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ABSTRACT

This thesis deals with the careful evaluation in the laboratory

of shear strength parameters of typical undisturbed tlinnipeg clay samples.

Included was the investigation of the shear strength parameters in terms

' of total and effective stresses. Triaxial tests using drained and

undrained loading in both compression and extension were employed.

Resìdual and peak effective stress parameters were obtained by direct

shear tests" Procedures and results are incìuded. The preconsolidation

I pressures were estimated by using consolidation test data, Mohr circle

i envelope, %(i-43) vs ãr, stress path and also from the A, parameter.

Examples are given with comments on the application of

these parameters to practical foundation and slope stabílity problems.
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CHAPTER I

:

INTRODUCTION

Knowledge about the shear strength of soils is most important

in foundation designs and soil stabitity problems. In order to apply

the correct solutions to these problems, it is necessary to carry

out laboratory tests on the soils under investigation.

Soils used in the study are the typica'l Winnipeg clays.

Sourse of samples, site and sampling description are given in Chapter

II. The soil classification test program, as well as the triaxial

. tests and the direct shear tests, have been done according to the

-standard procedures outl ined by the A.s.T.M., and Bishop and

Henkell. The details of the experimental procedures are given in

Chapter III and IV.

The main purposes of this thesis were as follovrs:

l. To perform routine ìaboratory tests which are needed for
soil classification.

2. To conduct'a variety of shear strength tests in order to

determine to what extent shear strength parameters are a function of

the type of test.

3. To investigate the applicatÍon of the strength parameters

obtained from the shear strength tests to some engineering problems,

that are related to the bearing capacity of foundations and to slope

stabi I i ty prob'l ems .

Soil samples were tested and experimental investigations were
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carried out in the Soil Mechanics Testing Laboratory, Civil Engineering,

University of Manitoba.



CHAPTER II

SITE AND SAMPLING DESCRIPTION

I Soil Sampling and Prepalation

Tulo test holes were drilled at the site of the Canada Cement

Lafarge Plant at Fort Whyte in l^linnipeg. The holes were dritted with

a truck-mounted, l6-inch diameter power auger. undistrubed, moisture

content and bulk samples were obtained at depths indicated in Figures I

and 2.

The large diameter of the test holes permitted the obtaining

of a number of three-inch diameter Shelby tubes at each depth selected

for sampling. This was considered necessary to provide sufficient
material for the number of strength and consolidated test required.

The undisturbed samples were obtained by using the hydraulic-

feed system of the drill to push the tubes into the ground. The tubes

were then gently rotated to shear off the lower face of the soit. The

tubes were then raised to the ground surface where they were prepared

for taking to the laboratory. The tubes were cleaned, the ends sea'led

with wax and then tabelled. Samples were also obta.ined from the auger

for moisture content and identification tests.

In the laboratory the undisturbed samples were removed from

the shelby tubes, cut to convenient lengths, wrapped first in plastic

film, and then with aluminium foil, completely coated with wax, labe'lled

and stored in the moisture room. Material remaining from trimming the



TEST HOLE LOG
TEST HOLE NO. I

SITE: CANADA CEMENT
LAFARGE PLANT SITE

PROJECT: MSc THESIS

METHOD OF DRILL!NG' I6" É
POWER AUGER

DATE: JULY 3/73
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FIGURE I



TEST HOLE LOG

TEST HOLE NO. 2

SITE: CANADA CEMENT
LAFARGE PLANT SITE

PROJECT: MSe THESIS

METHOD OF DR¡LLING: I6., O
POWER AUGER

DATE: JULY 3/ 73
LOGGED: BY NITTAYA
WEATHER: SUNNY, HOT

ËiEü: % MotsruRE DEScRtPfloN
FT. O 25 50 75 tOO t25

PEAT. FREE WATER SEEPAGE
GREY CLAYEY SILT. COLLAPSING

:' : å3" cREY- BRowN
Tm= ll4

VARVED CLAY

MED. STIFF
TO STIFF

GREY CLAY MED. STIFF

DRILLING HEAVY

SEEPAGE FROM PEAT
A GREY CLAYEY SILT

CAUSED SIDES TO

COLLAPSE NEAR TOP

OF HOLE.

ORGANIC SILT

SILT

SAND

GRAVEL

N cLAY

MO I STURE
CONTENT o/o

LEG EN D qu 
= UN@NFINED

COMPRESSION
sTRENGTH -tgtrrz

S = SATURATION o/o

/m= UNDISTURBED

m

m

E
EI

t.l. 
L.. pLASTtc, 

tLteutD

FIGURE 2
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sample was immediately used for moisture content tests. Grain size,

plastic and liquid'limit tests were done on representative bulk

sampìes, and material remaining after the undisturbed tests were

compl eted.

2 Results of Fieìd Tests

The test holes show that the top approximate 1.5 feet

consisted of peat. This v,ras found to be underlain by about 1.5 feet

of grey clay silt. The silt is stiff, fine-grained and non-plastic.

No laboratory tests were performed on this material.

Underlying the silt, a grey-brown varved ctay was found to

a depth of about 20 feet. This material has i pìasticity index

ranging from 61 to 73, and Iiquid timit ranging from r03 to 123.

The degree of saturation is very nearly 100% which can be assumed

as fully saturated. The grain size test showed a predominance of clay,

as high as 81"/" finer than 0.002 mm. The unconfined compression strengths

of ll30 to l810 psf indicate medium stiffness.

Below the 2O-foot depth, grêy clay was found extending to the

4?-foot depth. It contained a fair amount of gypsum pockets and also

silt varves and pockets. The clay content is less than for the grey:

brown clay, and ranges from 24 to 62%. Towards the bottom it was sandy.

The unconfined compression strengths of l7B0 and 
.|320 psf indicated

medÍum stiffness. It was of low permeability. The plastic index was

in the range of 28 to 49 and the ]iquid 'limit was about 46 to 80.

The degree of saturation was 99%, and the water content varied from

50 to 55%"
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A rock flour, siìt, sand, and gravel mixture layer extends

below the 42-foot depth. Driìling was stopped because of auger

refusal at the depth of 50 feet. The mixture contains about 23 to.30%

sand and about 39 to 47% silt, and the rest is clay. Most of the

gravel is crushed ì imestone in subangular shapes with diameter between

0.1 to 1.0 inch.

Seepage v,,as encountered from the upper organic and grey silt
layers. This interfered with undisturbed sampl ing below the 32-foot

depth in test hole lr ârìd made sampìÍng impossible below the 6-foot

depth in test hole 2.

The test holes are shown in Figure.l and 2. The soil

properties are summerized in Tabte l.
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CHAPTER III

ROITTINE LABORATORY TESTS AND RESULTS

I Classification and Moisture Content

l,lhere possibìe standard test procedures were used for the

laboratory tests as follows:

Liquid Limit ASTM, D4Z3-66

Plastic Limit ASTM, D4Z4-59

Moisture Content ASTM, D2Zl6-71

Grain Size ASTM, D42Z-63

The results of these tests are summarized in Table l. Grain

size curves as shown in Figure A-l and A-2 of Appendix A.

2 Consol idation Test

The consolidation tests on undisturbed sampìes were performed

using 2.53-inch diameter floating ring consolidometers. Typical test
data are shown in Appendix B. Testing was used by the procedure

outlinecl in the University of Manitoba, Civil Engineering, Soil Testing

Laboratory Manual, and calculations were performed using the laboratory

computer program. It should be noted that the final void ratios were

based on assumed 100% saturation at the end of the test, and all other

void ratios referred to the final void ratios by calculation based on

measured deflections.

Tabte 2 summarizes the results of the consolidation tests.

Figure 3 shows the pressure vs void ratio relationship for the samples

tested.
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ll- 13 ft. Hole I

2l-23 ft. Hole I

16- 18 ft. Hole I

4-6 ft. Hole 2

26-28 f t. Hole l

t.3

o
t-
É

Ê
o

o.9

o.ol t.o

PRESSURE, kg /cmz

FIGURE 3. consolidoted test resurts¡ pressure (log scole)
void rotio curves (Conodo Cement ¡ Loforge
plont site ; Winnipeg, Mon.
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3 Unconfined Compression Test

Unconfined compression tests were performed on the undísturbed

samples extruded from the Shelby tubes. Typica'l test data are sho.wn in

Appendix c. The samples were measured and weighed prior to testing.

