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discussion by Morgenstern at the A.S.T.M. Symposium on
sampling of soil and rock (Toronto 1970). He suggested
that in certain cases, perhaps the remolded strength of
sensitive soils is what engineers should be using. The
author would agree that for the long term undrained cése
the sensitivity of a soil cannot be relied upon. The peak
strength of the sensitive soil may be utilized only if
immediate drainage is ensured to avoid the increase of

pore water pressure with time which would bring the soil

to the failure state.

6.4 Rates of Shear Testing

It has been shown that the perménent, or plastic
_strains under load.are time dependant (Chapter 5). In the
standard triaxial test ('R' or 'Q') the strain is increased
at a reasonably constant rate, and the deviator stress on
the sample gradually increases untilrfailure occurs.

If the rate of testing is very high, collapse of
the so0il structure will not occur to any great degree, and
the soil will behave almost perfectly elasticaliy‘(Fig. 28)
A typical path mignt be a-c. ’

If the rate of testing is slow, the soil structure
partially collapses and a typical stress path a-b results.
The stress path moves towards the origin with increasing
time to failure. Casagrande and Wilson (1951) showed that

the undrained shear strength decreases linearly with log.
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time to failure.

For large times to failure, the stress path for
constantly increasing loads, tends to a constant position
because, as more structural collapse occurs, more dilatancy
is necessary before shearing can take place between the
soil grains (see Chapter 5.6). For this reason the stress
path for constantly increasing loads can never coincide

with the stress path under sustained load.

5k
V205

Fig. 28 Effect of Rate of Loadings on Stress Path
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Underx sustaiﬁed loads the pore water pressures
gradually increase with time (path d.e.) until failure
occurs. However, if the load is increased before fail-
ure, the sample dilates and the negative pore water
pressures result in an apparent increase iﬁ the strendth
of the soil. (path e.b.)

This is illustrated by the samples which are
tested for strength after repeated loading. They all
returnea to the original stfess path. (Fig. 24). The
author considers tnis stress path to be typical of a
constantly increasing load only. The strength of a soil
in the undrained condition may be determined from a test
at a sufficiently slow rate of loading, that the major
proportion of possible collapse of the grain structure
"occurs at a given applied stress level. This would mean
test rates to give failure in say 7 days or longer.
Sustained load tests are preferable for accurate determination
of the true undrained strength.

Triaxial test rates are therefore limited more by
the characteristics of the soil structure under~lQad‘than
by the necessity to equalize pore water pressures. The
sensitivity of a clay soil may be taken advantage of
providing the type and rate of loading are carefully
controlled, and an appropriate stress path is used for the
study. There is no unique effective stress path for a

particular sensitive soil sample.



SUMMARY AND CONCLUSIONS

When a repeated or sustained deviator stress is

applied to an undrained normally consolidated, clay
sample,under”triaxial conditions, the axial strains
and pore water pressures continue to increase with

time.

The sample subjected to a repeated or sustained

deviator stress fails at a stress level consider-
ably lower than the compressive strength of the
scil as obtained from a standard strain controlled

test ('R' test).

The level of repeated or sustained deviator stress
at which the soil fails is termed the critical

stress level.

The research data shows that the level of repeated or susﬁained
stress at which the soil fails (Critical Level) varies wjth the
time of loading; for example, . for arduration and
interval of 1 minute, the natural silty clay samples
failed at 0.806S after 60 minutes of repeated load-
ing, 0.590s after 1000 minutes of repeated load-

ing, and 0.500s after approximately 10,000 minutes

of repeated loading.
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For small deviator stresses (zero to 0.370S for
the natural silty clay) a small increase in the
repeated or sustained deviator stress produces
mainly an elastic, (and recoverable) increase in
the strains and pore water pressure after 1 day
under load. This may be termed the region of

lelastic' behaviour of the soil.

For repeated and sustained deviator stresses
greater than 0.370S a small increase in the
repeated or sustained deviator stress, after 1
day, produces mainly a plastic (énd permanent)
increase in the strain and pore water pressures.
This may be termed the region of 'plastic’

behaviour of the soil.

Repeated loading at stress levels within the region
of elastic behaviour has no effect on the clay.
Tne deformations and pore water pressures depend

only on the time under load.

Repeated loading within the region of plastic
behaviocur produces axial strains and pore water
pressures greater than those under a sustained
load of the same magnitude. The critical stress
level under repeated loading is lower than that

under a sustained load.
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The axial strain due to repeated loading may be
divided into two components;
a) An elastic or recoverable component (Aee) due

to the elastic compression of the soil structure

uncder load.

b) A plastic permanent component (Aep).

