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Presented in this theasis are the results of
a series of Triaxial tests run on undisturbed samples
of a highly plastic Winnipeg clay. The shear strength
properties, pore pressure characteristics and the
effect of the strain rate were investigated and compared
with the available information.

The results indicate the presence of a low angle
of shearing resistance and a high cohesion intercept.
The nature of the pore pressure change due to applied
deviator stress indicates Winnipeg clays as being
lightly over-consolidated,

The rate of strain is seen to influence the ftest
results in the consolidated undrained tests. For re-
liable results in such a test a strain rate with a
time to failure of four to six hours or more appears

satisfactory.
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CHAPTER I

NTRODUCTION

A knowledge of the properties of a soll is necessary

to the Enginesr in the design of foundaticns, highway embank-

3

ments, dams etc. Soils, unlike most materials encountered in

i)

Engineering design, have properties that show wide variation in
different geographical locations. Thus it is necessary to deter-
mine these properties of different soll types in different
regions.

Clays in the Winnipeg area are known to be laminated,

highly plastic and compressible., A brief description of the

£3

scils in the Winnipeg area are given in Chapter 2. Classifica

tion and suitability of these solls for various purposes, from

\
. (1)(2)
an Engineering point of view, has been dealt with by A. Baracos

(i4)

W, F, Riddell and others, An investigation of the shear

strength properties of this soil as given by the triaxial

7) (12)

has been done by C.B. Crawford(’ s J. D. Mishtsk and J.
Peters as 2 part of a yet unfinished M. Sc. thesis at the
University of Manitoba. Vane shear test results have been
given by F. D. ¥ ounv( 9>
This report contains the results of a series of tri-
axial tests run on a typical undisturbed clay in the Winni-
peg area, The main purpose was to determine the shear strength
properties, pcore pressure characteristics end the effect of

the strain rate, A large number of uniform bleck samples taken

from the Hed River Floodway site were available for this purpose.



The soils in the Winnipeg area have been described
d \
(14) (1)

. . N - - . o
in previous vapers by W. F. hiddell s A, Baracos’

)

Elson . A brief summary of these may be given here.

, J. Al
'he area that is the City of Winnipeg now was a part

of the bed of Glacial Lake Agassiz that covered most of this
region thousands of vears ago., It is believed that water to a
depth of over 500 feet once covered this area. Great quantities
of fine sediments from in-flowing rivers were deposited on the
bed of this lake. As the ice margins retreated and the waters

in the lake discharged thrcusgh socuthern and north-eastern out-
lets the area that is now the City of Winniveg was formed.

The soils of the Lake Agassiz arec predominantly silts
and highly nlastic laminated clays overlying glacial till. The
first few lavers of soil up to about 8 or 10 feet depth consists
of the more recent deposits of silty and organic soils. Below
that is a layer of brown clay about 15 or 20 feet in depth. This
clay is locally known as "chocolate" clay. Unaerlying that is
another layer of clay known as 'blue! clay. This layer is also
about 15 or 20 feet in depth. Both these clays have similar
characteristics. The clay content of both has been found to be
about 75 or 80 percent. The natural moisture content is usually
about 50 percent. The liquid limit of the clays average about

90 and the average plastic limit is about 30. The desgree of



saturation is usually very hish and close to 100%. Many Winnipeg
buildings have foundations in this strata and in regions where
the moisture content of the soil does not undergo large changes
these foundations have been found to be very satisfactorv. (W.F,
hiddell(lh>),

Below these two above mentioned lavers 1s found "hard
pan' or glacial till consisting of a mixture of sand, rock flour,
gravel and boulders often cemented and below that limestone rock
at total depths of about 50 or 60 feet.

The ground water conditions are rather uncertain in
the varved clay areas. Most of the soil below a depth of about

g feet is usually almost fully saturated and a substantial zone

of capillary rise is believed to exist.



PROPERTIES OF TEL SOTL AND SAMPLE PREPARATION

[

[t

The soll tested was taken from undisturbed block sam-
ples taken from the Hed River Flocdway site. Some of the relevant
properties of this soil as determined by tests on the samples

are given helow.,

Moisture Clay
Depth Content | Specific; Liquid | Plastic | Fraction
ft. |Colour % Grevity | Limit Limit A £ ,002 mm
20 grey 58.1 2,76 114.5 LO.5 8h.
25 " 54.5 2.76 112.2 38.7 a1,

TABLE 1 ~ Some properties of the soil tested
The liquid and plastic limits of this soll were very
close to the maximum values reported for solls in the Winnipeg
area - Baracos(l)o In the samples tested the degree of satura-
tion varied between 95% and 100% (Table 6). The soil was easy

tc handle and test,

Preparation of test specimens from block samples

Test specimens were carefully cut from blocks., A
wire saw and a knife were used to cut the blocks into smaller
rectangular prisms. The ends of each prism were then trimmed
parallel to each other. The prism was then mounted on a rotary
soil trimmer and converted to a cylindrical shape by carefully
shaving away all the surplus material using a wire saw., The
specimen was finally shortened to the required length by in-

serting it in a cylinder and trimming off the ends using the edges



of the cylinder as guides. The internal diameter of the cylin-
der used (1.40 inches) gives the diameter of the sample tested,
As such when the prisms were converted to cylindrical shapes,

the rotary soil trimmer was adjusted tc give a diameter as close
to this as possible. The height to diemeter ratioc of the speci-
men was kept at two sc that the specimens tested were 1.40 inches
in diameter and 2.80 inches long initially.

During the preparation of the test specimens from the
blocks every care was taken to minimize surface evaporation. Tem-
porary resealiﬁg was carried out whenever necessary and the sam-
ples were wrapped in '"saran wrap" and covered with damp rags at
all times. The samples not immediately used in testing were
wrapped in "saran wrap', covered by aluminum foil and given two
coatings of wax. These then were stored in a moisture room. No
apparent loss of moisture was found in any of the specimens,

In preparing cylindrical samples attention was paid
to the laminations in the natural soil. They were made with the
cylindrical axis always perpendicular to the direction of these
laminations.,

The variation of the moisture content within the block
was found to be very small as can be seen from the values in
Table 6. The soil samples were easy to handle and test.

Undisturbed soll vs. Remoulded soil

In many investigations of shear strength claracteristics
of soils large batches of well mixed remoulded samples are used,

There are two main reasons for this., Firstly, it is difficult



to obtain perfectly homogeneous undisturbed samples of soll in
sufficiently large numbers. The variastion that may occur between
individual samples is likely to make comparison of test resulis
difficult. Secondly, remculding enables a control to be exer-
cised over the water content of the soll tested.

Tests on remoulded soils would only help to indicate
the pattern of soll behaviour and ls essential 1y suilted for a
gualitative study. In Winnipeg clays that are known to be lam-

inated, remculding destroys these laminations,



Orly a brief description of the Triaxial testing appa-~

ratus need be given here, as the standard type apparatus described
(f)\
Yy T3 ol - 17 -\N2J
by Bishop and Henkel was used.
The triaxial cells were the standard type used for test-
. - 1 . . ~ A ~ 13 n . .
ing 1= inch diameter sample 4 labelled diagram of this is

shown in fig. 1.