They were then ptaced on an air-operated testíng machine and strained

at an approximate rate of 1% per minute unti'l failure occurred. The

sample was then placed in the oven. Moisture content, degree of

saturation, void ratio and moist and dry densities were determined

for all samples. The results are summarized in Tabte I and Figure l.
stress-strain curves for all samples tested are shown in Figure 4.
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CHAPTER IV

TEST FOR SHEAR STRENGTH AND PORE PRESSURE PARAMETERS

I Triaxial Test

A brief description is given here for the triaxial tests used

in the study. Standard procedures used were those described in Bishop

and Henkell.

t .l Equi prilent

standard 1.4-inch diameter triaxìal cells were used as

shown in Figure C-l of Appendix C.

The systems of controlling the cell pressure were the air
pressure system for undrained tests, and the self-compensating mercury

control system as shown in Figure c-2 of Appendix c for drained

tests. The disadvantage of using the air pressure control system was

the possibiìíty of dissolved aír entering the sampìe through the

mernbranes under high all-around cell pressure in tests lasting several

days. Also, in long term tests,if the electricity was turned off
accidenta'lly, the cell pressure would drop and then the sample would fail.

The pore pressure measuring system was the transducer type.

It was considered as the most sensitíve and accurate pore pressure

measuring equipment giving accuracy in the order of 0.1 psi. Also,

it permitted a wide range of pressures from 0 up to 100 psi. The

transducer ampl ifier-indicator used in the experiments was the

"Daytronic" Model 300 I.
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1.2 General Procedure

. The procedure for triaxial tests can be divided into a

consolidation and shearing stage. In the consolídation stage, all
types of the triaxia'l test were performed in the same way except

that in undrained tests a back pressure was used to obtain 100%

saturation in soil sampìes. The reason for using the back pressure

wasto ensure full saturation and to prevent dissolved air from coming

out of solution which could interfere with the pore pressure readings.

In the shearing stage, the procedures depended on how samples were

brought to failure and will be discussed later.

t.3 Preparation of Samples

The triaxial test samples were prepared from the undisturbed

soils kept in a moisture storage room. The three-inch diameter undisturbed

soil samples were cut longitudinalty into three specimens and trimmed

into approximately 1.4 inches in diameter on a soil lathe. The ends

were trimmed perpendicular to the axis to obtain a specimen length

of approximately 1.5 to 2 times the diameter. Moisture contents of

specimens were obtained using sample trimmings. Samples were then

measured and weighed. The above were done rapidly to prevent drying"

I .4 Consol idation of Triaxial Test Specimens

The cell base was filled with de-aired water. A burette

was connected to the pore pressure out'l et on the base of the cel I .

De-aired water was allowed to flow back from the burette to cover

the pedestal to ensure there was no air trapped in the tines. A

saturated porous stone was sl id onto the top of the pedestal . The

/'
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sample !,ras then placed on the porous stone. Another porous stone was

placed on top of the sample. Then saturated 1/4-inch wide filter str:ips

were placed verticaììy around the perimeter of the sample. Two to three

rubber membranes were applied to the sample with a thin coating of grease

between them to prevent leakage. A loading cap was put on top of the

sample after ensuring that there was no air between the sampìe and

rubber membranes. The membranes were sealed to the pedestal and capped

by means of tvuo or three O-rings.

The cell was assembled in the test frame and about three-

quarters fitled with de-aired water. oil was then used to fiil the

cell. The oil acts as a pi'ston lubricant as small amounts leak out

along the piston. Finally, any remaining air was expelled through

the air valve by admitting more de-aired water. The required ceìì

pressure was then applied. Dial gauge was then attached. Initial
burette and dial gauge readings were recorded and the starting time

noted. The sample v\,as now ready for testing. As soon as the consolida-

tion started, the burette and dial readings were recorded as close as

po'ssible at the following elapsed times;1, 2, 4, 8, I5 and 30 minutes

and 1,2,4, and B hours. The conso'lidation was completed when the

volume change and the strain dial readingswere constant. In the tests,

all samples took about 48 hours to complete the consolidation stage.

In the consolidated drained tests, as well as in the consolidated

undrained triaxial extension and constant mean normal stress tests,

the consolidation stage was done on a platform scale load frame. The

triaxial cell was first positioned on the platform scale, the cell
pressure was set to the required pressure and the balance weight was
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adJusted to read exactìy the same amount as the weight on the plat-

form and the weight used for counteracting the upward pressure on the

piston. The balance weight was recorded. Then the dial gauge was

set. The crank of the platform scale load frame was adjusted in o.rder

to bring the piston in contact with the bearing ball which sat on the

loading cap, and consolidation was started. In consolidated-undrained

triaxial compression tests, all samples b,ere set on the controìled

. strain testing machine which is electrically driven. First, the

piston was brought to contact the bearing ball, then the diat gauge

and strain dial were initially set. The consolidation was started.

t.5 Shearing Stage

In the shearing stage the samples were sheared by apptying

the axial stress or increasing the ce'lt pressure, and the samples b,ere

brought to failure by either controlling strain or stress. If pore

pressure was measured, the connection to pore pressure measuring system

was made before shearing started. If the volume change was measured,

shearing of the sample could be done immediately after the conso]idation

stage had fÍnished. The details of procedure in shearÍng stage for each

type of triaxia'l test are described as follows.

.|.5"1 
con:olidated;undrained rriaxial compression Test l^lith pore

ffessure Measurement

t" **r, *r. * this test was done on the controlled

strain testing machíne. A back pressure of l0 psi was used to assure

saturation. After consolidation stage finished, the transducer !{as

connected through the pore pressure valve. Then the valve connected

to the burette was closed and the burette was removed. Before shearing
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started, the pore pressure was checked to assure it read the same

as the back pressure. If this was not the case the transducer was

set to give a reading equal to the back pressure. The rate of straín

was selected to be 0.0002 inches per minute. (This rate of straÍn

is very slow and ensures the equilibrium of the pore pressure in the

whole sample.) The strain dial readings and pore pressures were

recorded at every 0.010 inch deflection unti'l failure occurred.

Two or three more readings were made after failure had taken place.

Typical data are shown in Appendix D.

1.5.2 consolidqlgçlundrained rriaxiat txtension Test l'lith pore
-..._ ¡i :ffessure Measurement

t" 
"trt -re ..t*ted the same way as were the compression

triaxial tests, but instead of appìying the deviator stress until

sampl es fai'led, the a'l'l-around cel'l pressure was increased and the

vertical pressure was kept constant by dead 'loading through a hanger.

The shearing stage was performed on the pìatform scale. The base of

the triaxial cell was clamped to the platform and a'lso the top of

the cell was clamped to the frame to prevent the cell from'lifting

up when the axial extension force was appìied to maintain constant

vertical pressure during the shearing stage. Before the stage was

commenced, following the completion of the consolidation test, the

loading cap was attached to the piston to take tension. For high

initial all-around cell pressures, sufficient weights were placed

on the platform to ensure that at high tensions, the platform scale

readings remained greater than zero. The corrected area of the sample

was determined after each load increment and the ca]culation was made
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to determine the tension force which was needed to keep the vertical

stress constant. The dial gauge readings and the pore pressures were

recorded in the same manner as they were for the compression tests..

The ìoading cap used in extension tests is described by Bishop and
I

Henke'l '. Typicaì data are shown in Appendix D.

t.5.3 Pore Pressure Parameter B and A

The pore pressure parameters B and A were obtained using

the undrained triaxial tests. In determining the pore pressure

parameter B, the sample vJas prepared and set in the triaxial cell, the

initial cell pressure was selected at l0 psi, the pore pressure was

measured by using the transducer. Then the cell pressure was increased

to 20,30, 40, 50, 60, 70, 80, 90 and t00 psi. The pore pressure at

each cell pressure lvas recorded after t5 minutes of elapsed time

to permit equilibrium of the pore pressure in the sample. The

celì pressure vs pore pressure curve was plotted to obtain the average

value of B as shown in Figure 26.

