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SHEAR STRENGTH OF NORMALLY CONSOLIDATED CLAYS

LA RESISTANCE AU CISAILLEMENT DES ARGILES CONSOLIDEES NORMALEMENT
COMPOTUBAEHUE CABUT'Y HOPMANBHO YNIOTHEHHBIX MJIMH

T. BERRE and L. BJERRUM,Norwegian Geotechnical Institute, Oslo, Norway

SYNOPSIS. In the paper are summarized results of an experimental study of normally consolidated clays
carried out on samples consolidated at the same pressure as they carried in the field. Traxial and simple
shear tests of this type have shown that the clay can sustain a shear stress in addition to the in-situ value,
undergoing relatively small deformations provided the shear stress does not exceed a certain critical value.
It is this critical shear stress which governs the vertical pressure a clay can carry with small settlements,
the so-called quasi-preconsolidation pressure, and it also represents the maximum shear stress which can be
mobilized under undrained conditions. The tests have furthermore shown that the critical shear stress is
anisotropic, as its value varies with the direction in which the shear stresses are applied, relative to the
direction of the in-situ shear stresses. The critical shear stress depends, in addition, on the rate at which
the load is applied. Tests with different types of clays have shown that the ratio of critical shear stress and
effective overburden pressure is a characteristic parameter of a normally consolidated clay. In general, the
critical-shear stress ratio increases with the plasticity of the clay.

INTRORUCTION pressure, p_, which the sample carried in the field,
and that. the ratio pc/p is approximately constant

A fEw years ago it was disoovered that triaxial tests with depth (Bjerrum, ?967) .

on kamples :of normally evnsolidated clays, which .

prier to shearing wene consolidated at the same When a normally consolidated clay of this type is

stresses as they carried in the field, lead to stress- subjected to additional shear stresses, the deformat-

strain properties which are more representative of ion increases rapidly when a certain critical value

the behaviour of the clay in the field than those ob- of the shear 'stress is reachied, and 1t ¥s thiy critical

tained from unconsolidated undrained tests, or ob- shear stress which governs the shear stress which

tained from tests on samples consolidated at stresses the clay carn carry in the field under undrained con-

exceeding the field stresses. Since then a large ditions. The properties of this critical shear stress

humber of tests of this type, including clays from are discussed below.

different localities, have been carried out. In this

paper the behaviour of thz clays observed in this type The clays used for the laboratory tests described in

of test is described, and the results obtained with this paper were all late glacial or post-glacial nor-

different types of clays are compared. mally consolidated clays. A list of these clays

along with their index properties can be found in
Table I. The samples were mostly taken from

TYPE OF CLAY CONSIDERED depths ranging from 5 to 12 m, which is deep enough
to come beslow the upper dried or weathered crust
The clays considered in this paper can be classified and shallow enough to permit samples to be taken
as normally consolidated, since they never have with a low degree of disturbance. As an example
been subjected to effective stresses which are signi- the results of tests carried out with a plastic clay )
ficantly higher than the present effective stresses in from Drammen will be used. The properties of th}s
the field. Conatrary to the "young” normally consoli- clay has been previously described in various puhli-
dated clays, the considered clays are "aged”, i.e., cations (Bjerrum, 1967). The general validity of
they have carried the present effective overburden the observed properties wi-1 be illustrated by com-
pressure over a considerable period of time. The paring the properties observed on the Drammen clay
secondary consolidation the clays have undergone with those found on clays from othzr locations.

during this period of aging has resulted in develop-
ment of a reserve strength and a reserve resistance
against a further compression. A characteristic
feature of these clays is that in a consolidation test
they show a quasi-preconsolidation pressure, p_,
which is higher than the effective overburden
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SAMPLING AND TESTING PROCEDURE

The sampling was done with a 95 mm thin-walled
fixed piston sampler which has been described by
Berre, Schjetne and Sollie (1969). The field invest-
igations included measurement of pore pressures
at various depths by piezometers, so that the verti-
cal effective stresses could be calculated. The
horizontal effective stresses in the field were in
most cases assumed to be equal to 0.5 p . During
the study a method was developed for in-situ mea-
surement of the horizontal stresses (Bjerrum

and Andersen, 1972). Tests carried out at the
sites from which samples had been taken, indicated
that a K,-value of 0.5 (as used in most of the tests)
was somewhat too low, especially for clays of high
plasticity. A few comparative tests indicated, how-
ever that the effect of assuming Ko to be 0.5 in-
stead of 0.6 was small.