The svaten for contrcelling the cell pressure was the

self compensating mercury control type. sv to operate

.

and once set, the cell pressure can be maintained constant cver

inally the vressure

cator type and was manually operated.
connection to the triaxial cell was a polythene tube. On undrained
tests run at a rate of strain of approximately 395% per hour,
the pore pressures were found to be small. The only satisfactory
explanation for these very low values of pore pressure on what
believed to be fully saturated normally consolidated soll was
the possible expansion of the pressure connection tube. This was
replaced by a flexible coiled copper tube as the pore pressure
connection from the triaxial cell., Uore acceptable pore-pressures
were recorded on the same soil and these results are discussed

+
O

The peneral set up for an unconsolidated undrained tes

»

is illustrated in fig. 2.
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Procedure

A1l tests were run on laboratory reconsolidated samples
of undisturbed clay. As such, the procedure for setting up of
the soll snecimens and the initial consolidation process were
the same for all the tests., Only the subsequent shear tests
varied, depending on how and under what conditions failure was
caused. These different types of shear tests are discussed later.

Only the initial setting up and the consolidation of the soil

samples are described here,

y of the precautions necessary durine the setting
up of a sample for a test, are taken to avold ailr getting trapped
in any of the lines or connections leading to the pore pressure
measuring instrument. Intrapped air causes a time lag in the
registering of vore vpressure; gives rise to erroneous results in
the case of the undrained tests with pore pressure measurement.
The base of the cell was immersed in water with the
valves 1, 2, 3, 4 (see Fig, 1) open. These were then closed and
the cell base was transferred to the loading platform of the
testineg machine, (Immersing the cell base in water helps to fill
up the connecting lines from the valves to the pedestal with water

>

and zet rid of any air trapped in them). Two burettes half filled
with de-aired water were then connected to the outlets 3 and L.
This was to allow drainase at the top and bottom ends of the

sample during the initial consolidation stage--from the top

through the porous stone in the load cap, upper drain lead and



ct

Klinger valve L into the berette; from the bobtton through the

Klinger valve 3 into the other burette., The volume of water thus
collected 1s a measure of the volune change in a saturated sample,
A little water was allowed to flow back from the bursette

5
L

to cover the pedestal. A satursted porous disc was slid onto the

top of the pedestal. The sample of clay whose initial dimensions

P

and weight were noted was placed on this porous disc. To accel-

erate consolidation saturated filter paper drains are placed round

°
—~~
]

5
o]
]
1o
-
o
[}
[»i

the specimen before it 1s placed on the pedestal

paper used was 1/L" wide and were placed at 1/L inch intervals,

lengthwise along the samples. Two pleces of filter paper, cir-

ool

3,

cular in shape were placed at each end bebween the end of the sam-

hY

pile and the porous disc.] Two rubber membranes were placed over
the sample using a membrane stretcher, and the lower part of the
membrane was sealed to the pedestal with two "O" rings. Before
the load cap was placed in position and the upper end sealed off;
valve 3 was opened and some water was allowed to flow upwards
between the specimen and the rubber membrane, (The air trapped
between the soil specimen and the membrane is driven out this
way.) The load cap was carefully placed in pssition next and the
upper part of the rubber membrane was sealed to the lcad cap with
O=rings., The burette connected to valve 3 was then lowered with
valve 3 open, so that a few inches of negative hecad was acting

on the sample. (The excess water is removed this way and the

1

slight negative pressure ensures that the sample is sitting firmly



on the pedestal). After a few minutes this valve was closed and
the burette returned to a convenlent position with the level of
the water in it in line with the center of the sample.

The porous stones were cleaned and saturated by leaving
them in boiling water, before use, It 1s good practice to connect
the load cap (with the saturated porous disc in place) to the upper
drain lead, immerse it in de-aired water and apply a suction press-
ure at the end of the burstte connected to valve 4. This ensures
a clean air-free drainage line.

The top part of the cell was next positioned in place
and the base of the cell was assembled, UDe-aired water was run
into the cell through the opening 1, with the bleed valve kept
open. When the cell was nearly full about 1/4 inch depth of oil
was introduced. More water was admitted and any remaining air
was driven out throusgh the bleed valve and this was then closed.
The loading arrangemnent was set up, and the cell was connected
to the Mercury pressure system through valve 1. The pressure was
adjusted to the desired value and valve 1 was opened., Simul-
taneously valves 3 and /. were opened and the burette readings
were taken at suitably svaced intervals. The change in height of
the specimen was obtained by using a dial gauge set to zero
initially with loadins ram in contact with the ball on the loading
cap. A graph of volume change against time was plotted to ascer-

tain if consolidation was complete. Usually the consolidation was

complete after about A48 hours,
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The setting up and the initial consolidation nrocess
were the same for all the tests, The drained tests could simply
be started after this; the vertical load increased or the cell
pressure decreased depending on how the shear failure is brought
about.

In the case of the undrained tests 1t was necessary to
transfer the cell to the testing machine and for the pore press-
ure measuring system to be connected to the base of the cell.

To do this, when the consolidation was complete valves 3 and 4
were closed and the pressure in the cell was temporarily reduced
to zero, The cell and the burettes were then removed as a unit
and transferred to the testing machine. The cell pressure was
applied once again. The connection to the burette at 3 was re-
moved.

A 1little water was passed upwards through valve 2, un-
der a small pressure of sbout 1 or 2 1b/sq. in. and allowed to
drain out through 3, while connecting the pore-pressure measuring
system to the base of the cell at valve 3. It was necessary to
ensure that the pore-pressure measuring system was free of air.
The procedure for this was standard. (Bishop and Henkel<3))e
The undrained test with measurement of pore-pressure was then
carried out with the chosen rate of strain.

Consolidated Undrained Tests

4

The sample was set up, allowed to consolidate under a
chosen cell pressure, transferred to the testing machine and comn-

ected to the pore-pressure measuring syvstem as described earlier,



The dial canges that measure the load (deflection of oroving ring)
and strain were set to zero with no load acting., The machine was
set to the desired spzed or rate of strain and the test was star-
ted, The dial gausge readings and pore pressure were taken ab
equal intervals of time, until failure. The choice of a suitable
rate of strain was trial and error. It should be slow encugh to
allow for equalization of the pore-pressure within the sample.

This is discussed elsewhers,

Over~-consolidated Undrained Tests

This test was run the same way as the consolidated un-
drained test except that the soil was 'laboratory over-consolidated'
before causing shear failure., This was done by first allowing
the sample to consolidate at a high cell pressure (120 1b/sq. in.
was chesen for these tests) for about 48 hours and then allowing
it to swell back at a reduced pressure, for about ancther 19

hours. The shear test was carried out the same way as in the case
o)

of the consolidated undrained test.

Consolidated Drained Test (minor principal stress < 5 constant,
- . o — » . o~
major principal stress <5 increasing)

The sample was set up as described earlier and allowed
+o consolidate for about 42 hours under a chosen cell pressure.
When consolidation was complete the deviator stress (c’ln¢53)
which was initially zero was increased in steps until failure
-

occurred. The load increments used were 10% of

smaller increments as

V]
3
j7

failure load at the start of loadir

2

the failure load was reached. After each increment of loading



the sample was allowed to drain and consolidate for about 24

end of each load increment and at suitably spaced intervals,

m

his test resembles a continuation of the initial consolidaticon

¥

increments on the

-t
o
je¥]

Al
.

—
<
[0}
=
s
tde
€3
Py

sample as the only difference.