The pore pressure parameter A can be obtaíned during shearing

stage of consol idated undrained compression triaxia'l test. The va'lue

of this parameter at failure, Af, was ca'lculated for each confining

pressure used in the standard tests. The pore pressure parameter, Af,

vs confining pressure for a series of undrained compression test was

plotted as shown in Figure 27.

1.5.4 Consoì idated Drained Test

After the consolidation of the triaxial samples was complete,

shearing of the samples was done by apptying the deviator stress until



-20-

failure occurred. Using the platform scale load frame, the 'load

increment was added by placing the required weight on the hanger.

Then the load crank was adjusted. About a day was permitted for each

sample to attain equilibrium before another load increment was applied.

The dial and burette readings were recorded in the same manner used

for the consolidation stage to ensure complete consolidation. As

failure vvas approached, the load increments were reduced so that a

more rel iable determination of the failure stress rrould be made.

Typical data are shown in Appendix D.

t.5.5 Consolidated-Drained t^lith Constant Mean Normal Stress Test

In this test the soil samples were brought to failure

by applying the deviator stress and decreasing the cell pressure at

the same time, so that the mean normal stress at shearing stage was

equal to the mean normal stress at consolidation stage. Since this test

was aìso performed on the platform sca'le load frame, it was necessary to

apply the deviator stress in the manner used for the standard drained

tests. Again' dial and burette readings were recorded and the corrected

area had to be determined before applying the next load increment. The

amount of each load increment was based on the basis of maintaining the

axial deflection to be about 0.015 inch each time until failure occurred.

Typical data are shown in Appendix D.

1.6 Completion of Test

After completion of the shearing stage, the pore pressure

measuring system for undrained test as well as the volume change system

for drained test were disconnected. The strain diat was removed from
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the testing machine and the pressure valve was closed. The cell

was brought to the suitable place and was disassembled. The sample

was removed for weighing and obtaining the moisture contents.

2 Direct Shear Test

2.1 Equ i pment

The shear box used in the Soil Mechanics Testing Laboratory,

university of Manitoba, is the constant rate of strain shear box.

It is based on the design of A. l,l. Bishop, Imperial col lege of science

and Technology, London and made by Wykeham Farrance Engineering Limited.

The shear box is a square box 5.52 inches square which is sptit in
half horizontally. Normal'loads are applied to the specimen by a load

hanger. An additionaT lever load device can be fitted to this hanger.

shear force is applied by screw jack either hand operated or porver

driven. The shear box runs on ball tracks guided in hardened and

ground slots. A proving ring is used to measure the applied shear

load. The machine and motor unit are mounted on a stand. The

equipment is shown in Figure E-l of Appendix E.

2.2 Procedure

The top half of the shear box was screwed down on top of

the bottom half by the locating screws. A porous stone placed in

the bottom t,las fol'lowed by a serrated grid, set with its serrations

at right angle to the direction of shear. The sample which was

already trimmed to size in the trimmer was then carefully pushed

down into the shear box. The upper serrated grid was pìaced on top

of the sample and again its serrations were at right angle to the
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direction of the shearing action. Water was added into the shear

box to maintaii moisture content. The dial gauge for consotidation

measurement was attached on top of the hanger. The shear box was

brought to bear against driving mechanism by using the hand whee'|.

contact was indicated by a slight movement of the proving ring. The

strain dial was then attached. Dial gauge, strain dial and proving

ring were set at zero. Only the drained direct shear tests were

performed since the purpose of the test was only to determine the

residual shear strength, The test was started by applying the load

on the hanger and consolidation of the sample took place. The dial

readings were recorded. consolidation was continued until 100%

consolidation was indicated by the deflection vs time plots. The

electric motor was engaged to commence shear. The shearing speed

used was 0.000096 inches per minute which has been shown to assure

complete pore pressure dissipation. The proving ring and strain diat

readings were recorded at every 0.020 inch. The test was continued

until the shear force was constant for a few readings. A series of

tests were performed in order to obtain the peak and residual shear

strength parameters. Final moisture contents were obtained using

the samp'les after testing. The typical test data a.re shown in

Appendix E.



CHAPTER V

RESULTS OF SHEAR STRENGTH TESTS

I Tri?xigl Tgst Stress, Pore Pressure and Volume Change Relation
to Strain

For the consolidated-undrained triaxial compression tests,

the deviator stress, G -A ) vs axial strain curves are shown inl3
Figure 5 for different confining piessures (ce'lt pressure minus back

pressure). It can be seen that the relationship is expressed by a

family of curves with higher deviator stresses corresponding to higher

confining pressures for a given magnitude of strain. Figure 6 shows the

effective principal stress ratio, (; /o ) vs axial strain for differentl3
confining pressures. At low confining pressure, i.e. less than t4 psi, the

curves reach a much higher principat stress ratio than is the case for the

high confining pressures. At confining pressures of 5 and l4 psi, the

stress ratios increase at a rapid rate and attain their maximum va'lues at

very low strains, i.e. about 1.5% strain for the confining pressure of 5

psi and 1.2% strain for the confining pressure of 14 psi. At confining

pressures greater than'14 psi, but lower than or equal to 58.5 psi,

the stress ratios increase at a slower rate and stiìl attain the maximum

vaìue at low strains, i.e. about 2% strain for the confining pressure of

30 psi, and 3% for the confining pressure of 58.5 psi. llhen the

confining pressure is greater than 58.5 psi, the stress ratios increase

at a very slow rate and attain their maximum values at about 4.5% strain.

However, it can be said that the strains at faiìure are low in undrained

compression tests. The maximum values of (or-ã3) and îL/o3 donot occur
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at the same axial strain in all the tests. At confining pressure of 5

and 14 psi, the maximum ãrlõ, occurs before the maximu* (i-ãr) varue.

Also, samples tested at confining pressures greater than 30 psi, do.not

show the high o./ã^ peak. The pore pressure vs axia'l strain curves1.3
are shown in Figure 7. It can be noticed that for samples under confíning

pressure equal to or lower than about 44 psi, the maximum pore pressures

are attained at the same strain as the maximum G -A ). This is not the13
case when the confining pressure is greater than about 44 psi.

For consolidated-undrained triaxial extension tests, the

deviator stress and the effective principal stress ratio vs axiaì strain

curves are shown in Figure B and Figure 9 respectively" The curves show

that the deviator stress increases in proportion to the confining pressure

but this is not the case for the effective principal stress ratios. For

the sample under an initial confining pressure of 59.5 psi tt¡e ã/ã ratio13
decreases rapidly with increasing strain and reaches the same ratio as does

the sample under initial confining pressure of 35 psi when fai'lure plane

was noticed. The pore pressure curves in Figure l0 show the increase in

pore pressure with initial confining pressure. Therefore, it can be

concluded from Figure B and Figure'10 that higher initial confining

pressures correspond to higher values of deviator stress and pore

pressure for all values of axial strain.