The samples were mounted into the triaxial cell,
the simple-shear, and the consolidation apparatus,
following a procedure described by Landva (1964)
and Berre (1969). The triaxial specimens were
prepared with a diameter of 8 cm and a height of

13 cm. After being placed in the triaxial cell, the
specimens were consolidated under the in-situ
stresses, p, and Kgpo, thestresses being applied in
three or four steps. The samples were then left for
some days before shearing. The shear test was
mostly carried out as so-called constant rate of
strain tests. Some tests were carried out by apply-
ing the shear stresses in small steps by dead
weights. In conventional tests the time to failure
was roughly two hours. Two different types of
tests were carried out, compression and extension
tests. In the compression test the vertical stress
was increased and in the extension test the vertical
stress was reduced, the horizontal stress being
kept constant in both types of tests.

The simple shear device has been described by
Bjerrum and Landva (1966). The specimens have
a diameter of 8 cm and they were prepared with a
height of 1.5 cm. After being placed in the appara-
tus, the specimen was consolidated under a vertical
pressure equal to the effective overburden pressure
in the field. The shear test was carried out as con-
stant rate of strain tests; the time to failure was
about 4 hours. The shear tests were performed at
constant volume, which for saturated clays should
correspond to undrained shear tests.

The consolidation tests were carried out with speci-
mens having a diameter of 8 cm and a height of 2
cm. Most tests were performed by applying a load
increment once a day.

SAMPLING DISTURBANCE

As a result of the inevitable disturbance during a
sampling, any sample undergoes volume change
when subjected to the field stresses in laboratory
tests. The more disturbance the sample has suffer-
ed, the greater the volume change. In Table I are
listed volume changes observed at end of consolidat-
ion expressed as a percent of the total volume of the
samples, AV_/V_. As seen from thavalues in the
table, the volume change increases from 1.6% in
the most plastic clay to 2-4% in clays of low plasti-
city, which indicates that samples of clays of low

plasticity are somewhat more disturbed than
samples of highly plastic clays.

During sampling the clay is subjected to shear de-
formations and thus a distortion of the original struc-
tural arrangement. This distortion is greatest in the
outer zone next to the sample cylinder and smallest
in the central part of the sample. However, after
the sampling, the relatively undisturbed central part
of the sample may suffer from a swelling, as it ab-
sorbes water from the outer, more disturbed zonel).
The negative pore pressure in the sample is thereby
reduced. If the straining, caused by a combined
effect of the shear distortion during sampling and the
subsequent swelling, exceeds a certain value, the
structural arrangement of the central part of the
sample will be so much distorted that when the field
stresses are applied in a triaxial test, it will not re-
store its original shape. When the stresses are
applied, some contact points will be overstressed
and fail, and first after some straining and volume
change the structure has obtained a stability suffici-
ent to carry the field stresses again. The deformat-
ions connected with sampling are probably smaller
and the degree of disturbance for a certzin amount of
deformation lower, the higher the plasticity of the
clay. The reason for this is probably that a plastic ~
clay is more cohesive than a lean clay.

THE CRITICAL SHEAR STRESS

In Fig.1l is shown a typical result of an undrained
triaxial compression test on a sample

of the plastic clay in Drammen, maximum shear
stress in the sample 3(0_ - 0_) divided by effective
overburden pressure in the field, Pp..» being plotted
against axial strain. The curve sta%ts at the field
shear stress T /p = %(1 -K ) and, as seen, the
sample can carry an additional shear stress without
substantial straining. When the shear stress ratio
reaches a critical value of about 0.37, the deforma't-
ions start to increase, and the sample fails in un-
drained shear.