Tne generated pore water pressures can be divided

into two distinct components:-

a) A recoverable component (Aue) due to the
elastic compression of the soil structure under
load. The recoverable pore water pressure is
equal to 4 of the applied deviator stress, as
is predicted by elastic theory.

b) A permanent component (Aup) due to the collapse

of the soil structure under load.

For values of repeated and sustained deviator stress
within the 'elastic' range the recoverable component
of pore pressure (Aue) is proportional to the
recoverable strain (Aee), and permanent pore water
pressure (Aup) is proportional to the permanent

trai A .
strain ( ep)

The linear relationship between Aup and Aep is
explained by a time dependanﬁ collapse of the
bonded grain structure, resulting in a transfer of

grain to grain stresses to the pore water with a

corresponding straining of the soil.
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For greater values of stress (0.37 to l.Oos)
shearing occurs between the soil grains. Axial
deformation occurring without further pore pressure
increase results in a non linear pore pressure

versus axial strain relationship.

Tne effective stress paths for samples under
repeated or sustained loading differ greatly from
the stress path of a strain controlled test.

With time under load, the states of effective stress

tena towards an equilibrium position.

After a certain time under load, the equilibrium
points for different values of sustained or repeated
stress form lines in effective stress space known

as the equilibrium lines.

In the elastic range of stress, the equilibrium line
is the same for both repeated and sustained stresses.

In the plastic range of stress, where repeated load-

ming-increases the strains and pore pressure, the

equilibrium lines are different for repeated and

sustained stresses.

The axial strain and the effective stresses after
a period of sustained loading of a natural clay
sample are similar to the effective stresses, and
axial strains developed in an 'R' test on a
remolded sample of the same soil at the same water

content.
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19.

The behaviour of a sensitive saturated clay

under locad may be explained by the time-dependant
breakdown of the bonds between the grains of the
soil, causing partial collapse of the soil struc-
ture and a transfer of inter-granular stress to

the pore water.

The strength of a clay sample which does not

fail under repeated or sustained loading is

5 to 10 per cent greater than the strength of a
sample which is not subjected toc a repeated load.
It is likely that the partial collapse of the soil
structure under repeatea loading results in more
interlocking between the soil grains, therefore,
more dilatancy is necessary before shearing

L]

can occur.
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APPENDIX 1

SOURCES OF ERROR IN THE TESTING PROCEDURE

Ls L Area Correction

MThe aimensions of all samples before consolidation
were 3.0" high x 1.4" diameter. During isotropic consolid-
ation of the samples, approximately 7c.c. of water were
expelled and the sample dimensions decreased. The usual
end effects were observed due to friction between the sample
and porous stones (Bishop and Henkel 1957). The average
cross sectional area used in determining the value of the

applied deviator stress was calculated by the formula :-

a=a,(l + é%) * (Bishop and Henkel 1957)

wnere
— = volumetric strain
a = new cross sectional area

a_= original cross sectional area

The dimensions of samples after consolidation
were 2.9" high x 1.37" diameter. No area corrections were
appliea for tne repeated load stage oftesting as strains
were usually small. There would however be a reduction in
applied deviator stress for the samples which approached

failure under higher values of repeated stress.
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1.2 Membrane Strength

Twc Trojan Prophylactics were used to seal the
soil samples against water leakage. The correctipn to
the compressive strength of a sample on account of the
rubber mempranes has been shown to be very small,

(Bishop and Henkel 1957). A typical correction increases
with increasing strain to a value of 0.2 p.s.i. at 10 per
cent strain which is clearly negligible compared with the

measured compressive strength of 34 p.s.i.

a3 Filter brain Strength

Filter paper drains ensure fast equalization of
pore water pressures. Drains for the test series were cut
from Cenco Brand No. 13250 filter paper which has a low wet
" strength The drain was constructed from one piece of filter
paper wrapped around the sample in such a way as £o over-
lap the upper and lower porous stones. Vertical slits were
cut in the paper every i" around the sample circumference.

The effect of the filter paper on the compressive
strength is rather uncertain. It is conceivable that a
rigid cylinder of paper could withstand a high stress, but
in the tests it was observed that buckling of the paper
cccurred during the consolidation stage. It is not
conceivable that such a paper could support any signifi-
cant prcportion of the applied deviator stress therefore

no correction was applied.
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Any error from this cause would be constant for
all tests and would not invalidate comparisons made
petween different modes of load application. The advant-
ages of fast equalization of pore pressures (2.5) oﬁtweigh
any disadvantages due to errors in compressive strength,

and filter drains were used in all tests.

1.4 Membrane Leakage

For many years it has been accepted that a certain
amount of leakage occurs through a rubber membrane. It has
been snown (Bishop and Henkel 1957) that over a period of
nours air passes thréugh the rubber. This is used to
advantage for removing air bubbles trapped between the
membrane and the soil sample. (see Chapter 4).