Figure 1l and Figure l2 show the curves of the deviator

stress and effective principal stress ratio

the conso'l idated-drained compression tests.

undrained compression tests, the õr/õ, ratio

pressure of 5 and I 5 psi peak before the (ã

vs axial strain curves for

Again, as in the conso'lidated-

for samples under confining

-; ) stress. The curves of
3
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the ã-lã- vs axial strain for samples under confining pressures of 513
and l5 psi also have shapes different from the other curves. A similar

difference is not seen in the (i-;r) vs axial strain curves. Samples

in the conso'lidated-drained compression tests attain their maximum values

of (ã.-o^) and o-lo^ at higher strains than do samples in the consolidated-I 3- I 3 --.-"r---
undrained compression tests, i.e. at 4.2% and 

.|.5% axial strain respectively

at confining pressures of 5 psi. The volume change vs strain curves are

shown in Figure ì3. The curves show the.inct"ease in vo]ume at small

strain and decrease in volume at large strain except for the samples

obtained from the depth 6 to I feet tested at confining pressures of
I

5 and 60 psi. According to the theory (Bishop and Henkel ), a normaily-

consolidated clay will show a volume decrease during the shearing stage,

and an over-consolidated clay wiìl show a small volume decrease at smalt

strain and dilation (volume increase) at a large strain. Therefore, the

apparent dilation at small strain suggests the possibility of leakage

in the drainage line between the cell and burette or possible evaporation

from the burette during a long term test. Under the same conditions a

normally-consolidated clay can show an incorrect dilation at smalì strain,

and an apparently smaller than actual volume decrease at large strain.

l.lith this ìeakage or evaporation the over-consolidated clay can show

incorrectìy exaggerated dilation throughout the entire test. This has

to be taken into account in interpreting the test results. From the

volume change vs axial strain curves of the ll to t3-foot depth sampìes,

it appears that for a confining pressure of about 45 psi, the cìay is

over-consolidated, but at higher confining pressure the clay is normally-

consolidated. The curves for the 6 to B-foot depth samples suggest
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possible membrane leakage for samp'les tested at confining pressures

of 5 and 15 psi. At these'low confining pressure, the samples should

show dilation as expected for over-consotidated cìays. Instead they

show volume decrease explainable only by possible membrane leakage.

It may be noted that the consolidation test shows a 13 psi preconsol-

idation pressure for the sample. so the sample at 5 psi confining

pressure shou'ld definitely have behaved as an over-consolidated clay,

which it does not.

Figure .|4, ì5 and 16 show the deviator stress, principal

stress ratio and volume change vs axial strain curves for the con-

solidated drained with constant mean normal stress tests. It is

shown that the deviator stress increases, the principal effective

stress ratio increases, and the volume decreases for corresponding

strain increases. At low confining pressure, the increasing of

stress ratio and volume cha.nge are higher than under higher confinÍng

pressure for comesponding strain.

2 Effective Shear Strength Parameters From Triaxial rests

The effective s,hear strength parameters c' and g' are obtained

by using the Mohr circle method, and by calculation using plots of

1/2(o.-ã^)ç vs ã^ where the subscript "f" denotes fairure. va]ues ofI 31 3

c'and 4'obtained both ways for alì types of triaxia'l tests are shown

in Figure 17 to Figure 22 and the summary is shown in Tabre 3.

The Mohr circ'le method gives a close agreement to the

1/2(o--; ). vs ã method except for the extension test. In bothI 31 3

conso'l idated-undrained and consot idated drained tests the maximum

dlfference in c'and g' obtained from two methods are about 1.3 psi
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TABTT 3 - SUMMARY OF EFFECTIVE SHEAR STRENGTH PARAMETERS FROM
VARIOUS TYPES OF TESTS

TYPE OF TIST cl
psi

ô'
Ceqree COMMENTS

Consol idated -Undrai ned Triaxiaì
Compression Test

0<o<44-olqq

0< a < 44-;; 
44

psi
psi

psi
psi

Consol idated -Undra i ned Triaxial
Extension Test

0:ã<44psi
o>44psi

Consol idated-Drained Triaxial Test

.õ.44- o7++

<õ<44
ã; qq

psi
psi

psi
psi

Direct Shear Test

Peak Strength
Residual Strength

6.5
0

5.2
0

l3
6.4

5

5
0

I
0

t3
20

1 5.6
19.5

l6
12.6

t4

13.7
18.2

20 
1

12.5 |

L.L.=123, P.L.=44, gr=1,520 psf

Mohr Circle Method

\(o -o ). vs ã Method
I 31 3

=123, P.L.=44, Qr=1,520 psf

Circle Method
-%), ut 

% 
Method

lMohr

l%(i

L. =1 03-l 14 , P .L.=41-42,
qu=l ,Bl 0 Psf

hr Circle MethodMo

'¿(ã t
-%)t vs ã, Method

=48, P.L.=18, Qr=660 psfL.L
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and 2.6degreesrespectively. For the extension test the differences

are respective'ly 6.6 psi, and 3.6degreeswhich are considered large.

The reason for these differences wiil be discussed later
The soil samples used in the triaxial tests did not all come

from the same depth. In order to have sufficient samples for the

tests, materials were used from the 6 to B, ll to 13 and 16 to lB-
foot depths. Similar plastic and liquid limits confirm the sampìes

to be very similar highly plastic clays. A comparison between the

consolidatedr¡ndrained and consolidated-drained tests can be made

even though the tests were on samples from different depths with

apparently smal I error

It is shown from Figures 17,18,21 and zz that the soit

is under an over-consol idated condition within the stress range from

0 to about 44 psi which is shown by the portion AB of the curves.

The way to interpret the over-consolidated and normaìly-consolÍdated

conditions by plotting the Mohr circle is explained ín all soil
Mechanics textbooks.

For consolidated-undrained and consol idated drained triaxial
tests, when confining pressure is less than 44 psi, the value of o, is
0.3 degrees greater to 2.6 degrees less obtained from the Mohr circle
plots as compared to the value obtained from the I /z(or-i)1, vs ã,
plots. similarly, the value of c' is .|.3 psi greater. For confining

pressures greater than 44 psi, both plots give ô'values 0.2 to 0.5

degrees greater. It is reported by simons and Bjerrrr2 thut for^

normally-consoìidated clay the shear strength parameters c' and p'

obtained from consol idated-undrained triaxial tests are very close to
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the values obtained from conso'lidated drained triaxial tests. But

there is some difference in c'and 6'values for over-consolidated

clay obtained from both types of triaxia'l test (simons3). For

t'linnipeg cìay, Nat in p. Samarasingha4 al so observed that a higher

cohesion intercept in terms of effective stress is obtained from

the consol idated-undrained tests than from the consol idated-drained

tests. Simons and Bjerrrr2 huu. reported that the reasons for the

differences between conso'lidated-undrained and drained tests were also

discussed by Bishop, Bjerrum, casagrande and hlilson, Hirschfeld and

skempton and Bishop. In any comparison of the results between

undrained and drained tests, it must be considered the rate of loading,

saturation of the sample, work involved in changing volume (Bjerrum and
c

Simons'). These are discussed as follows:

The rate of loading in undrained tests was0.0002 inch per

minute. It took on the average about B hours to load the samp'les to
failure. In drained tests it took about 7 days by average. since 6,

is to some extent time dependdnt, it is necessary to use similar rates

of testing in making an experimental comparison. The effect of time

on shear strength was shown by Whitmans. For Winnipeg c1ays, it has

been shown by Nalin P. Samarasingha4 that with increasing the strain
rate, p' decreases and c' increases in consolîdated-undrained tests.
Thus, íf the rate of strain in undrained tests are sloÌ¡rer, there

might be an agreement in the shear strength parameters obtained from

both types of triaxial tests. However, the strain rate of 0.0002 inch

per minute is generaìly slow enough to permit equalization of the pore
Ê

pressure (Scott9).
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Saturation of the samples also has an influence on the shear

strength parameters because if a sample is only partially saturated,

then measurements of pore pressure using an ordinary porous stone

may result in significant error which is due to the dissolved gas

in the soil volume entering the pore pressure measuring system. The

use of extremely fine porous stone may be needed. Because of the high

degree of saturation of the soi'l samples, i.e. at least about 9B%, and

the use of l0 psi back pressure is assumed to be sufficient to achieve

full saturation. LoweT has reported that this amount of back pressure

results in full saturation. For different degrees of saturatíon, Lowe

also has shown the amount of back pressure needed. Bishop and Henkell

have shown that in practical work the use of 30 psi back pressure is

suff ic i ent.

The last factor which involves in the comparison of shear

strength parameters is the work done in changing volume. Theoretically,

undrained and drained tests can only be compared if the drained test
is comected for the work to fai'lure involved in changing volume.