Fig.1 also shows the results of a drained triaxial
compression test, i.e. a test where the vertlcal
stress is increased and the radial stress kept con-
stant. A comparison of the two types of tests shows
that the initial parts of the curves are very similar.
They rise steeply and reach both of them a critical
value of the shear stress ata -r/po-ratio somewhat
lower than 0.40. An increase in shear stressbeyond
this value is accompanied by failure of a large num-
ber of contact points and thus large deformations.
Under undrained conditions the failures of the con-
tact points are accompanied by a further development
of pore pressure, a further reduction in average ef-
fective normal stress, and thus a reduction in fricti-
onal resistance. The critical shear stress reoresents
thus the maximum shear stress which can be mobi-
lized under undrained conditions. Under drained
conditions the straining beyond the critical value
is accompanied by a tendency for the clay to con-
solidate. The reduction in volume means an in-
crease -in true cohesion. In addition, the average
effective normal stress and thus the .frictional
component will increase. The shear stress

can thereforebeincreased beyond the critical value.

1) This problem has been studied in detail by
Schjetne, and the results will be published in

a separate paper
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Fig.1 Results of a drained and an undrained triaxial
test on samples of the plastic clay in
Drammen.

Fig.2 shows a comparison between a drained triax-
ial compression test and a consolidation test carried
out with no lateral deformation. The consolidation
test in Fig.2 is labelled " K_-test”, and it was
carried out as a drained tridxial test in which the
vertical load was increased in steps, and simultan-
eously the lateral pressure was increased so that
the cross-section of the sample remained constant.
The result of such a test is very nearly identical to
that of a standard oedometer test.

The consolidation curve shows the well known shape
with a bend occurring at a stress level somewhat
greater than the field stresses. Expressed in
terms of shear stresses, the K _-test shows that the
shear stress can be increased from an initial value
of 0.25 p, to about 0.40 p, before the deformation
starts to increase. Expressed in terms of the
major principal stress, as usually done, the stress
at which the consolidation curve bends corresponds
to a value of p. of about 1.5 p,. The drained triax-
ial test shows about the same stress-strain beha-
viour as the K -test with a steep rise and a sharp
bend, which is reached at about the same critical
shear stress for the two types of tests.

From the test results shown in Figs. | and 2 we
thus learn that the initial part of the stress-strain
curve of an undisturbed plastic clay from Drammen
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Fig.2 Results of a K, -triaxial test and a drained
triaxial compression test on two samples
of the plastic clay in Drammen.

is characterized by a rather steep rise followed by
a sharp bend, reached at a relatively small strain.
A clay of this type can thus sustain a shear stress
in addition to the in-situ value without significant
deformations and volume changes, provided it does
not exceed a certain critical value. This "critical
shear stress” governs the vertical pressure the clay
can carry without settlements, the so-called quasi-
preconsolidation pressure, or the p.-value observed
in the K -test or in standard consolidation tests.
The critical shear stress also governs the undrained
shear strength which can be mobilized in compres-
sion.

In Fig. 3 the drained and undrained stress-strain
curves for samples of the plastic clay from
Drammen consolidated at the field stresses, are
compared with the corresponding curves for samples
which before shearing were consolidated at a pres-
sure greater than the field stresses. The last-
mentioned curves, which represent the properties
of a "young” normally consoclidated clay, show no
sign of the behaviour observed on the samples con-
solidated at the field stresses, thus proving that the
behaviour characterized by the existence of a criti-
cal shear stress reached at small strains is the re-
sult of changes which have occurred since the depo-
sition of the clay. From previous studies of the
compressibility of the clay it is known that these
changes are due to secandary consolidation occur-
ring during and after the deposition of the clay.
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Fig.3 Comparison of stress-strain curves observ-
ed in drained and undrained tests on samples
of the plastic clay from Drammen of which
(a) were consolidated at p_ and Kgpo, (b)
were consolidated at 2.5 p, and K 2.5 P,

The critital shear dirass thus reflects an increased
stability of the Structural arrangermant of the par-
ticles obtained a8 a consequence of a secondary
consolidation, Furthermore, it has been estab-
lished that the reserve resistance p.-p,, which a
clay has gained during a period of secondary con-
solidation, increases proportionally with the effec-
tive overburden pressure, p,, which the clay
carried during that period. From this can be con-
cluded that in a2 homogeneous clay deposit, 7
is a constant.