Consolidated Drained Test (<53 decreasing, <7 constant )

The setting un of the sample and the initial consoli-

3

deticn nrocess was the same as in the rest of the tests. After
consolidation was complete failure of the sample was brought about
by keeping the vertical stress on the sample at the same value

of the initial all round pressure and decreasing the cell press-
ure in steps, until failure, The cell pressurc was decreased

in steps of 107 of the estimated total cell pressure drop necess-
ary to cause failure, at the start of the test and smaller de-
crements were used as failure was reached. As the cell pressure
was decreased it was necessary to make two corrections to the
vertical load on the sample to keepsy constant due to the follow-

ing reasons.

.“

jo ¥

(1) An additional loa required to balance the decrease
in the stress (c?l) due to the decrease in the cell
pressure, This is calculated by multiplying the area
of the sample before the cell pressure i1s reduced by
the amount by which the cell pressure is reduced <A‘G~3>
at each stage.

U)

Th ~ward force on the loading ram is reduced when
th cll nressure is lowered and therefore a corres-
Dond ing decrease in the vertical load i

balance The reduction in the load on tne ram due

(i1)

D
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{ii) this effect is “tvined oy rely mul 1Dlvlp” the cross-
sectional area of the vam (% inch diameter) by &« ,.
-
To adiust the vertical load Fov 3 23) the valve
To adjust the vertical load for (i) and (ii) the valve

1, connecting the cell to the mercury pressure svstemn, was first

closed, The cell pressure was lowared to the new value. The

necessary load to keep &4 constant, was added to the lcading arm
f the platform scale and the valve 1, was opened simultaneously.

AL each starge the sample was allowed to drain and consclidate for

In all these tests after shear failure, the load was
removed, the cell pressure was reduced to zero, the water in the
cell was run out and water content tests were done on the soil
sample. The water content at the top, bottom and the failure

region, was determined,

Pore Pressure vs. Hydrostatic Confining Pressure

)

A method for evaluating the hehaviour of the pore-
pressure measuring system is to determine the variation in pore
pressure with increase of hvdrostatic vressure. (Casagrande and
Hirschfield D)),

At ordinary pressures the pore water and the soil grains
in a sample of soil can be considered to be incompressible. i1.e.

1,

he volume of a saturated

N

+

soil and consequently the void ratic
will remain ceonstant under conditions of no drainage., Therefore
if a samnle of soil is assumed to be 100% saturated an increase

in the confining pressure should cause an equal increase in the



18

pore pressure. In an ideal sysitem for measuring pore pressure
this increase will be registered as an immedizte rise in the

pore pressure to its new value. Hence the variation of pore

pressure with cell pressure is lincar and has a pradient equal

. 8)
to one. This corresponds to B = 1, (Sgempton(l e

In problems concerning the undrained shear strength

o

of soils the pore pressure change (&) which occurs under change

in the principal stresses £&, and £x53, has been expressed by

the equatiocn,

y (18)

LHuwz B ")i ----Skempton .

42

where A and B are referred to as the vore vressure coefficients
or pore pressure parameters.

In the derivation of the above expression the applica-
tion of the stresses ;36“3 and £S5 have been considered in two
stages; firstly, an equal all-round increment éxYB and, secondly,
a deviator stress @ﬂﬁil —A;ﬂSB). The change in pore pressure
has been considered separately corresponding to each of these
stages. In other words,

LU DUy £ Dy,

pore wessure change due to the application of &€

=
8
s
o
&>
m\
1

pore pressure change due to the application of
S, - AS,)
(5 l £ 3/

11

The coefficient B, has been shown to be given by the expression,

Ads = BE 1
AGB 1 71 ﬁf.
Ce
where n = porosity of the soil
Cy = compressibility of the pore fluid (air and water)
Ce = " " " o soll structure

)

30
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In the case of a fully saturated soil, "V is approximately equal
el
. 1 . . . ~ bc - . .
to zero since the compressibility of the water is negligible come
pared to that of the soll skeleton. In other words, B = 1 or the
pore mwessure change is equal to the change in the all round
pressure in the case of a fully saturated soll under conditions
of no drainage.

£il 4 has been given by the exmression,

Aty = 1 o A . (;‘“c:/:l m£>;63>

ie€ay Lﬁat}{d =B, A, (4361 —-g:ixGB)
where A is a coefficient that demends on the elastic properties
of the soil. For a material that behaves in accordance with the
elastic theory A = 1/3. In soils A varies greatly from this val-
ue and has to be determined experimentally. This is discussed
elsewhere,

In the case of an unsaturated soil the condition B = 1,
does not apnly because of the presence of air in the voilds,
Initially B is less than 1, but as the confining pressure in-
creases and consequently the pressure in the pore water, the
theoretical value B = 1 for a saturated soil, is approached.

Ais the pore pressure increases, the volume of air in the voids
decreases and much of it goes into solution thereby increasing
the degree of saturation.

In the case of an undisturbed sample of soil that has

not been allowed to re-consolidate there is always an initial



20
tension or a negative vpore pressure in the pore water. Hence the
curve representing the variation of vore pressure with confining
pressure will show a negative intercept. This negative pore
pressure does not alter the linear variation or the B = 1 con-
dition for a saturated soil.

The results of such a test are shown in figure 6. The
sample was set up as described earlier but with direct connection
to the pore pressure measuring device. No consolidation was
allowed. The cell pressure was increased from zero to 20 1b., per
sg. 1n, and thereafter in steps of 10 1b. per sq. in. After each
increment the pore nressure was measured allowing 5 minutes be-
tween each increment of cell pressure. The sample tested showed
a degree of saturation of 98% initially but at cell pressures
shown it can be assumed to be fully saturated. The graph showing
the variation of pore pressure with cell pressure, shown in fig,
6(a) aporoximates very closely to the perfect theoreticsl varia-
tion to be expected in such a test. The negative intercept ob-
tained by extrapolation was -4.0 1lb. per sg. in. Tabulated below
are the corresponding values of D&z and A 4 along with the

value of B for each increment.

~E 3 Ll g !

1b.per sq. in. 1b. per sq. in. B ;
0 - -

20,0 15.0 : :

30,0 25.0 1.000 |

% 5,0.0 3L.0 OQ9OO§

| 50,0 43.9 0.990

60.0 53.6 0.970

70,0 63.0 0.940

£0.0 72.5 0.950

i 90.0 82,2 0.970 |

Table 2 - Pore pressure parameter B



A
Fig. 6 (b) shows the typical variastion of pore pressure

with time during a 10 1b. per sg. in. increment in cell pressure,

Theoretically the pore pressure should increase by an egual amount
immediately., The total time allowed for the measurement of pore
before a new increment of cell vressure was applied

was 5 minutes, As the curve in

by
Ll

2, & (b) shows the pore press-
ure measuring svstem was sensitive and almest the entire increase
in the pore pressure was quickly shown,

Almost no decrease in the height of the sample was obe

served. This condition 1s not unusual in a fully saturated sanme

DOre Tressure mea

il

oressure parameber

- Fad o e PRV . S
= 1 for saturated soils.
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ed graphically in the form of

(i)
(i1) ssur
(iii) ilohr circles

L typical set of results for a consolidated undrained
test along with the necessary calculations are shown in Data
heets (1) and (ii). In the undrained tests the cross-sectional

the samnle after initial ceonsolidation was calculse

ot
]
.
w
52l
0
B
.
]
[oje]
s
ot
¢
[©]
k4]
£

aple to remain perfectly cylindrical in shape.

