% stress level. The tendency for the lower 
stress levels to exhibit a larger proportion
al increase in strain is much more accentua
ted for this clay.

As with London Clay, the secondary phase of 
creep is absent at all stress levels. The 
strain rate (Fig. 9) either steadily decrea
ses with time (giving an approximately linear 
relationship between log. strain rate and 
log. time for the period 1 to 10 days), or 
undergoes a limited instability, which, for 
the Pancone Clay, took the form of an increa
se in strain rate at the two lower stress 
levels and a check at the highest level. The 
three tests which are still running indicate 
that,after the instability, a new almost 
linear relationship between log. strain rate 
and log. time is established (Fig. 9).

Two standard fixed ring oedometer tests have 
also been run on the Pancone Clay in the same 
range of vertical stress. The axial strain 
is plotted against the logarithm of time in 
Fig. 10, and in Fig. 9 the strain rates are 
compared with those observed in the creep 
tests. From 1 day onwards, the form of the 
curves and the absolute magnitude of the 
axial strain rates show a remarkable similar
ity for the two types of test. However, if 
a normally consolidated clay can be charac
terised by a cohesion intercept c' = 0  and an 
angle of shearing resistance f1, and if the 
coefficient of earth pressure at rest K0 is 
assumed to be equal to 1 - sin (Bishop 1958) 
then a simple calculation shows that the 
stress level (o ', -03) in the oedoireter is 50% 
of the stress level (Oi-03) at failure in a 
drained test having the same value of O3 , 
irrespective of the value of <J>' . The good 
agreement between the 50% stress level creep 
tests and the oedometer tests in Fig. 9 is 
therefore not fortuitous and is also consis
tent with the very small changes in lateral 
strain deduced for tests H2 and H7 from 1 day 
onwards (Fig. 7)*. The facrt that the limited 

*In the creep stage of the Kq tests reported 
by Bishop (1958) , there was no significant 
tendency for K0 to increase vith tine.

instability was observed in both types of 
apparatus is of particular importance.

At 10 days, the axial strain rates due to 
creep observed on the Pancone Clay are about 
10 times greater them those of the corres
ponding tests on London Clay (Figs. 4 and 9). 
From IOO days onwards, the two groups of 
curves show a tendency to converge. However, 
account must also be taken of the dependence 
of creep rates on the absolute magnitude of 
stress, as well as on stress level expressed 
as a percentage of the stress difference at 
failure. This aspect of creep awaits detai
led investigation, although the close agree
ment between the axial strain rates observed 
in the oedometer during secondary consolida
tion and in the triaxial creep tests at the 
50% stress level permit us to draw some pre
liminary conclusions. On this basis, oedo
meter tests by Murayama and Shibata (1964)on 
undisturbed samples of normally consolidated 
Osaka Clay and by Tan (1967) on undisturbed 
samples of normally consolidated Tilbury Clay, 
may be taken as showing that above the pre
consolidation stress the axial creep rate at 
a given time is independent of the absolute 
magnitude of stress. Below the preconsolida
tion stress the creep rates progressively 
decrease towards zero as the magnitude of 
stress is decreased (though no simple expres
sion exists for the stress level in the oedo
meter for other than normally consolidated 
samples).

DISCUSSION OF RESULTS

(a) Time dependence of drained strength

Controlled strain rate drained tests lasting 
up to 1 month reported by Bjerrum, Simons and 
Torblaa (1958) had indicated that the strength 
of a normally consolidated, undisturbed marine 
clay was independent of test duration, when 
the latter was greater than 1 day. It was 
suggested that the decrease in the Theologi
cal component of strength was, in this case, 
balanced by an increase in cohesion associa
ted with secondary consolidation and the 
additional decrease in void ratio during long 
term shear. On this basis, it might be ex
pected that the strength of the Pancone Clay 
would be almost Independent of time, since a 
large decrease in volume during creep is ob
served (Fig. 7). It would, however, be ex
pected that the strength of London Clay with 

increasing would be time dependent, since 
the creep volume change is very small, and 
that with O', decreasing, time dependence 
would be more marked, since the volume is 
increasing.

The test results obtained so far are not in
consistent with this view, the non-failure 
of the 89% test after 1250 days with C\ ' in
creasing, and of the 76% test after 530 days 
with O3 decreasing being some indication of 
the limited magnitude of the time effect. It 
is of interest to note that the stress levels 
corresponding to the residual strengths* for

*Based on recent ring shear values from 
another London Clay site.
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Fig. 7. Drained creep testa on undisturbed Pancone Clay:CJj constant, <f , increased
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Fig. 8. Strain rate as a function of axial 
strain for various stress levels: 
drained tests on Pancone Clay

Fig. 9. Strain rate as a function of time 
for various stress levels: drained 

tests on Pancone Clay

these two stress paths are 22« and 36% res
pectively .

The present data suggests that on an engi
neering time scale, no more than a small 
part of the drop from the peak to the resi
dual strength can be accounted for by the 
time dependent component of strength.

(b) Time dependence of deformation

While the early part of the strain time plots 
for these two undisturbed clays may be repre
sented with reasonable accuracy by a simple 
logarithmic or power law (for example, Singh 
and Mitchell, 1968), the period over which 
these laws apply closely is limited, in the 
case of the Pancone Clay to 20-30 days, and 
for London Clay to 100-200 days.

The limited instabilities which terminate the 
periods of steadily decreasing axial strain 
are not, in our view, a function of the tes
ting technique or apparatus, but are a signi
ficant characteristic of some undisturbed 
clays under sustained loading. The phenomenon 
is also apparent in long term oedometer tests 
on undisturbed samples of the Lilia Edet Clay 
(Lo, 1961), but is absent from tests on re
moulded clay. The associated volume changes 
observed in the creep tests suggest that these 
observations reflect a fundamental modifica
tion in soil structure.

The fact that for the normally consolidated 
soil the axial strain rates in the oedometer 
and in the more complex creep apparatus are 
in close agreement provides a convenient ex
perimental basis for predicting creep rates 
in practice.
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Time Days

Fig. 10. Long term oedometer tests on Pancone Clay
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