er/Po

Compared with unconfined compression tests, tri-
axial tests on samples, which before shearing
were consalidated at the field stresses, show pro-
perties which are believed to be more representa-
tive of the field conditions., Fig.4 illustrates the
difference between the two types of tests. This
figure shows the results of two undrained triaxial
compression tests on two samples of the plastic
clay from Drammen, both carried out at the same
relatively rapid rate. One of the samples was
tested in an upconsolidated condition, the second
was consolidated at the field stresses prior to
shearing. The shear strength observed at failure
in the undrained test on the unconsolidated sample
was found to correspond to a 7__ /pgy-value of 0. 30,
whereas the specimen consolidated at the in-situ
stresses showed a value of 0.48. The explanation
of this difference is, as mentioned above, that the
negative pore pressure set up when the sample was
unloaded from the in-situ stresses, has disappear-
ed, partially or completely. The effective normal
stresses in the sample are therefore smaller than
they would have been had the test represented the
conditions in the field. On the other hand, the
sample reconsolidated at the field stresses has
the correct effective normal stresses and thus the

correct frictional contribution to the shear strength.

Provided the reduction in water content resulting
from the consolidation at the field stresses is not
too large, the results of a shear test with such a
sample should give a fair representation of the be-
haviour of the clay in the field.

During the testing programme described in this
paper, it was.discovered that the time of consoli-
dation also had some influence on the results.
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Fig.4 Comparison of undrained triaxial compres-

Fig.

sion tests carried out on two samples of the
plastic clay from Drammen of which (a) was
not consolidated before testing, (b) was con-
solidated at the field stresses, p_and K p_,

. o oo
before testing.

5 shows the results of two triaxial compression

tests carried out on two parallel samples of the

plastic clay from Drammen.

Both samples were

consolidated at the field stresses, but, whereas the
time of consolidation of one of the samples was 4
days, the other sample remained for 70 days before

the
two
ion

shear test was carried out. /A comparison of the
curves shows that the longer time of consolidat-
has resulted in a more brittle behaviour ; the

peak is reached at a smaller strain and the decrease

in s

hear stress after failure is more pronounced.

It may be that the test with the leng consolidation
time to a greater extent has restored its original
structural arrangement, and that it therefore is
more representative for the field behaviour than the
test with the short time of consolidation.
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Fig.5 Comparison of the stress-getrain curves ob-

served in undrained triaxial compression
tests carried out on two samples of the plas-
tic clay from Drammen of which (a) was con-
solidated over a period of 4 days, (b) was
consalidated over a period of 70 days.
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Both tests were carried out at a rate of strain of
0.0040 percent per hour.
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In the past, the fear has been repzatedly expressed
that a recencolidation of a soft clay to its original
streeses would, as a result of gampling disturbance,
cause a reduction in water content accompanied by a
gain in strength, so that the shear resistance ob-
tained from such a test would exceed the value that
can be mobilized in the field. Although it is in prin-
ciple correct that a reduction in water content is .
accompanied by a gain in true cohesion, the error
thus introduced is small compared with the error
involved in testing the unconsolidated clay, i.e. with
the effective normal streases being gmaller than
those in the field. The mast important effect of a
sampling disturbance is the destruction of the origi-
nal structural arrangement of the clay gained during
hundreds or thousanfls of years of secondary con-
solidation being characterized by the presence of a
critical shear strength which is reached at a small
strain. A disturbed and reconsolidated sample of a
clay with such properties will show a reduction in
strength and an increase in strain at failure, and the
more disturbed the sample, the more pronounced
this effect. This fact is illustrated in Fig. 6, which
shows the value of 7., /p, observed in a series of
undrained compression tests plotted against the
volume change the samples underwent when they
were consolidated at the field stresses.

In conclusion, when following the procedure out-
lined above, the net effect of a sample disturbance is
a change in properties of the clay in the direction
from that of an "aged” to that of a "young” clay, see
Fig.3. Compared with the field behaviour, a dis-
turbance will mean a lower value of the critical
sheéar streas ratio 7__/p, and a larger strain at
failure,
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Fig. 6 Relationship between volume change, occur-
ring when consolidating at the field stresses,
and critical shear stress observed in un-
drained compression tests on plastic clay
from Drammen.
ANISOTROPY