A certain amount of water will also pass through
the membrane; tests have indicated that the rise in pore
water pressures due to this effect may be of the order of
2 p.s.i. per hour under a net cell pressure of 50 p.s.i.
(Lopes 1970). However, if two membranes are used with a
layer of silicone high vacuum grease between them, the
leakage is reduced considerably. In tests carried out on
Trojan Propnylactics around a stack of saturated porous
stones (Lopes 1970) the leakage resulted in a pcre pressure
increase of 5 p.s.i. after 5 days under a net cell pressure
of S0 p.s.i.

The net cell pressures used in the repeated load

test series were 50 p.s.i. therefore a maximum pore pressure
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increase of 2 or 3 p.s.i. could be expected over a five

day period. This effect is small compared with the
variations in pore pressure due to temperature fluctuations.
No corrections were necessary for membrane leakage as the

undrained tests were generally of only 1 or 2 days duration.

1.5 Pore Water Pressure Equalization and Rates of Testing

Wnhen a stress is applied to an ideal triaxial
sample under undrained conditions, an equal distribution
of pore pressure is found within the sample. Often this
does not occur because of the irregular stress distribution
caused by the friction between the porous stones and the
soil sample. If differences in pore pressures develop,
migration of the pore water from one part of the sample to
- another may occur giving rise to a non uniform sample.

Bishop and Henkel (1957) rightly stated tﬁat the
plotting of test results on the basis of a single measure-
ment of pore pressure is justified only if the testing rate
is cnhosen so that relatively complete equalizaticn can occur.

Gibson cbtained a theoretical relationship between
the 'per cent equalization of pore pressures' and the time
factor 7 = C t/n? wnere C 1is the coefficient of consolid-
ation, t is the time to reach the degree of equalization

required and 2h is the sample height.



For fully efficient all round drainage the time

factor for 95 per cent equalization would be;
Kaolin 33 mins.

Natural silty clay 50 mins.

In the tests run in the research program, filter
drains were used to shorten the drainage path. The meas-
ured pore water pressure 1is always an average of values
over the length of the sample, but to prevent excessive
pore water pressure differences and the resulting mig-
ration of water the following rates of testing.were
chosen: -

Kaolin Natural silty clay

.008 cm/min .0016- cm/min
(275 % /min) (.055 ¢ /min)
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APPENDIX 2

TEMPERATURE BEFFECTS IN UNDRAINEL SOILS

2.0 Effect of Temperature Variation on Measured

Pore Water Pressure and Axial Strain

buring the preliminary investigations into
repeated loading effects, it was noticed that the results
were showing a tendency to wvary with the laboratory
temperature. An investigation into the effects of temp-
erature variation was made on a}Kaolin sémple which was
consolicated isotropically to 25 p.s.i. for 1 day, then a
sustained load of 8.2 p.s.i. was applied. After 10 days
the pore water pressures had risen from the initial back
pressure of 10 p.s.i. to 21.3 p.s.i. (at 21.5°C). The
sample was cooled by opening the laboratory to the winter
air and readings of pore water pressure and deformation
were recorded.

The effects of the temperature chanée may be seen
in Fig.Al. The thermometer was hanging freely next to
the triaxial cell. When the temperaturé was reduced, an
immediate decrease ih dial gauge reading was reccrded.
The pore pressure change was negligible during'this period.
The dial gauge error was attributed to the sensitivity of
the lignt metal parts of the dial gauge to temperatureq

change. It is unlikely that the heavier parts of the
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triaxial cell would react so quickly to the changé'in-
temperature. A decrease of 1°C. caused an apparent
swelling of the sample of 0.00005".

under constant reduced temperature the dial gauge
reaaing started to increase (apparent compression of the
sample) and the pore water pressures decreased. At this
stage the cell,water, and sample are cooling down causing
a pressure and volume change within the sample. The rel-
ationship between temperature, volume, and pressure is
difficult to predict theoretically because the soil is
neither at constant volume (expansion is allowed even though
the sample is undrained) nor at constant pressure. The
aeformations and pore pressure changes recorded depend on
the nature of the soil and the thermal properties of the
testing equipment. Dbial gauge changes recorded were
approximately .0001"/C (apparent compression of the sample).

The initial and final effects of temperature on
the dial gauge cause errors which are in opposite directions
giving a net error of .00005"/deg.C. It is“not known
whether the error is due to a contraction of the soil sample
or a change in length of parts of the tést apparatus.