For normally-consolÍdated clays, Bishop and Bjerrwn8 huu. reported

that skempton and Bishop have shown theoretically using Hvorslev

concepts of true cohesion and friction that there should be close

agreement between the effective stress envelopes for consolidated-

undrained and drained tests, more exacily the correction general'ly

increases 6' obtained from the drained test. For over-consolidated

clays the correction is important and the correction reduces the

observed va'lue of O'obtained from the drained test (Bjerrum and Simons)2.

Bishop and BjerrunS huu. reported that for normally-conso'lidated
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clay the observed value of O' from the consolidated-undrained tests

is higher by 0 to I degree in typical cases, and for over-consolidated

clay the drained test is usually found to give the higher value. T.he

results obtained from tlinnipeg clay do agree with Bishop and Bjerrum

findings when the Mohr circle method is used. For the ì /z(or-ãr), ur 
%

method, the undrained test gave the higher o'value for the over-

consoìidated condition contrary to Bishop and Bjemum findings. The

problem, however, is how to obtain the best fit lines given the

scatter of data in both methods. The maximum difference in q' of Z

degrees can be due to the difference in visually,'fitting,'the data

in the two plots.

The failure theories used in practice generaìly assume the

isotropic materials. Anisotropic materials would show directional
properties. Therefore, the standard triaxial compression and extension

tests on stratified soil have never been expected to give the same shear

strength parameters. Kennyg has shown that two identical soil elements

subjected to identical consolidation stress, but sheared to fail at
different inclinations can exhibit different undrained strength

confirming ear'lier work by Eden, Lo and Milligan. The latter had

tested natural stratified and homogeneous clay in compression, the

sampìes being cut at different inc]inatíons. The result indicated

that undrained strength was dependent on oríentation of the samp'le

when all other factors were equaì. It is the same case when the

standard compression and extension tests are compared. The fai'lure
planes in these cases are different'ly inclined. In the standard

compression test it incl ines at 4s + q¡2 degrees to the horizontal
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where in the extension test it inclines at 45 + 6¡2 to the vertical.
Another reason for a difference may be that in the standard triaxial
compression test, the intermediate principal stress remains constant,

whereas in the extension test it is continually changing. This

would be a factor if the strength depended on the intermediate

principaì stress. The c' and 6' obtained from undistrubed samples

of I'linnipeg c'lay are 6.4 psi and 
.|2.6 

degrees based on the 1/z(ot-%),
vs ¿, for the over-consolidated condition. The value of c' is about

3

281" greater than that for the compressíon tests, but o, is about l9%

smaller. The va'lue of q' which has been observed by other researchers,

i.e. Johansen, Taylor, Taylor and ctough, Henkel, as reported by
ln

Hvorslev'" was in some cases greater and in some cases smaller than

those for compression tests in which the maximum difference is about

20%. These very substantial differences in results obtained from

undisturbed tJinnipeg cìay wouìd indicate a marked lack of isotropy.

In this discussion the results based on the Mohr circle method is

not mentioned because the tests have been done on only three samples

and unfortunately only two samples are considered as being in the

over-consolidated condition. It is very difficult to draw the best

tangent to the closely spaced circles and especíally where there are

only two circles. Therefore, the 1/Z(o -; ), vs ã method is
I 31 3

chosen to be the suitable method for this case.

Figure 23 shows the results of the undrained triaxial tests

plotted in a stress space. The results of the compression test are

plotted above the space diagonal line and the results of the extension

test are plotted beìow the space diagonal I ine. The stress paths for
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all samples are also shown in Figure 23.. For the compression test,
the stress paths for the samp'les conso'l idated at conf ining pressures

of 5 and 14 psi have the shapes as expected for an over-consol idated

clay. The sampÏes consolidated at confining pressures of 44, 58.5 and

89 psi have the shapes as expected for a normally-consolidated clay.

The sample consolidated at confining pressure 30 psi does not show

clearly whether it is in an over-consotidated or normally-consoìidated

condition. Therefore, it can be considered to shòw the border between

over-consol idated and normal 1y-consol idated conditions or defining

approximateìy the preconsoìidafion pressure. Alt results of the

extension test show the shapes of stress paths expected for a normaì ly-
consolidated clay. This is to be expected as the confining pressures

are greater than the apparent preconsolidation pressure.

It may be concluded from the stress paths obtained from the

undrained compression and extension tests that preconsol idation pressure

should be about 30 psi. considering the results obtained from the

consolidation test and triaxial tests, the preconsolidation pressure

value ranges between about 20 psi andabout 44 psi.

3 Direct Shear Test Resul ts

Figure 24 shows the shear stress vs totaì strain for samples

consolidated at normal pressures of'10,20,36.5 and 59 psi and tested

in direct shear. Figure 25 shows the þrohr rupture enveìopes from

which the effective peak strength and effective resÍdual strength

parameters are obtained. The results are also sunrnarized in Table 3.

The peak shear strength parameters obtained in the direct shear test

differ considerably from the parameters obtained in the triaxial tests.
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This is to be expected since the samples are different. The soil

is a highìy plastic clay for the triaxial tests, and a silty clay for
the direct shear test. The peak cohesion and friction angle are l.'
psi and 20 degrees respectively. The residual cohesion is zero and

the residual friction angle is t2.s degrees. These low values can

be expected for a sitty clay.

Pore Pressure Parameter B and A'.

Figure 26 shows the linear relationship between the all-
around cell pressure and pore pressure developed in the soil sample

in an undrained test. Theoretically, for a fu]ly saturated clay

the pore pressure parameter B is equal to unity. It is less than

unity for a partially saturated'clay. The resu'lts of the test are

shown in Table 4. The resuìts are consistent with theory since B

is nearly unity. The initial saturation of the samp'le used is

9B%. In practical work thÍs is considered as fully saturated. The

negative intercept of the graph shovrn in Figure 26 nay be explained

as the result of an initial tension or a negative pore pressure

in the pore water because the undisturbed sample has not been

allowed to re-consolidate after it was taken from the ground

Figure 27 shows the relationship between the pore pressure

parameter A, and the confining pressure. It is c'learly shown that

by increasing the confining pressure, A.," will increase. The values

of At at confining pressures of 44, 58.5 and 89 psi range from 0.84

to 0.98' but the values of A, at confining pressures of 5, 14 and 30

psi range from 0.2ì to 0.63. According to Bishop and Henkell, when
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TABLE 4

PORE PRESSURE PARAMETER B

Ao
3

psi
ouu

psi B

t0
20
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70

80
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100

3.5
12.0

2t .5

3l .0
40. s

50.0

60.0

69. 5

79.0

88.5

;:;,
0.9s

0.95

0.95

0.9s

I .00

0.95

0. 95

0.95
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the over-consolidation pressure ratio equals one, the A, values

for typical cases is also close to one. varues of A, decrease

with increasing over-consolidation ratio, with a varue A, = 0,

obtained for an over-consolidatíon ratio of about 4. Interpolation

would suggest preconsol idation pressure somewhere between z0 to

45 psi for samples taken from the t6- to l8-foot depth.



CHAPTER VI

USE OF TEST DATA

I Bearinq Capacity of Foundations

l.l Theory

The purpose of a structural foundation is to transfer the

structural loads safely to the ground berow. In generaì, the bearing

capacity of the soil and the amount of differential settlement are the

prime concern. The bearing capacity depends on the soil itself as we]l

as the shape and size of the foundation. The solution for the bearing

capacity has been developed first from prandil's theory of plastic

failure for metals. Terzaghill has presented a soìution for the

ultimate bearing capacity of long footing which is more general in

nature than the others. According to Terzaghi, for a continuous

footing of width b embedded a depth, Df, in a soil with unit 'weíght,

y, cohesion, c, and friction angle, q, the bearing capacity for the

undrained case may be expressed by the foìlowing:

. Qnet ult =.N. + .|.0 t, åN, * r, Df(Nq-l) . (t)

where, gnet u'lt = net ultimate bearing capacity;

c = cohesion;

Y, = unit weight of soi'l betow e'levation of base of footing;

Y, = unit weight of soil above elevation of base of footing;

and

N.,Ny,*o = coefficíents depending onry on the angle of internal

friction, 0, âS shown in Figure 28.
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"¡-¿,.