Fig.7 shows the results of two undrained triaxial
tests carried out at equal rates on two identical
samples of the plastic clay from Drammen, after
they were consolidated at the field stresses, One
of the tests is a compression, the other an extens-
ion test carried out by keeping the lateral stress
constant and reducing the axial stress. During an
extension test, the initial shear stresses are first
reduced to zero. The shear stresses are subse-
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Fig.7 Stress-strain curves observed in two un-
drained triaxial tests on samples of the
plastic clay from Drammen, (a) compression
test, (b) extension test.

quently increased in the oppasite direction. As seen
from the diagram, the clay in an extension test does
not show the same brittle behaviour as observed in
compression tests. The stress-strain curve result-
ing from an extension test is more gently curved and
it does not show a pronounced peak. Due to the diffi-
culties involved in defining a failure value from the
extension tests which is directly comparable with the
peak observed at relatively small strains in compres-
sion tests, the value of the so-called 7, has arbitra-
rily been selected to be the shear stress at 2% axial
strain.

With this definition the critical shear stress observed
in the extension test in Fig.7 is as low as about 0. 16
po compared with the value 0. 40 p, observed in the
compression test. The anisotropy expressed as the
ratio of 7 /p, observed in a compression and an ex-
tension test is thus 2.5 for the plastic clay from
Drammen.

The pronounced anisotropy of normally consolidated
clays obviously reflects that these clays have an an-
isotropic structure. This fact is understandable,
since the clay structure has adapted itself in such a
way that it can carry the anisotropic state of in-situ
stresses, p, and K, p,. If the shear stresses are in-
creased in Sxe same direction as the in-situ stresses
were acting, full benefit is made of the shear resist-
ance and especially the frictional resistance already
mobilized in the field. A minimum value of the criti-
cal shear stress will be found if the shear stresses
are applied in such a way that they become reversed
relative to the field stresses. With respect to the an-
isatropy, it should be mentioned that the validity of
the above comparisan between triaxial compression
and extension tests depends oa the degree to which
the results are influenced by the value of the interme-
diate principal stress which, in the compression and
extension tests, is equal ta the minor and the major
principal stresses respectively.
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EFFECT OF TIME

Fig 8 shows the rasults of a geries of undrained
triaxial compression tests on the plastic clay from
Drammen carried out af different rateg of loading.
The fastest test is carried out at a rate of strain of
about 35% per hour, which corresponds approxima-
tely to the rate usually applied in standard in-situ
vane tests, whereas the slowest test is carried out
at a rate 25.000 times slower, which corresponds to
a rate of loading similar to that in practice. Itis
immediately observed from the curves that the un-
drained shear strength is greatly influenced by rate
of loading.
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Fig. 8 Results of a series of undrained triaxial
tests on samples of plastic clay from
Drammen carried out at different rates
of strain.

Fig.9 surnmarizes results of a comprehensive study
of effect of time on the undrained shear strength of
plastic clay fromm Drammen. In a semi-logarithmie
diagram the value of the critical shear stress is
plotted against the time to failure. The critical shear
stress is expressed relative to the value observed

at standard rate of loading with a time to failure of
140 minutes. The test results plotted in the figure
include in the first place tests on samples consoli-
dated at the field stresses. But in the second place
are also included results of a series of tests on
samples consolidated at a pressure well above the
field stresses (2.5 p, and Kn 2.5 po, and in the third
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Fig,9 Relative value of critical shear stress
observed in undrained triaxial compression
tests on samples on the plastic clay from
Drammen, plotted against time to failure.

place were plotted results of a series of overconsoli-
dated. samples. As observed all results plotona
single curve which clearly illustrates that the effect
of time is most pronounced in the range of loading
normally applied in laboratory tests, but decreases
as time to failure increases.

A more comptete pictlure of the stress-strain-time
behaviour of the plastic clay irom Drammen within
the range of small strains is presented in Fig. 10,
showing the correlation betwecn shear-sfress level,
shear strain and rate of shear strain. The diagram
in Fig. 10a was obtained from undrained compression
tests, an the diagram in Fig.10 shows the corre-
sponding correlation found from drained compression
tests / A compaaiison of the diagrams in Figs. 10a
and 10b shew that they are very similar, thus indi-
cating that the stress-strain-time behaviour is ap-
proximately the same for drained and undrained
conditions,