Y
o

<y = change in volume
v _ = initial volume
= axial strain

During the shearing stage when no chanee in volume occurs,

b P o N - / . aed 1ot + i
The same formula, &, = 25 » (L 4 v,), was used to calculate the

o

average cross-sectional area ¢ he sample after each stage of

o

load increment, during the consolidated drained tests.

No correction was made for the restraint imposed by the
yubber membranes or the vertical filter paper drains. The correc-
tions for these have been given as 0.6 1b. per sq. in. for a stan-

dard membrane (0,008 in, thick) and approximately 2 1b. per sge



for Tilter peper drains’at 15% strain. - Bishop and Henkel
These are small enough to be considered negligible.

Also in the presentation of the results Stress History
paths were drawn in the case of the undrained tests with puare
pressure measwrement, (Figs., 13 (b), 14 (b), 15 (b)).

Stress History Paths

The Mohr circles can be used to represent the condi-
tions of stress at any particular stage and not necessarily fail-
ure, The shear stress and the normal stress on the final plane
of failure or any other plane can be determined at any particular
stage of loading, knowing the principal stresses o, and 6?3,

A stress history math may be defined as the locus of
points, whose co-ordinates are the shear stress and the normal
stress on the plane on which failure is assumed to take place,
plotted from the start of loading until fallure, in a triaxial
test,

As the definition implies it is necessary to assume the
ultimate failure plane. In the case where the results are re-
presented by the Mohr envelope the failure plane is taken as that

plane which is inclined at an angle ( AP } to the direction of

ot

he plane on which the major principal stress acts, where
- 4
Ao = L5407 /2
(i.e., the plane on which the stresses at fai lure are represented

f;

by the point where the lMohr envelope touches the failure circle).
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4

This assumption is theoretical but is usually a close

4 .

enough approximation to the dire

@

tion of the actual failure plane.

)

Plottine of Stress history paths

The stress history paths can be plotted either graph-

ically or using the following eguation.

2

S = s’ (9 - c§3) Cos™ =<

by

W
“~

T

(61- 63)ShquC% xf

where < and T are the effective normal and shear stresses, on
1 *1 . n s - ’
the assumed plane of failure, for any corresponding values of &4

and 65/3, (See fimure 3 (a)).

Graphically, Mohr circles are plotted for corresponding
sets of values of é?é and é?i, for each shear test., Tangents to
these circles are drawn, parallel to the lichr envelope for the
total stress circles and these tangent points are joined to ob-
tain the stress history path (Fig. 5(b)). On the lohr circles
these tangent points represent the shear stress and normal stress
on the assumed failure plane. In the case of the total stress
circles the stress history paths are straight lines as all stress
circles for any particular shear test have the same common start-
ing point (653, 0). ELach line is inclined at an angle of =Cp
to the positive direction of the o axis and also represents zero
pore pressure., Therefore, the horizontal distance between the
stress history path for the effective stress circles and a line
inclined at an angle (e to the positive direction of the &S axis

and passing through (s C) is a measure of the pore pressure.

35
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In other words the horizontal distance between the stress history
paths for the total and effective stresses for any one test a
any particular stage represents the pore pressure at that Stage .
The inclination of the tangent to the stress history paths with
the positive direction of the S axis gives the rate of increase

of pore pressure with deviator stress.

3

he stress history paths have the advantage of showing
on one nlot, the development of pore pressure and the pore press
ure characteristics of a soil.

The stress history paths for the consolidated undrained
tests are shown in fisures 13(b), 14(b), 15(b) along with the
Mohﬁécircles, Those for the over-consolidated undrained tests
are shown in fisure 20, As can be seen from figures 13(b), 14(b)
and 15(b) the stress history paths follow a similar pattern in
all the undrained tests run at different rates of strain. They
1ie to the left of corresponding stress paths (straisht lines)
for the total stress because the pore pressure was positive, The
inclination of the tangent to the stress history paths with the
positive direction of the oraxis is seen to increase throughout
the durabtion of each test and reaches a maximun vslue when fail-
ure is imminent. As this "inclination" shows the rate of increase
of pore pressure with deviator stress it means that, this rate

was always less than unity < 1) at low! stralns

é BTZE: E
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and aporoached unity 2s the strain increased and failure became

and for lower inclinstions d(01 - < l] . As can be seen from
-~

the curves of deviabor stress vs. strain and pore wessure vs,

- Y o b L. W 2 - S > > 7 :
tory path for total stress. For hizher inclinations, d\sl -~ &) 71

strain in figures 7, ¢, and 9 the deviator stress increased rapidly

durine the initial 2% or 3% strain whereas the corresponding
rise in pore pressure was much less rapid. Approximately after

1

initial 3% strain ti
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as well as pore pressure, with strain, beceme smaller than during

the initial 37 and finslly both the deviator stress and pore

failure occurred.

4y

or

]

nressure attained 2 constant value be

s}

Therefore the portion of the stress history paths having the
reabest curvature (see fisures 13(b), 14(b), 15(b)) corresponds
£o a strain in the sample of approximately 37.

In the case of the samples tested at a confining press-
ure of 20 1b. per sg. in. the stress history paths are seen to
be flat and close to the vector curve for the total stress.

This may be due to the fact that the confining pressure of 20 1bs
per sq. in. was only slightly greater or perhaps less than the
maximum effective over-burden pressure the soil has been sub-

sected to., The soil tested was from depths of 20 and 25 feet.

An exact value for the effective overburden pressure cannolb be
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estimated due to the uncertainty of the ground water conditions.
A of the total overburden pressurc may be made

water table and possible effects of

i

dessication it is possible
that the soil was subject tc pressures somewhat higher than

at a confining

i
o
s
®
(@]
[Ab)
[
[¢]
O
)
ot
5
D
L]
I
=
[&]
el
o]
w
o
(v
n
o
D
o N

these, Hence i
pressure of 20 1b. per sq. in. the soil may have behaved in the

manner of a siightly over consolidated sample,

The stress history paths for the laboratory over con-

solidated samples are shown in flgure 20,
Stress-strain curves and fallure criteria

as-strain curves shouwn in fisures 5 to 10 show

,..3
-
[0}
U
ot
(l

a creat deal of consistency and similarity in the case of the

5 per

SN

Fsd
1

consolidated undrained tests, run at rates of strain of 1.5
nour and 0.9% per hour. It can be seen that in the normally
consolidated samples the pore pressure reached a maximum when
the deviator stress attained its maximum value and remained cone-

stant thereafter. The two failure criteria used in triaxial tests

are the maximum deviator stress and the maximum principal effec-
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Trom this it can be seen that where the deviator stress and the

pore pressure attain their maximum values at the same strain and

3

¢

remain constant the two failure criteria coinci
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generally the case with the soils tested, both fallure criteria
Fave the same stress circles and consequently the same values of
#t and Ct'., The same was true of the laboratory overconsoli-
dated samples the only difference being a little falling off of
the pore pressure from a maximum value that was reached before

the deviator stress ettained its maximum value.

the two failure criteria give different shear strength envelopes,
From a practical point of view these differences mey be unim-
portant but they reflect certain propertiss of the different soll
types.