The bearing capacity of the soil for the drained case may

be expressed in terms of net pressures as follows:

qnet urt = c'N. * l'o Yl å N, * r, Df(Nq-l) . . : Q')

where, c' = effective cohesion,

y = unit weight of soil below elevation of base of footingI-
corrected for the position of the watertable;

v, = unit weight of soil above elevation of base of footing

comected for the position of the watertab.le;

N.'Nv,*o = coefficients depending oir the effective angle of

internaT friction, 0,, as shown r'n Figure 2g.

The typical pattern of the rupture theoretical sl ip planes

in the soil under a foundation at failure is shown in Figure 29.

FigUTC 29 - TYPICAL RUPTURE SURFACES BENEATH A FOUNDATION AT FAILURE

The region ACD is a zone of passive Rankine failure. The

region ABc is a zone of radia'l shear. The soil in the region ABA,may

or may not be in the state of p'lastic equilibrium depending on the

roughness of the underside of the foundation. For rough footing, it
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condition of elastic equilibrium, whereas for smooth footing

n the active state.

1.2 Discussion

The bearing capacity of saturated clays is normally computed

by using a total stress ana'lysis based on no drainage.taking place. This

is the condition norma'lly encountered where construction rates are

relatively rapidr ôrìd because of low clay permeability virtually no

drainage takes place during the time of construction and first loading.

Since the foundation 'loads increase the stresses in the soil, the pore

pressures are increased during Ioading, and with time subsequent'ly

reduce. Thus, the effective stresses have their least value at the end

of the construction period, and increase as the soils consolidate. The

foundation becomes more stab'le with time, and the long term stability
need not generally be considered, if the foundation is shown to be

safe initíal1y. l,lhen the construction period is unusually long, or

the load is applied in stages over a long period, some significant
dissipatíon of the excess pore pressure may take place before loading

is comp'lete. A total stress analysis based on the undrained condition

may be conservative. An analysis can be made in terms of effective

stress, taking account of the dissipation of the pore pressure during

loading. The shear streng.th parameters c, and q, are normally obtained

from undrained triaxiaì compression tests with pore pressure measurement,

or from drained tests. The shear strength of clays has been a subject

of discussíon and disagreement ever since investigators began to think

seriously about the subject. From coulomb's original equation,



where, T,

of

o, tan 0

cand4

-64-

the maximum shear resistance;

the normal stress on the failure plane;

the friction on the failure plane; and

the cohesion and Ínternal friction as defined

In a more fundamental form, Coulomb,s equation

as follows:

Tf = cr + (or-u) tan q,

wherer u = the pore pressure¡ and

defi ned .

the other symbols are as previously

According to Skempton and Bishopl2, in any isotropic soil
the cohesion is a non-directional property and it may be regarded as

the resultant of the physico-chemical forces acting between particles

which is the important forces in clay soils.

Internal friction is derived principally from the actual

friction of grain on grain. It is, however, also taken as including

the resistance to shear developed as a resurt of the work which has

to be done when the soil changes volume during shear. Internal friction
for isotropic soils is not itself a directional property, but in the

general case of an element under unequal principal stresses the shear

resistance along different planes wi]'l vary in accordance with the

variation in normal stress, o, and hence the internal friction imparts

directional properties to the soil.

There is evidence that the undrained shear strength of }Jinnipeg

clays is distinctly anisotropic. For example, Loh and Holtl3 reported

that the undrained shear strength of undisturbed samples cut with the

before.

is written

axis 90o from the horízontal is found to be about 2.2 times the value
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for that of samples cut Oo from the horizontal. The engineer is thus

faced with several practical questions, such as the possibility of
using c' and 6' obtained from consolidated undrained compression tes.ts

or drained tests, or perhaps the values obtained from some other

tests, for example, extension tests. Atso, c,and ó,can be obtained

in terms of peak and residual strength in direct shear tests. The

question arises which one is more applicable to foundation bearing

capacity determi nation.

The calculated Terzaghi net ultimate bearing capacity for
all values of c'and q'are tabulated in Tabte s and Table 6. The

calculations were done by considering a strip footing with l0 feet

width and 6 feet depth, and a strip footing with 2.5 feet width and
.|.5 feet depth, with ground watertable at the worst position, i.e. at
ground leveì. These correspond to a typicat large footing, and a -.

small shallow footing in a l^linnipeg bui'lding with a basement. The

average unit weight of the soil both above and below the base of the

footing were taken equal to 107 psf based on actual test values. The

llinnipeg Building Code values are shown for comparison with ultimate

values based on an assumed factor of safety of 2.5.

In the case of a strip footing with t0 feet width and 6

feet depth, the calculated net ultimate bearing capacity based on

c'= 6.5 psi, ô' = 13 degrees, is about t2,000 psf, and c,= 5.2 psi,

O'= 15.6 degrees, is about 11,700 psf. These shear strength parameters

are obtained from the conso'l idated-undrained compression test. The

values of net ultimate bearing capacity are very close and about 2.4

times the bearing capacity given by the wìnnipeg Building code for



TABLE 5. BEARING CAPACITY
Df=6feet,g=
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FOR A IO-FOOT I.IIDE, STRIP FOOTING
l0 feet, L = ".

TYPE OF TEST
NET ULTIMATE BEARING

CAPAC ITY
(psf)

METHOD TO
0BTAIN c', ö'

Consol idated -undrained Tri-
axial Compression Test

0 < A< 44 psi-;i44psi

Conso'l idated -Undrained Tri -
axial Extension Test

0:ã<44psi
Consol idated -Drained Tri -

axial Test

o:ã<44psi
o>44psi

Direct Shear Test

Peak Strength

Residual Strengt h

t3
20

t 5.6.|9.5

12.6

t4
l8
.|3.7

18.2

20

12.5

Calculated After
Consol idation
Cond i ti on

Mohr Circle

b(1-ãr) vs

t(1-ãr) vs

Circl e

-o)vs
3

Unconsol idated -Undra Í ned
Test, Assume c¡1/2, ó=0

}'finnipeg Buiìding Code

Firm Clay
) Assume S.F.-2.5

Soft Clay

Calculated Before
Consol idation
Cond i ti on

4,700
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TABLE 6 . BEARING CAPACITY FOR A 2.s-FOOT }IIDE, STRIP FOOTING
Df = 1.5 feet, B = 2.5 feet, L = *

TYPE OF TEST
ULTIMATE BEARING

CAPACITY
METHOD TO

OBTAIN c' , ô'

Consol idated -Undrained Tri-
axial Compression Test
ã< 44 psi
ãiaaþsi
g5 4a psi
o>44psi

Consol idated -Undrained Tri-
axial Extension Test

0:ã<44psi
Consol idated -Drai ned Tri-

o<44psi
o>44psi

ã¡ 44 psi
o>44psi

Direct Shear Test

Peak Strength

Residual Strength

6.5
0

5.2
0

l3
20

I 5.6
19.5

12.6

t4
IB

t 3.7
18.2

20

12.5

Calculated After
Consol idation
Condition

10,400

Mohr Circle

L({-ãr) vs

Mohr Circle

t(i-"r) vs

Unconsol i dated -Undra i ned
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Condition
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finn clay. The net ultimate bearing capacity based on c,= 6.4 psi,

O' = 12.6 degrees as obtained from the consolidated-undrained triaxial
extension test is about 11,200 psf. This value is only a little
smaller than that obtained from the consolidated-undrained compression

test. In practical work that small difference is considered as

insignificant. Therefore, it may be said that c, and 6' obtained

from the extension test give the net ultimate bearing capacity about

2.4 times the code value. The net uttimate bearing capacity based on

c'= 5 psi, p'= 14 degrees, is the same as that based on c,= 5 psi,

o' = I3.7 degrees which is about 10,000 psf or 2 times the capacity

obtained from the code. These are obtained from the consotidated-

drained triaxial test. Hence, in the over-consolidated range the

net u'ltimate bearing capacity based on the shear strength parameter

obtained from the consolidated{rained test is ìess than that obtained

fron the consolidated-undrained triaxial compression and extension

tests

For the normaìly-consolidated range, the net ultimate bearing

capacity based on c' = 0 psi, 6' = 20 degrees and c, = 0 psi, 6, = 19.5

degrees which obtained from the consolidated-undrained triaxial test
are 2,700 and 2,600 psf respectiveìy. Both bearing capacity values are

about 0.5 times the bearing capacity given by the code. For the

consolidated-drained test which c' = 0 psi, ô, = lg degrees, and c, = Q

psi' 0' = 18.2 degrees, the net ultimate bearing capacity is equal in

both cases and is about 2,200 psf or 0.4 times the code value. Therefore,

the.net uìtimate bearing capacity obtained from the consolidateddrained

triaxial test is also less than that obtained from the consolidated-
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undrained triaxial compression test for this pressure range.