From such a diagram it is possible roughly to esti-
mate shear strain and rate of shear strain for any
stress-time path in a triaxial compression test. For
instance, when the clay is subjected to a constant
rate of strain test, the behaviour can be observed
from the diagram directly; the shear strain increas-
es approximately exponentially with the shear stress,
resulting in a sharp bend of the stress-strain curve.
The critical shear stress reached when the curve
bends increases approximately linearly with the loga-
rithm of the rate of strain applied. Furthermore,
the diagram illustrates that the rate of shear strain
increases exponentially with an increase in shear
stress provided.the change in strain is insignificant.
Finally, the diagram permits an evaluation of the
decreasing rate of straining for a constant shear
stress, as the result of a mobilization bf additional
frictional resistance with further straining,

*) For the drained compression tests the vertical
stress was increased and the horizontal stress
kept constant.
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EFFECT OF A CONSOLIDATION OR SWELLING
ON THE STRESS-STRAIN PROPERTIES

It was mentioned above that the critical shear stress
observed in triaxial drained, undrained and K-
tests was nearly identical. This means that in
tests carried out at conventional laboratory rates,
the initial part of the shear stress-shear strain
curves, including the value of the critical shear
stress, are practically independent of the average
effective normal stress, This finding is further
illustrated in Fig. 11, which shows "constant shear
strain contours” for drained triaxial tests in a plot
of shear stress versus average effective normal
stress.

Shear strain,y, is here defined as the difference
between vertical and horizontal strain. Fig. 11

also shows typical effective stress paths for diffe-
rent types of drained tests and paths for an undrain-
ed compression and an undrained extension test,
both loaded at about the same rate as the drained
tests. It is seen that the shear strain contours are

45

nearly horizoatal to the right of the stress paths for
the undrained tests. This finding also means that
the shear strains will not be much influenced by a
small drainage for cases where pore pressure dissi-
pation increases the average effective normal stress
( consolidation), as is the case for most foundation
problems. For cases where pore pressure dissipat-
ion decreases the average effective normal stress
(swelling), the shear strain clearly tends to in-
crease at constant shear stress for the compression
case. For the extension case, shear strain con-
tours have not been determined to the left of the
stress path of the undrained test. It is assumed,
however, that they will be inclined as for the com-
pression case and that the shear strain will, there-
fore, increase if a pore pressure dissipation leads
to a reduction in the average effective normal
stress.



1/6

Critical shear stress
line for compression tests

- % 4 -
0.5 0,'ncreased, ¢ constant /‘,ij/{ IR
%-9, o e
2p, e / Kn. test
Q& ¢ ——=== ———— 2.0
Ogconstant, o, decreased — o 2= g0 und.-q.r?:a —’v:,\
o ~-:if'6r_ﬁpr(ssnon 1est
S /
0.3 /);;//{////E\\ ™ / :
’ (04-0,)constant / / P = - = 1
A 4 Z o - S S _ (04~ 6, ) constant
\ L [/ NN L~ /
=
7 LY N 1.0
0.2 - (‘.1/ Start of shearing — /,/'l r\\x
N0 £ y
N 4 \
,_\\V V4 \ N\
: Stow undrained o
extension test ——0m — .7 ,\/ =
o
O,y + 20;
3P
13
-0
-02
-6.0
-03

o

G, 1ncregsed

Fig. 11 Shear strain contours observed in drained triaxial tests on plastic clay from Drammen, plotted

in a Mohr diagram.

COMPARISON OF DIFFERENT CLAYS

The concepts presented above were discovered so
recently that the new parameters are available only
from seven different clays. These clays are listed
in Table I together with their index properties

{ columns 2 through 5), and the clays are arranged
according to their plasticity indices. (The clays
from ” Bangkok, east” and " Kimola” are from
Thailand and Finland respectively, the others are
from Norway). The table lists the main results of
the undrained triaxial compression and extension
tests (columns?7 through 13). Column 7 gives the
value of K= (¢,./0,) . assumed when the samples
prior to shearing were consolidated at the in-situ
stresses ; column 8 includes the volume changes,
AVe /V, of the samples when subjected to the field
stresses. Columns 9 and 11 give the values of
‘Tcr/po observed in compression and extension
tests, and for the compression tests are also listed
the strain at failure, €, in column 10, Columns
12 and 13 give the value of the shear strength para-
meters @’ and ¢’ in terms of effective stresses
observed at ultimate failure.