A summary of the results of many triaxial tests o

e

normally consolidated Norwegian clays and some other clays has

Jerrum and N, I, Simon (A) with a comparison

been given by L. B

of the f' values obtained by using the different failure criteria.

In the case of most of these solls the deviator stress has been

()

chserved to reach a maximum at a fraction of the strain at which
the pore pressure reached a mawimum. In such cases the maximum

principal effective stress ratio gives a bigher shear strength
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envelope than the maximum deviator stress fallure criterion.

. . o s 16)

Similar results have heen given by ¥.Z., Simens ™~/ for an
I8} - N o - -~ e 1y 3
Undisturhed Ulay, with a comparison of both failure

criteria, These need not be reproduced here but two of the fac~

)
@

tors that can be seen to influence this difference appear to
sensitivity and the strain at which the deviator stress rcaches
a maximum., The difference in the £' value given by the two

failure criteria, seems to increase with increasing sensitivity.

f

(Sensitivity is the ratic of the undisturbed to remcoulded strength

34
of 2 soil, at constant water content. The sensitivity of Winni-
1 avs haw IR Al 2 Ty T A <]—O> g
peg clays has been given as 2.0 to 3.2 by F.l. Young after

many in situ tests using the Vane shear apparatus.) The same

difference appears to become smaller as the strain a2t which the

g
[y
ek
[

deviator stress reaches its maximum value, becomes lar

latter observation appears to be true vhen anplied to Winnipeg

,+

soils., The maximunm devistor stress was reached st the maximum
strain the samples underwent, before fallure planes developed.

Also results of several consollideted undrained tests

7 AY
(11)
. 1 I , T, \
on normally consolidated clays have been given by T.C. lenney .
?, [oe) s <

In these he has compared the values of f' zs obtained by using
He uses the bochr circle to show that
the deviator stress acting on an element of soil to be siven by

51 =53 © 2 Clyy Cos flyg £ (0“3 - w) Sin £,




necessarily the maximum, as the degree of mobilization of the

strensth parameters devend not only upon the magnitude of
also upont the magnitude of the

from test results P! has been found

" the =0il structure and the sensitivits

of the soil., Curves showing the variation of tan @?max(ﬁ‘l - 573)
© e

23 These show thab the difference in the value of §' as given
by the two failure criteris is zerc for soils of low sensitivity

4
¥

but increases somewhat with increasing

The results of consolidated undrained tests on a soil
thet tends to dilate when sheared have been given by AWM. Bishop
and D.J. ”Ankel(31 In this case values of P! and C! close to
thelr maximum have been found to be mobilized at a small fraction

of the strain required to produce the maximum deviator stress.

i

The increase in deviator stress at higher strains has been atiri-

buted to a drop in pore pressure due to the tendency of the soil

In the case cf the Winnipeg clays tested there was no

iR
)

ambilguity abou @' at maximum deviator stress

[N
n

can be said to be its "fully mobilized" value, Thi rhaps

)
9]
”U
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s of the Winnipeg solls.

e : Fo IR TR PO RN oo 44 - o Sy A . .
Strains of tne ovder of 5 1o Op were reached before failure occ-

urred and in most cases failure vlanes started to develop after

the maximun deviator stress was reached, Therefoare in the case

of this soil it may not be possible to increase the cell pressure

to a new value when the maximum Z=-y ratio is reached, and thus
T2

use the one sample method to define a satisfactory llohr envelope,

_—

In the csse of the consolidated drained tests much

i

higher strains werc encountered and the deviator stress at fail-

ure was higher than in the case of the consolidated undrained
tests. Strains as hish as 16 to 187 were reached before failure,

The samples strained uniformly snd without non-uniform bulging.

S

As failure loads were reached, the strain increased and at failure

[eb}

load the strain continued to increase until failure planes

2

developed. There was no buckling or any distortions at high
strains and consequently it was not difficult to judge the failure
loads., The stress-strain curves were found to be somewhat irreg-
ular in shape (Fisures 10 and 12) and this undoubtedly reflects
the procedure of usineg step increments of load.

The stress-strain curves for the over-consolidated
samples were very similar to those of the normally consolidated
samples under undrained conditions, The pore and pressure Vs.

strain curves however differed in that the pore pressure reached
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iator stress rea
deviator

mum value before the dev

iere

a maxi
and started to fall si
increasing. No negative pore yressures we
indicetes that Winnipeg clays have little tendency to dilate when
it is not implied that the clays in the ¥Winni-
The tendency of the Winni-

From this

sheared.
peg area have no tendency to swell,
1 with increase of moisture content is well

By

peg clays to swel
known.,
Pore pressure parameter A
The concept of pore pressure parameters (explained
L (17) . . .
W, Skemptont~ '/ is & convenient way
ferent changes in the
shows

arlier) introduced by A.
oressure response to dif
of the marameter B whick
all round

ea
to express the pore
applied stress. The significance
the pore pressure to an increase in the
The values obtained for para-
The "Ap" value

the response of
stress has been mentioned earlier.
meber "A' at failure (Ap) are shown in Table 6.
was often less than 0.5 and in the case of the normally consoli-

a confining pressure of 120 1lb.

he
pressure used,

dated samples varied from 0.252 to 0.7L0 the latter value being

one for a sample tested a
sqe in., which was the highest cell
Given below are

the
per
values of "Ap" are somewhat lower than those reported for soils
in the Winnipeg area havine similar properties.
these values for the parameter ”%? for soils in the Winnipeg
area as obbtained from the consolidated (isotropically) undrained

tests.



- about 0.6 to C.7 and close to
ures higher than 100 1bh. per s
- approxmately 1,0 < PLF.R.A.,
ol A 3
erials DwV131on\*J>o
- average of 0.72 = “or”en%a e
Publication Yo, 35. 19560
- approximately 1.0 - C.B, Crawf
The question arises as to whet
of "ApM as summarized in table 6, could
ment of pore pressure.

o

Te

otechni

‘3

\7/0

Ford

her the "low" wvalues

be due to faulty

It is seen from the curves of pore pressure vs strain
attained o maximum value when fall-
of the pore m with strain

Ly of Lime

pressure measuring device, to an
increase in pore pressure can he discounted. The tests were
senerally run at slow enough speeds to allow for the equalization
of pore pressure within the sample, Also from table 6, it is
seen that the average value of @’ obtained from the consolidated
undrained tests agrees closely with the value of @'
the consolidated drained tests. All this points to the fact that
in the consolidated undrained tests "AM at any stase represented
the true chanrce in the pore pressure due to the change in the
deviator stress,

In most normally consolidated clays “ﬁ; has been found

The table
ure) to he

e
wxeﬂnton(L‘/



Type of Clay Ao
Clavs of high sensitivity A3/L to 4 1%
Normally Consolidated Clays A5 to £ 1
Compacted Sandy Clays AL/L o £ 3/L
Lightly Over-Consolidated Clays 0 to A&
Compacted Clay gravels -1/ to £ 1/L
Highly Over-Consolidated Clays -4 100

n

Table 3 - Pore pressure parameter A in different soil
types (Skempton)

Accordine to the typical values shown above the clay tested

o

falls in the category of lightly overconsclidated clays.
There are many factors trt ect the "A" value, In

the derivation of the expres

V]

ion for the pore pressure change

o]

due to changes in the all round and deviator stresses, considered
separately, parameter A has been inmtroduced as a stress-strain
constant and as such it varies with the factors that affect the
stress-strain properties even for any one soil. Reproduced in
tables L and 5, are some typical values of Affor different solls,