In the case of a strip footing with 2.5 feet width and l.S
feet depth, the values of net bearing capacity based on c, = 6.5 psi..,

0' = 13 degrees and c' = 5.2 psi, ó, = 15.6 degrees, are about ¡,100
psf and 10,500 psf respectively, or about 2.2 times the code value

for firm clay. The net ultimate bearing capacity based on c'= 6.4

psi, 0' = 
.|2.6 

degrees, which obtained from the consolidated_undrained

triaxia'l extension test is about 10,400 psf. Again, as in the case

of the wider footing the net ultimate bearing capacity obtained from

this test is very close to that obtained from the consolidatedr¡ndrained

triaxial compression test. Therefore, it may be said that the bearing

capacity obtained is about 2"2 times the code value. The net ultimate
bearing capacíty based on c,= 5 psi, g,= 14 degrees is equal to that
based on c' = 5 psi, q' = 13.7 degrees which is about 9,000 psf or
I.8 times the code value. Thus, the net ultimate bearing capacity

obtained from the consolidated{rained test is less than that obtained

from the other two types of triaxial test by 0.4 times the code value

as in the case of the l0 feet width and 6 feet depth footing for the

over-consol idated range.

For the normally-consolidated range, the values of net ultimate
bearing capacity obtained from the consoì idated-undrained compression

triaxial test and drained test range from about 540 psf to about 6g5 psf

which are considered very low varues. Normally, the allowable net

bearing capacity used in l,linnipeg is about 2,000 psf. This results in
stresses not appreciably exceeding the lower preconsolidation pressure

lndicated by the tests, and generally less than the maximum indicated
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preconsol idation pressure. consequenily, the low bearing capacity

value corresponding to the shear strength parameters beyond the pre-

consolidation pressure, has no practical meaning.

If the soil is homogeneous and isotropic, c,and q,are
constant for a given soil. But winnipeg c'lay is laminated and

anisotropic, therefore, the question arises whether or not the

extension test may give a bearing capacity closer to an aêtual value

in foundation problems since both of the standard compressíon and

extension triaxial tests correspond to a passive earth pressure

condition. In the standard compression test, the minor principal

stress, o^' was equal to the intermediate principal stress, o, ôñd32
was equal to the all-around cell pressure. The sample was brought to
fai'lure by increasing o, which was the vertica'l stress. In the

extension test, o,3 was equal to orand was also equat to all-around

cell pressure. The sample was brought to failure by increasing o,

and o while o was kept constant. consider the typical pattern of2L
rupture surfaces in the soil under a foundation in Figure 29. hlhen

failure occurs, the soil in the passive zone will have an increased

horizontal stress and constant vertical stress. This is simulated by

the extension test in the ìaboratory. Therefore, for anisotropic

soil it may be argued that the extension test is more applicable in
the passive zone and should gíve the more retiable shear strength

parameters for bearing capacity calculation. The calculated net

bearing capacity values for a typícal large and small footing show

there is not much difference between the values based on the consolidated-
undrained triaxial compression and extension tests. Therefore, for



-71

anisotropic soil it may be argued that the extension test is more

applicabìe in the passive zone and should give the more reliable
shear strength parameters for bearing capacity caÏculation. The

calculated net bearing capacity values for a typicat large and small

footing show there is not much difference between the values based on

the consolidated-undrained triaxial compression and extension tests.

Therefore, for l,linnipeg clay it does not appreciably matter whether

the test is performed by using consol idated-undrained triaxial
compression or extension test.

The long term net ultimate bearing capacity obtained from

the consolidated-drained test is somewhat lower than that obtained

from the conso'lidated-undrained triaxial test, and therefore more

conservative. A lower factor of safety, for exampl ê, 2.5 as compared

to 3.0 may be justified in the case of the drained test values.

The net ultimate bearing capacity vaìues obtained from the

peak and residual shear strength parameters are about 6,000 psf and

1,300 psf respectively for the l0 feet width and 6 feet depth, strip
footing. For the narrower strip footing with 2.5 feet width and 

.|.5

feet depth, the net ultimate bearing capacity vaìues corresponded to

the peak and residual shear strength parameters are 3,200 psf and 320

psf respectively. These results of tests can be compared to the

llinnipeg Building code for soft clay value. l,lhen the comparison is
made, the peak shear strength parameters give the bearing capacity

about 2.4 times the code value for the wider footing, and about t.3
times the code value for the narrower footing. The residual shear

strength parameters give the bearing capacity about 0.s times the
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code value for the wider footing, ârd about 0.13 times the code value

for the naffower footing. The comparison between the net ultimate
, bearing capacity based on the triaxial test and the direct shear

test is not made because of difference in the soil samples.

The residual shear strength parameters do not give a

reasonable bearing capacity value. Settlement requirements and

factor of safety preclude large strains, and the reduction of
' strength does not take place.

i 2 The_Applicatjgn,of the Shear St

2.1 Theory

If the undraíned shear strength of a slope is measured by the

consol idated undrained or unconfined compression test, the expression

r=C, . (S)

wherer r = shear strength; and

C.. = the apparent cohesion,
u

is inserted in the stability analysis which is cal'led the ô = 0 analysís.

In this particular case

Cu = 4(o r-or)f (6)

where, (o--o_). = the deviator stress at failure.I 3¡
Since the unconfined compression test is a simple and economical

test, it raises the question as to how applicable the 0 = 0 analysis is the

stabitity probtems in clay. L. Bjerrum and B. ffaernslil4 have found that
for normally-consolidated clays, the stability analysis based on the

undrained shear strength of the cray gives too low safety factors, and

thus leads to unreliable results in the case of long term stability of
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natural slopes. The error in safety factor using the O = 0 analysis

for the long term stability of a natural slope of stiff clay was

found to be over-estimated up to z,0oo%. In soft clay, the stabil ity
tends to be under-estimated. In a heavily over-consolidated stiff
clay, Henkel and SkemptonlS have reported that the O = 0 anaìysis

has led to an ovenestimation of the factor of safety. The reason

of the source of error in using the total stress analysis is

explained as the dissipation of the negative pore pressure with time

and the pore pressure acting on the failure plane witl be determined

solely by the ground water conditions. Therefore, the undrained

tests, in general, cannot give reliable estimates or predictions

of factor of safety for slope in over.consol idated clays either.

l,lhen the pore pressure is determined, the expression

r = ct + (o-u)¡ tan ç, " (7)

where, (o-u)f = the effective stress at failure;

cr = the effective cohesion; and

O' = the effective angle of internal friction,
is used in the analysis. This is called'ithe effective stress analysis".