The table also includes the value of Tcr/Po observed
in simple shear tests {column 14) and values of
p./Po and C /(1 +e,) found from standard consoli-
dation tests {columns 15 and 16). Columns 17 and
18 give K,-values determined from K -triaxial
tests and [rom tests in-situ, as described by
Andersen and Bjerrum (1972). Finally, columns
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19 and 20 list the undrained shear strength observed
by in-situ vane tests, the values being cxpressed by
the ratio Su/Po- Column 19 gives the ratio obtained
from the directly observed strength valucs. In
order to permit a comparison with the results of the
laboratory tests it is necessary to correct them to
the same rate of loading. The resulting valucs

after this correction are presented in column 20.

From the table it is directly observed that the
sampling disturbance as evaluated from the volume
change which took place when the samples were con-
solidated to the field stresses, is grcater the less
plastic the clay. It can also be read that the lower
the plasticity of the clay, the smaller the failure
strain, cr.

The most obvious result of a comparison of the
different clays is that the value of the critical shear
stress ratio 'rm_/po increcases with the plasticity of
the clay, irrespective of whether it is observed in
triaxial or in simple shear tests, or whether the
tests were carried out as compression or extension
tests. This finding is further illuminated by Fig. 12
in which the various values of the ratio 7../pg are
plotted against the plasticity index of the clay.

From the table it is [urthermore concluded that all
normally consolidated clays show a pronounced
anisotropy and that the less plastic the clay, the
greater is the anisotropy. The ratio of 7 x_/po
observed in compression and extension tests thus
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varies from a value of about 2 in the highly plastic
Bangkok clay, to about 5 in the lean clay from
Drammen. The correlation between the plasticity
index of a normally consolidated clay and its aniso-
tropy is further illustrated in Fig. 12, showing the
values of Tcr/Po observed in compression and ex-
tension tests. Although the available test results do
not cover the complete range, they certainly indicate
that the 7__/p, values observed in compression and
extension tests are related to the plasticity of the
clay and that the anisotropy expressed by their
ratio increases for decreasing plasticity index of
the clay.

Tahle I also includes results of constant volyme
simple shear tests, expressed as the ratio of Tcr/po:
where 7. is equal to maximum horizontal shear
stress. For comparison with the results of the
triaxial tests, the values are also plotted against
the plasticity index in Fig. 12. As observed, the
simple-shear tests show values of 1__/p, which
are generally close to the average of those measur-
ed in triaxial compression and extension tests.

-

1.00
T'cr/po
0.80 |— Triaxial compression tests
-
0.60 |—
'
- , Simple shear tests
0.40 I s — - —
—-—
Probable values
% 5 1
/ of ‘o =—(1-K
0.20 |- ® /o oy 3 1Kol
in the field
0 | | |
-0.20
-0.40
Triaxial extension tests
-0.60 ' ' ' '
0 20 40 60 80 100

PLASTICITY INDEX

Fig.12 Correlation between plasticity index and
values of Tcr/po observed in undrained
triaxial compression and extension tests
and in simple-shear tests on normally
consolidated clays.

A comparison between the corrected vane shear
strength and the results of the laboratory tests
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shows that the vane strength is roughly equal to the
average of the values obaeryed in the three types of
laboratory tests. It is also observed that the ratios
of the shear strength observed in compression and
extension tests toithe vane strength are of the order
of 1.7 and 0. 6, thus demonstrating the importance
of the anisotropy on the undrained strength of nor-
mally consolidated clays.

THE SECANT MODULUS

All tests referred to in this section are undrained.
The secant modulus for triaxial tests, E, is defined
in Fig. 13a. The secant modulus for simple-shear
tests, G, is defined in Fig. 13b. Fig. 14 shows how
E varies with stress level below Tcr for a triaxial
compression test on plastic clay from Drammen
when time to failure was about two hours.

TOTAL AL
VERTICAL
STRESS Slope of this line is
equal to secant modulus,
E, at point A
a) \
VERTICAL DEFORMATION
SPECIMEN HEIGHT
}
HORIZON -
TAL SHEAR S| f this line i
ope o is line is
STRESS equal to secant modulus,
G,at point A
b)
HORIZONTAL DEFORMATION
i SPECIMEN HEIGHT

Fig. 13 Definitions of secant modulus; (a) for
triaxial tests, (b) for simple-shear tests.