3)

tiven by AW, Biship and D.J, Henkel( and L. Bjerrun and

N, Simons(h>, respectively.
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Plasticity | Value

Tvpe of Soil Index of Aa

marine clav: undisturbed A0 £1.3
Normally London clay: remoulded 52 £0.97
consolidated— Weald clay: remoulded 25 £0.94
2lluvial sand clay: undisturied 18 A0L7
loose sand - £0.08
dense sand - =32
Weald clay: undisturbed 25 =0.62

Weald clay: remoulded over=
Over- consolidation ratio = 8 25 =0,22
consollidated— London clay: remoulded over-
consolidation ratio = & 52 -0.11
Table 4
Typical values of A, for verious soil tvmes - AW, Bishop
AN o £
and D.J, Henkel )
A !
£
. ‘ . jab oo 7/ o) maxd atloy- 6%) max
Plasticity | Sensi-|“" "1 3 3

Location Index tivity 1T.C. 4.0, 1.C. AC,

Drammen 15 8 1.32 1.67 1.18 0.91

Oslo 18 5 1.07 Le35 1.06 .24

Oslo 18 8 1.11 1.76 1.00 1.13

Tavle 5

(Typical values of Agp
clays - L.Bjerrun

Isotropic Consolidation
Anisotropic Uonsolidation

for normally consolidated Norwegian
and N, E. Simons)

The above values illustrate the factors that influence

I.C. =
A,C, =
the ”ég value.

and is sometime

clays,

In certal

In over-consolidated clays ”A; tends to be low

-

s negative in the case of heavily over-consolidated

sensitive clays in which the two failure cri-

teria give different shear strength envelopes the ”5; value will




obviously be different for the two fallure criteria. Aniso-

tropically consolidated samples show values of “5; somewhat diff-
erent from samples consolidated isotropically prior to shear test,

Fal

that for the over-consolidated

}_l
ot
P
0
0
@
]
s

From table 5

.

)

samples tested "Ap" was lower than in the case of the normally
consolidated samples., The "Ap" values varied from about A£1/8

to A1/l devending on the over-consolidation ratio. The variastion

>

of MAM with over-consolidation anpears to be less in the case

of Winnipes clays than with other clays. For example, graphs

showing the variation of ”A; with over-consolidation ratio for

; w . . : 10)
London clay and Weald clav have been given by D.J. henkel( v,

N

been given by

~t

similar curve for an undisturbed Oslo clay ha

9]

N, . Simons(l7)o These curves are very similar and show con-
siderable variastion in the ”Qg value of these clays with increas-
ing over-consolidation ratio, In the case of the London clay
this variation has been found teo be from avproximately Afi 1 at
an over-consolidation ratio (0.C.R.) of 1 through Afz 0 at an
0.,0.R. of L.5 to Af: ~0,20 at an approximate O0.C.R. of 25,
Therefore in Winnipeg clays the very limited variation of the
pore pressure parameter %?would justify its use in the analysis
of practical vproblems. Of course in the ground where large

areas are involved the soil is consolidated under conditions of
no lateral vield. No tests were done on anisotropically consol-
idated samples. It may be assumed that the bulld up of pore press-
ure due to an increase in the vertical pressure will not be very

different under these conditions.



iate of Strain

i

The consolidated undrained tests were run at different
rates of strain, as mentioned earlier. Threes different rates of

strain were chosen primarily to represent a wid

[¢]
=
@
-5
B
6]
0]

used in ordinary laboratorv testing. These three rates of strain

used are given below.
(a) .0015 inches per minute
This is about 3.3% per hour strain on a sample
2.7 inches in height before testing. The time to
failure varied from 1 to 2 hours.
{(0) 0.00067 inches per min.
This represents a strain of 1.5% per hour. The
time to faillure ranged from 2 to L hours,
(c¢) £.0004L0 inches per min.

about 0.97% per hour strain. The time to
#as about 6 hours.

and 9 show the stress-sirsin and pore

e

pressure-strain curves for these tests. The kohr rupture enve-

lopes and stress history paths are shown in figures 13, 14 and 15,

The effect of the rate of strain, mainly on the pore

pressure in the consolidated undrained tests, has been dealt with

(3)

)

by AW, Bishop and D.J. Henkel and others. The influence of

the strain rate has besen attributed to three main causes.
There is always a time lag in the response of the
pore pressure device to changes in pore pressure, The time t

~

that is required for small out of halance pressure Ap to lead



} A}
3
B
‘._J
o
(\
ct
o]
=
5
W
o
o
0!
a
B
LJ
(‘1
@
o
j#5
“

C
]
=
!
jwal jo
\\—“‘ -
b
PN
lb
b
~

4

whe re Jw= density of water
17 -

K = coefficient of permeability

Co = R " compressibility under an eqgual
all round stress

d = diameter of small-bore tube in null indicator

D = diameter of sample,

This expression has been derived assuming a saturated
gample and not considering filter strip drains. The presence
of filter strip drain paths causes a veduction in the time .
The above expression shows the relative importance of th
properties mermeability and compressibility in estimating the

sensitivity of the null indicator type of pore wessure device.

In soils where the

O]

permeability and compressibility are both not
very low this type of device has been found to be sufficiently
sensitive. The Winnipeg clays have low permeability but high

compressibility, The influence of the rate of strain, due to

time lag, can be ignored in the case of the solls tested. 4s
shown earlier when discussing the test to determine the nore

pressure parameter B, the pore vressure measuring device appeared

o

sensitive and reliable, Also from the pore wwessure-strain



sen that the pore pressure practically in all
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 maximum value as failure was appreoached and the

variation of pore pressure close to failure wes very small,

Therefore the effects of a time lag, if any, would be negligible,
More important than time lag is the pore pressure

>

distribution within the sample., Non uniform pore pressures exist
within a sample due to the end restraints and other factors that
give rise to non-uniformity in the applied stresses. In undrained

triaxial tests the pore pressure equalization within a sample

will denend on permeability, samnle dimensions and the rate of
& i s 3 L

o

strain. The use of filter strips provides drain paths over the

4

urface of the sample and accelerates the equalization of pore

pressure. However, for any particular test the sample dimensions
and conditions of drainage being roughly the same, the pore press-
ure gradients within the samples will depend primsrily on the
strain rate, Where the pore pressure is measured at the bhase of
the sample it is necessary that the measured pore pressure be
equal to the pore pressure in the failure zone., Therefore in

the undrained test with pore pressure measurement the rate of

strain used should ensure equalization of pore vressure within

the sample. Both theoretical consideratiors and practical

curves for the




number of soils where the maximum deviator stress has been found

and RV, Whitman
(b) and (c) the maximuwn deviator stress at feilure is very nearly

caual in both cases for any one particular confining pressure.

Yhatever slight differences that exist might very well be due to

The vpore pressurc vs, strain curves for the two rates

erent in the two cases. At a confining pressure of 8C 1b. per

sq. in. the maximum pore pressure reccrded was 20.2 lb. per sg.