The temperature fluctuations encountered during
regular testing were I20¢ ana therefore dial gauge error

was negligible.
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The pore water pressure response to temperatufe is
delayed because of the mass of the cell and water.
Eventually'a'decrease of 1°C. gave a pore pressure decrease
of 0.5 p.s.i. 'This is important for the accuracy of the
test results, anad it was decided that for all tests a
thermometer would be placed inside the triaxial cell as
close as possible to the sample. Corrections were applied
to the measured pore water pressure whenever the temper-
ature varied by more than 3°C. from the temperature at the
time the sample drainage was closed.

The pore pregsure correction necessary for a
natural clay sample consolidated tc 50 p.s.i. was 1.0 p.s.i.
/deg.C. D.A. Sangrey (1968) carried out a study on pore
. water pressure variations with temperature.for clays
consolidatea at 57 p.s.i. He obtained experimentally a
factor of 0.82 P«8S.i./°F. - (1.47 p.8.1./°C).

sangrey suggested four major components which
contriputea tc this overall factor.

1. 7he pore water (including the water in the porous stone
and in tne cell base).

2. 'The solid soil matrix.

3. ' The porous stones.,
4., The triaxial cell base and transducer connection.

By considering a suitable coefficient of volumetric

thermal expansiocn for each component he was able to arrive
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at a thecretical figure close to the true one. However,
many assumptions were made and Sangrey concluded that for
accurate results the laboratory temperatures must be con-
trolled. It would seem that if large temperature variat-
ions are to be encountered, a temperature control test
must be run to measure the fluctuations. Every set of
apparatus will have its cwn characteristics and must be
calibrated accordingly.

The few results available suggest that the correction
is proportional to the net stresses acting on the sample,
ana therefore the correction would change as the pore
pressures change.

1The author would agree with Sangrey that the only
_sure way of avoiding error in the tests is to work under
temperature controlled conditions.

The temperature in the McMaster Laboratory was
maintained at 24°C. by means of an air conditioning unit.
Fluctuations were of the order - 2°C. Temperature variations
less than 3°C. were ignored. Corrections were applied to
the measured pore water pressures for any variations

greater tnan this.

2.1 Increase in Residual Pore Pressure (Aupl

With Temperature Fluctuations

Sangrey (1968) presents an excellent review of
literature cincerning the pore water pressures induced in

a soil due to temperature change. Sowa (1963) showed a



mechanism whereby an increase in temperature causes an
increase in the pore water pressure which reduces the
effective stress on the sample; there is therefore a
"tendency for the soil to swell. Sowa suggests that the
soil will follow a typical rebound curve a-b (Fig. A.é)
Presumably the change in void ratio is accounfed for by
the expansion cf the water as the sample is undrainecda at
all times.

When the temperature falls again, the effective
stress rises, and the sample follows a reload curve such
as b-c. Although the void ratio is the same at c¢, the
soil is not in its original state and there will be a
residual, positive pore water pressure. If the temperature
is reduced further (below that at the time of consolidation)
the effective stresses will be greater than at the time of
consolidation. Supsequent temperature cycles may cause
further pore pressure increases, depending on the range of
temperatures involved. Sangrey modified Sowa's model to
account for the limit of pore pressures due to cycled
températures (Sangrey 1968).

The author suggests that pore water pressureé
induced by cyclic temperature changes may alsc be due to
the mechanism of structural coilapse. When the temperature
is reduced,the pore water pressures decrease and the effect-
ive stresses increase. If the increase causes the effective

stress to be greater than that during consclidation, the
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soil is effectively loaded, and there will be a tendency
for more structural collapse to occur between the soil
grains.

The author is of the opinion that structural
collapse is a process continuing indefinitely with time.
A sample consolidatea isotropically under a given pressure
will continue to experience secondary consolidation
indefinitely. Secondary consolidation (drained state) is
considered to be a process of structural collapse. In the
drained state, drainage generally occurs at a rate faster
than the pore pressures develop by the process of structural
collapse. If the drainage is closed at any time during the
secondary consolidation phase, a gradual increase of pore
_ water pressures and axial strain occurs with time.
The process of secondary consolidation is not observable
in natural clays in situ because of the large times since
sedimentation. It is impcssible to simulate the consolid-
ation process in the laboratory because of the time
processes involvea. When laboratory testing is carried out
it is inevitaple that some secondary consolidation (structural
collapse) is still oécurring, with a corresponding increase
in pore water pressures aﬁd strain (undrained samples).
This may account for some of the pore water pressures

noticea during cyclic temperature tests.

MCMASTER UNIVERSITY LIBRARY
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The author concludes that there are three poséible
mecnanisms by which residual pore water pressures could

increase auring cycling of temperature:-
1. vifference petween repbound and loading p—-e curves (Sowa).

2. Collapse of the soil structure due to higher effective
stress. '

3. Incomplete seccondary consolidation (structural collapse)
giving observable pore water pressure changes during

the period of fluctuating temperature.
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