The value of E and G at 50% reserve strength are
denoted Egqg and Ggg, the reserve shear s’trel:xgth
being equal to (T, - To). InFig.15 Egq/pgq 18 plot-
ted versus time to failure for the compression triax-
jal tests in Fig. 8. Itis seen that ESQ/PO decreases
drastically with increasing time to failure.

Table II gives values of E50/po and Ggg/po for the
same clays as in Table I. The values are from
tests where time to failure was a few hours. Itis
seen that E50/p° is about the same for compression
and extension triaxial tests. Table II also gives
values of E;O/Gso, the values of E5q being taken
from triaxial compression tests. This ratio varies
from 2.7 to 6.5 with an average value of 4.0. For
an isotropically elastic material, the ra_tio between
Young’ s modulus and modulus of shear is equal to 3,
if Poisson’s ratio is equal to 0.5.
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Fig. 14 Variation in secant modulus with stress level
for an undrained triaxial compression test.
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Fig. 15. Variation in secant modulus with rate of load-
ing for undrained triaxial compression tests.

E.,/p G.o/P

SITE 50/ Yo 50" Yo ESO

Triax, |{Triax.| Simple |G
compr jextens,| shear 50
BANGKOK, east 160 110 35 4.5
KIMOLA 330 300 105 3.1
DRAMMEN (plastic) | 235 210 65 3.8
SUNDLAND 165 - 65 2.6
VATERLAND 335 335 65 5.1
STUDENTERLUNDEN]| 350 250 55 6.5
DRAMMEN (lean) 260 275 95 2.7

Table II. Values of secant modulus at 50% mobili-
zation of reserve shear strength
(undrained tests).



CONCLUSION

The 4bove described experimental study of the pro-
pertigs ot normally consolidated clays has demon-
strated that a realistic picture of the stress-strain
behaviour of this type of clays is only obtained if
the tests are carried out with samples consolidated
at the same pressures as they carried in the field.
Tests of this type have shown that the initial part of
the stress-strain curves of such clays is character-
ized by a rather steep rise followed by a sharp bend
reached at a relatively small strain. This means
that the clay can sustain a shear stress in addition
to the in-situ value without significant deformations,
provided it does not exceed a certain critical value.
It is this ” critical shear stress” which governs the
vertical pressure the clay can carry without settle-
ments, the so-called p_.-value observed in standard
consolidation tests, and it represents the maximum
shear stress which can be mobilized under undrain-
ed conditions.

The critical shear stress observed at small strains
reflects an increased structural arrangement of the
particles obtained as a consequence of the delayed
consolidation which has occurred since the clay was
deposited. Ttiaxial compression and extension
tests and simple-shear tests have demonstrated
that the clays in the range of small strains show the
following significant properties:

(1) The ratio of the critical stress to the effective
overburden pressure 'Tcr/po observed in com-
pression tests is approximately constant in a
homogeneous unweathered clay depasit. The
greater the plasticity index of the clay, the
higher the value of Tcr/Po'

(2) The stress-strain property is an anisotropic

property, as it varies with the directionin

which the shear stresses are applied, roiative
to the direction of the in-situ stresses. The
maximum value of Tcr/PO is thus obtained
when the stresses are increased in such a way
that the shear stresses act in the same direct-
ion as the in-situ shear stresses; the mini-

mum value is obtained if the shear stresses ar¢g

applied in the opposite direction.

(3 The stress-strain property depends )
on the rate at-which the stresses are applied.
The critical shear stress is thus not a con-
stant, but depends on the rate at which the load
is applied.
(4) The initial part of the shear stress-shear
strain curve and the critical shear stress
are approximately the same for drained
compression, undrained compression, and
Ky-triaxial tests carried out at conventio-
nal laboratory rate of loading.

The above described properties of the normally con«

solidated clays observed in laboratory tests on
samples consolidated at the field stresses are be-
lieved to be in general agreement with the behaviour
of the clays when they are subjected to a change in
stresses in thé field. This fact is further discussed
in two recent papers (Bjerrum, Clausen and Duncan
1972 ; Bjerrum, 1972), dealing with the earth pres-
sure problem and the bearing capacity and settle-
ments of soft clays.
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