N

Y]

in. for strain rate (b) and 24,2 1b. per sq. in. for (¢) whereas

at LO 1b. mer so. in. confining pressure the maximum pore press-
ure was higher in the case of strain rate (b)e

don't show any particular relationship to the rate of strain,

The pore pressure vs. strain curves in these two cases are close

enough to attribute any differences to a slieght non-unifo

T
i

the soil samples. Where the strain rate (a) was used the pore

pressure vs, shrain curves were different from those of the other

A\ UNKE o
LIBRARY
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is different from what has been observed in the case of many solils,

where the masnitude of the induced pore pressures has been found

e of strain decreascd,.

ct

tc increase as the ra
he Mohr rupture envelopes for the clay at the three

different rates of strain are shown in fig

JQ

es 13, 14 and 15.

For tests run at strain rate (a) @' is less than that for the

strain rates (b) and (c¢); 2.89 for (a) as compared with 12,9°
and 13.2° for (b) and (c¢) respectively. The values of @' at
strain rates (b) and (¢) are more compatible with the results of
the consolidated drained tests, than P! at strain rate (a),
Consolidated drained tests show §F to be about 14° to 15O¢
I : o) o

rom all these it is evident that a strain rate of 3.55

per hour or a time to fallure of 1 to 2 hours was not suitable

4

for the consolidated-undrained test on the Winnipeg clay tested,

L rate of strain of about 1.5% per hour or less may be considered

suitahle. It is difficult to state what caused lower deviator

o
L

stresses and higher pore pressures at a faster strain rate than
at slower rates of strain., It is possible that the pore pressure
at the base of the sample was higher than in the middle when a
strain rate (&) wss used. A third factor that influences pore
nressure and deviator stress as the rate of strain is varied may

s iy

be mentioned in this connection., It is the modification in the

behaviour of the soil structure at different rates of strain,



! l . e :
he fact that @ and C' were somewhat different at the faster

-3

=N

strain rate (a) from the values at the slower strain rates (b)
and (¢) misht be an indication of this.

So far in the discussion the possibility of pore press-

o
o f

fected by leakage of water from the cell chamber
into the sample, was not considered. The usual precautions

taken in triaxial testing to wevent this (mentioned when des-

my
1

cribing "procedure") were taken, hese have been found to be

satisfactory and the possiblity of any significant leakage may
be discounted,
Wihere undisturbed samples of clay are used to compare

the effect of different strain rates the necessity to use speci-
mens from the same block sample to assure uniformity in the clay
samples, places a restriction on the number of tests that could
be run. Fortunately in the case of the soll tested fairly uni-
form block samples were available and a few tests could be used
with enough justification to observe the effects of different
rates of strain in the consolidated undrained tests. The con-
clusion that s strain rate that gives a time tc fallure of sbout
5, to 6 hours or more is suitable in the case of the Winnipeg

clays, appears reasonable on the basis of the results.

Mohr envelopesg

These are shown in ficures 13 to 19, Neglecting the
one case of the set of consolidated undrained tests where the

strain rate of 3.5% per hour can be considered too rapid to give

able results, all other tests give lohr envelopes that vary



very little. The consolidated undrained tests ab strain rates

of 12.99 and 13.2° respectively, which from an applied engineering
point of view, are the same. Averace §' from the overconsolidated
undrained tests was 12.0°%. In the consolidated-drained tests
where the minor principal stress o9 was kept constant and the
major principal stress oy, was increased @' values of 14.0°

and 14.8° were obtained for soil from depths of 20 ft. and 25

ft., respectively; where o, was kept const ant and ©, decreased
; : 3

was equal te 15,29, for the clay from 25 ft. depth.

g

The presence of a hi cohesion intercept can be seen

i
iQ
5

:»h
’j
..(.

results, C! is about 9.0 1b. per sq. in. from the con-
solidated-undrained tests and about 6.0 1b. per sg. in. average,
from the consolidsted-drained tests. Thus it is seen that for
the Winnipeg clays a higher cohesion intercept in terms of effec-
tive stressss is obtained from the consolidated-undrained tests

than from the consolidated-drained tests. This agrees with what

(12)

has been observed by J.D. Mishtak Winnipeg

clay.
The average shear strensth envelope for effective stress-
es as obtained by consolidated-undrained tests is shown in figcure

.. {(12)
19 along with those reported by J.L hlshtak‘lzf

(7)5

3 1'1 ')
and C.B.

Crawford for the same type of soll, samples of which were

taken from the Red River Floodway site. Also included in table

7, and figure 21 are the results of some triaxial tests done

on a Winnipeg clav by J. Peters as a part of his still unfinished



g
\J1

In 211 cases the

tests on the soll from the Floodway site were done on specimens

samples.

run at a ra

a const ant value of pF

- . . . . 3 YT \
and for all purposes no veriation in $' with deoth (Table 7)

7t equal to 1,.9° obtained for soil samples from a depth of

7% to 9 feet can be ignored because at this shallow depth the
soil may not be sufficiently uniform in its properties or repre-
senbative of the clay strata in the Winnipeg area. The results

obtained from tests run at different rates of strain (Crawford,
Samerasingha, - table 7) show a variation of £' with the rate of
strain from & 8 at 3.5% strain per hour to 13,20 A 0.9% strain
per hour., Assuming that ' values may be compared for different

Winnipeg clays under identical rates of testing

q
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zrainst rabe of strain may be plotted (fim

C', as it depends on the amount of pre-consolidation and the degree

of disturbance etc,
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CHAPTER VI
CONCLUSION
The results were dlscussed in detail in the previous

£

chapter. On the basis of these results the

iy

sions may be summarized, about the soil tested which was a typical
clay in the Winnipeg ares,

here is a low angle of shearing resistance and a high
Ucohesion intercept". The anple of shearing resistance is about
13° as given by thc consolideted-undrasined test and only siightly

iven by the consolidated drained

ible to use the undrained test with pore pressure neasurement

rather than the drained test which takes several days.

he pore pressure parameter Ah(aﬁ foilure) lies between
L

. From the pore pressure characteristics, vector

N

urves ete., the clay can be described as being lightly over-

consolidated., For the over-consolidated clays (maximum over-

consolidation retio = 8) A varied between 1 and 1 .« The limited
i

varistion of Afunder different conditions w

roblems, where it is measured in the laboratory

;
o]
ke}
]
2]
[¢]
o+
}..).
[¢]
L
e
e}

under conditions similar to those in the field problem,

The rabe of strain affects the test resnlts in the
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ble results a strain thet
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hours or more appears satisfactory.
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The maximum deviator stress was usually rea
and failure planes developed after that. Therefore it is not
possible to use the multi-stase test using one sample to obtain
a Mohr rupture envelope.