The studies of the slides indicate that the effective stress

analysis yields satisfactory results for investigating the long term

stabi'lity of slopes in normally consolidated and overconsolidated,

intact clays (Bjerrum and Kjaernsti)14. Henkel and skemptonl6 haue

reported that in several analysis of very long term sl ips in over-

consolidated fissured clays, the effective stress analysis gives

over-estimated factors of safety. However, the error is found to be
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less than the total stress analysis. It is suggested by some fietd

evidence that if the cohesion intercept of the failure envelope c'

is neglected and the slope analysed in terms of the ang]e of shearing

resistance 6'only, the good indication of stabitity is possible to.'

be obtained. The reason of the reduction in apparent cohesion is

probably due to a combination of factors as cyclical stress changes,

local movements, and fissures (Henkel and Skempton)15. It is in constrast

to the report of another slope analysis which is given by Skempton and
TÂ

Brown'-" They reported that the full cohesion intercept, c,, is
operative on the actuaì sl ip surfaces in the I ightly and heavily over-

consolidated intact clay, where the cr is zero gave the values of

factors of safety much less than one.

l.lhen the residual strength is determined, the shear strength

can be expressed as the following:

.R = .'R + (o-u)¡ tan O'*

where, t* = the residual shear strength;

(o-uh = the effective stress at failure;

.'R = the effective residual cohesion; and

0'R = the effective residual friction angle.

In most cases.'R is almost zero, therefore, the residual shear strength

may be written as the following:

.R = (o-u)f tan O'*

SkemptonlT hu, explaÍned that a fissured or jointed cìay would

not be able to develop a peak strength along the full length of the slip

surface. Also, the cracks and holes can cause the peak to be crossed.

By these reasons, when the fissured or jointed cray is concerned

ln stability analysis, the residual strength shourd be used.
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In the case of a pre-sliding slope, the use of residua'l strength

is va]id since the shear strength has already been reduced to the

residual value. In a slope that a progressive failure surface is

expected, BierrumlS ,.ported that the residual shear strength must

be used in slope stability analysis of progressive failures, and

indeed, most of the slope failures in over'-consol idated p'lastic

clays and clay shales are proceeded by a mechanism of progressive

fa'i I ure.

2.2 Discussion

Experience elsewhere gives a guide to the appropriate shear

strength parameters to be used in landsl ide, river bank, and embankment

stability analyses. In the case of landslides, Thomsonl9 investigated

the Lesuerer landsl ide ìocated on the outside of a bend of the North

saskatchewan River. The stratigraphic profile consisted of fine
glacial lake sand, till, terrace sands and gravel overrying clay

shales. The slide occurred in the clay shales. A series of first
and second ana'lyses indicated that the erosion of the terrace at

the toe of the slope due to 'lateraì migration of the river decreased

the strength from the peak to the residual value over a long period

of time possibly accompanied by creep movements. In the case of

river banks, Thomson20 ¿i¿ a stability study at the university of

Alberta in Edmonton. The stratigraphic sections consisted of gìacial

lake sediments, till, preglacial sands and gravels and clay shales. He

found that the river bank which had failed by uplÍft and erosion had a

low factor of safety when residual strength parameters were used in an

lnfinite slope analysis, The use of the residual strength parameters
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might have been somewhat conservative since the river bank had

apparently never been subjected to movement. The use of peak strength

parameters represented an upper bound of the slope stabitity. The

lower bound may be derived using residual strength parameters.

Lo and Stermac2l studied the failed roadway embankment'at

New Liskeard, Northern Ontario. The fill material was granular with

a high percentage of pebbles and bou'lders placed in layers of 2 to

3 feet thick. The subsoil at the site was a layer of 'laminated silty
clay approximately 8 feet thick lying on a varved clay stratum. The

failure took place during construction period. The results indicated

that using the average strength of all field and laboratory tests

and taking tension crack and fi'll strength into account, the total

stress (tne o = 0) analysis led to an accuracy withinls% on the safe

side of the factor of safety. The effective stress analysis yielded

a factor of safety on the unsafe side by more than z0% unless the

assumptions of no filì strength and zero cohesion intercept were made.

Insl ey22 a'lso studied the failure of compacted cl ay embankment f il'l
in the North Peace River area of Northern Alberta on the route of the

Great Slave Lake Raiìway. The fi'll was done on a l0 foot brown clay

underlain by a uniform grey stony cìay. The total stress analysis

yielded a factor of safety l.0l when the mean unconfined compression

strength for actual moisture contents, tension crack and the condition

of failure passing just above the base of the fill were taken into

account. The effective stress analysis yietded the minimum factor of

safety of 1.24 which was not correct.

These selected case histories confirm the results of the theoríes
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observed by Skempton and others. Extending the principle involved to
l,linnipeg clays and using the test results obtained, a number of
conclusions can be made.

For river banks and other sropes having long life, stabitity
analyses based on residual effective shear strength parameters wi¡
give conservative results. Therefore, the peak parameters may be

used as the upper I imit and the residual parameters may be used as

the lower limit. For the results obtained from the laboratony

where:

c',, = 144 psf, 0t^ = 20 degrees,YP
atR = 0 psf , 0'R = 12.5 degrees, \

and the moist unit weight¡ ym = 107 psf, the slope angle of a river
bank with assumed 40 foot height and depth factor, D = I, can be

simply calculated according to Taylor23.

The river banks in winnipeg are subjected to changes in river
ïevel, and to seepage resulting from rainfall and snow melt. In

either case, the condition can be for estimate purposes, represented

by Taylorrs rapid and complete drawdown case. These conditions unuld

normally occur at least once a year. 0n this basis, the upper limit
of the slope angle is 15 degrees comesponding to a short life,
possibly no more than one year. For an assurance that sl iding would

never occur, the slope angle would have to be as low as S degrees.

This latter figure presumes complete loss of cohesion. It is not

known how quickly this loss occurs in the field. Indeed, it may

never occur if the soil is not subjected to failure. It thus becomes

very important to prevent failure if slopes steeper than 5 degrees
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are to be maintained. tlith even small cohesion, slopes of t0 to t2
degrees cou'ld be safe for a long time. It becomes most important, however,

to avoid causing a failure in the first place. Adding of filì or

construction on the top of a bank can cause failure, so can run-off,

snow melt, etc. diverted to flow over the bank. This is to be avoided

by providing quick adequate surface drainage. Erosion at the toe

can cause sliding. Toe erosion protection is thus also very important.

Analysis of a 40 foot height bank using the 0 = 0 method

would indicate that the critical slope angle is about l2 degrees

using the lower unconfined compressive strength of ll30 psf and

about 73 degrees for the higher value of l8l0 psf obtained from

the tests. The higher value would have a very short life. Tension

cracks would soon form and reduce total strength available along the

failure plane. The lower value of 12 degrees can be justified on the

basis of effective stress parameters and assuming strength parameters

having value between peak and residual values.

The conclusion fol'lows that it is not possib'le on the basis

of laboratory tests to obtain the safety factor of slopes except for
extreme conditions" It is not known what value of effective strength

parameters to be used when residual or peak strength are not app'l icabte.

the undrained strength parameters are onìy val id for a very short time

after construction.
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APPENDIX A

GRAIN SIZE TEST RISULTS
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APPENDIX B

RESULTS AND TYPICAL DATA OF CONSOLIDATION TEST
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APPENDIX C

RESULTS AND TYPICAL DATA OF UNCONFINED COMPRESSION TEST
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APPENDIX D

RESULTS AND TYPICAL DATA OF TRIAXIAL TESTS

l. Consol idated Undrained Triaxial Compression Test l.lith Pore
. Pressure Measurement

2" Consolidated Undrained Triaxial Extension Test l^lith Pore
Pressure Measurement

3. Consol idated Lraj_ned Triaxial Test
ofo*o

4. Constant (J¡z-) Test
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NOTES

Triaxial Cell

To
Pore
Pressure Measurement
System

l. For pressure range 0 to 62 psi, close valves
G, and Gr, open valve Gr.

For pressure range 62 to .|24 psi, close
valve G, open valve G and G .312
Close valve Gr* when making adjustment to
pfessure or when filling upper reservoirs
with mercury.

Upper

2.

3"
Upper Fixed

Reservo i r

Moveabl e
ReservoiF

Pressure
Gauge

Reservo ir

Control
Cyl i nder

G,

a3

FIGURE C-2

-
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APPENDIX E

RESULTS AND TYPICAL DATA OF DIRECT SHEAR TEST
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FIGURE E-l - DIRECT SHEAR MACHINE
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