A comparison of the test results with other reported
results of triaxial tests on clays in the Winnipesz area shows

Fal
T

that these clays have fairly uniform properties.
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Moisture contents ’
Typa of Rate'of -~ (- o) Unax . R .
Depth toot s { | strain 3 1”500 Jeqid ©F 4 ty ¢ c Ag
ft. Vi |l Yl % in. per min) 1P/ sa in|lb /sa in " 1 mins,
595 58+0 157.3157.0 | 97:6 | o1s 20 27.7 | 10.2 420 70 0365
Consolidated P87 F5+2 |54.0]53.1100 . \ 5o 33.1 | 20.8 4.08 80 8.8 10.8- -605
2 | Goaraines  P8-0 f1.0 |53.553.0] 97 (3L ET ko | aus w0 | nass | g0 402
158.9(46.9 18.0 46.1 | 96.0 8 5.0 | 2.5 8.40 | 1140 <550
578 |55.8 156.5 |56.0 | 95.0 0.00067 20 29,8 8.0 | 2.8 110 .268
© L3 60 ° 60 ) [ oD 6' ) L ‘ ‘ L]

579 15540 564 154.9 | 96,0 (1.5 % / hr) 4o 37.5 | 16.2 5.28 | 225 12.9 9.3 1405
2q " 580 [5440 [57.5 570 | 9640 60 36.6 | 11.5 6.30 | 220 315
59.1 [56.0 [55.1 [54.8 | 96.0 80 58.8 20.2 5.73 | 225 348
57.9 |56.2 [=5.1 [s4.9 | 97.9 | ©0.00040 20 29.0 | 7.3 | h.ooy | 290 252
o 5803534 |55.0|54.8 | 98.0 | (¢ o 7, /hr) 4o 37.9 | 12.7 6.00 | 420 13.2 | 9.0 | «335
20 57.851.9 [18.3 8.9 | 98.4 80 53.0 | 24.2 | 5.94 | 450 | 457
595 15600 |57.0|57.5| 97.6 20 Failed by buckling _
bonsoidated 57,6 I47.0 [18.9 [48.4 | 97.0: 40 43.6 B 9.55 -

50 Drained 6 13.60
( N nt‘58°0‘ 589 U9el 1hB.1 | 98,0 60. 56.7 - . 14.0 7.0 _
SRS AN 8.0 I .0 113.0 [15.0 | 96.0 8 69.7 - 16,80 -

Table 6 -

Summary of tegt results

0$



Type of Moisture contents Rate of ’ . .

Depth test s 7 strain °§ ( c, - %? Unax er 4 tr o c Ao
ft. volw | v * |in. per min| 1b/-s3 in.l1b/sq inblb/sa if. 1b/sq iz
i t.., Py ’

55+2|51.4]53.7{49.8 | 97.0 20 25.4 - | 45 =
Consolidated |S5he3|49.4]51.0|50.8 | 97.9 Lo | 35.0 - 13.0 14.8 | 5.0 -

25 Drained 8o 7.8 1.0 o «Q
(o, cohstant) ' 120 o 17.0! _
53.8[44.2142.0|42.1| 95.0 102 to 50 | 52 _ 16.6 -
Consolidated . . —

| Drainea  |SHe2|U5.5|47.0 4kB | 96.0 o 36 | 44 ~ 5.2 15.2 | 6.5
25 S5he2(48.1{51.0|53.8[95.0 60 » 28 32 _ L5 -
(o3 decreasinig oles.1l51.5]52. | 95.0 w1y | 26 _ 3.3 o -
55.0151.0|52.0|52.5| 96,9 120 to 1% 22,8 3.0 6.0 100 2131
Over - 537 (476 145.5|4k.7 | 95.0 ® 20 26.3 3.4 4.92 320 2131
o consolidated|5h.4 46.4 |45.9 [46.8 | 97.0 | 0.00040 w30 31.2 5. L4 320 12.0 7.5 2173
5 | Undrained  |84.0 |15.2: kb4 [45.9 | 97.0 ® 40 | 39.9 5.0 6.0 420 . . 125
She5 439 1.6 1433 | 969 \(5 g 9 s pr)f 5 80 | 508 | 13.2 735 320 - -260
53.8 5.4 1246 15.2 | 97.0 120 | 59.Y | 41.0 6.69 | 460 710

wi= initial water content

wi= water cocntent at the top, after failure .
wp= " LB " " bottom after " o
wep= ¥ 4 in the failure zone,

S = degree of saturation,

ep= strain at failure,
te= time to failure.
Table 6« (ctd.) -~ Summary of test results



PORE PRESSURE - 1b per sq in

PORE PRESSURE - 1b per sq in
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(2) TIME ( During cell pressure increase)
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STRESS -1b per sq in
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DEVIATOR STRESS - 1b per sq in

PORE PRESSURE -~ 1b per sd in
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VS STRAIN

(Consolidated undrained test

DEVIATOR STRESS -1b per sq in
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DEVIATOR STRESS » 1b per sq in
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DEVIATOR STRESS = 1b per sq in

PORE PRESSURE - 1b per sa in
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DEVIATOR STRESS ~1b per sq in
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SHEAR STRESS -1b per s4 in

SHEAR STRESS - 1b per sg¢ in
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Mohr Rupture Envelope

( Consolidated undrained test = rate of strain 0.0015 in / min)
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Fige 13 (a)

— — —  Stress history paths
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]
C = 10,8 1b / sq in
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EFFECTIVE NORMAL STRESS « b per sq in

Fige 13{Db)



SHEER STRESS « 1b per sq in

SHEAR STRESS =1b per =4 in
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Mohr Rupture Envelope

( Consolidated undraimed test = rate of strein 0.00067 ia./ min )
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Fig. 14 (v)



SHEAR STRESS ~1b per sQ in

SHEAR STRESS - Ib per sq in
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Mohr Rupture Envelope

( Consolidated undrained test - rate of strain 0,00040 in per min )
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SHEAR STRESS - 1b per sq in

Mohr Rupture Envelope

( Consolidated drained test)
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SHEAR STRESS - 1b per sq in
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Mohr Rupture Envelope

( Consolidated drained test )
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SHEAR STRESS =1b per aq in

Mohr Rupture Envelope

( consolidated drained test )
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SHEAR STRESS - 1b per sq in

SHEAR STRESS « 1b per sq in
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Mohr Rupture Envelopa

( over-consolidated undrained test=- rate of strain 0.00040 in/mii
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SHEAR STRESS - 1b per sq in
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( Stress history paths )
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Mishtak

Crawford

Peters

Samaragsingha

Average ‘ Consolidated bn -
. natural Liquid Plastic Clay Rate of drained case
Site Depth | moisture| 1imit limit fraction strain )
fe. coxl;ent A 7, per hr 4 c'
Red river 30 5l,8 95 21 - - 120 6.5
floodway : ° o _
" 30 53.6 8l 3l 83 2.0 9.0 8.3
7¢5 - 9.0 L42.1 96 30.1 0.9 14,9 4.3
17.5 - 19| 58.7 98.7 317 0.9 12,4 6.3
Searle
grain elevator 275 = 29| 58,0 764, 25.8 0.9 11.8 5.2
375 = 39| 6L.0. 85.6 31l 0.9 11.6 340
L47e5 = 49| 62.0 81.7 32e4 0.9 11.5 367
20 589}‘- 11[}05 1}005 8“. 0097 1352 903
Red river 20 Ll " " U 1.5 12,9 9.0
floodway
20 ] # L L 303 868 1008

Table 7 - Comparison of test results on Winnipeg clays.

L9



SHEAR STRESS =~ Ib per s4 in

60

B  Creawford

A Mishtsk

o Seamarasinghe

x Peters

¢’=9.0°
C =83 1b/ sq in
L
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g =:%.5 1b / sq in
4= 13.2°
c =9.0 1b /-sq in
¢ = 11.7°
c'= 4.0 1b / sq in

20 Lo 60 80 100: 120
EFFECTIVE NORMAL STRE®S - 1b per sgq in

Fig. 21 = Comparison of shear strength envelopes for Winnipeg clays
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