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PREFACE

-

The p?edicﬁion’of deformations ofvfoundations is an
important task in geotechnical engineering. When applied
bearing preséures are less than.the'preééﬁsolidation pressure,
deformations ;fé usually predicted by linear elastic analysis.
Modulus values used_fre _us‘ually measured in the laboyatory..
Predicti&hs)based on laboratory moduli are geﬁerally unreli-

- able. Sample disturbance is recognized as the main cause
for nonéfeﬁresentative laboratory ﬁéﬁulus value;.' In-situ - .
-testing is preferrable for modylus determination. T .
A full-scale footing test had been pefformed on Leda

clay at a s%te in Ottawa‘to provide deformation data for Ehe
: found;Eion design of a large 5 story building. Deformations
were observed at various depths below the base of the footing
and the obser{EEions indicateé that about 92% of the total .
&eforma%ion occurred within a depth'equal to 1.5 x width of
1the footing. . ‘ r ;. (
A raseafch'ﬁregram wa;‘set up in order to study the .
deformation~characteristics of the crust of the Leda clay at
the same site., A series of plate load tests were performed,

both verfical.and horizontal, at different depths in the
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crust of the clay. Measurements of deformations at certain

L3

depths below the plate were made. -~ -

—

Comparisons:age made between the g;essure?deﬁoymation
results from fhe point of view of reproduceability, non- - | -
homogeneity and anisotrepyr, The results are ?nalySed in the
forq of a function of modulus. There is-a characteristic
trend to,the nanTTineér variation of this function of modulus -

. b .
with pressure level. ‘ ““4\\\\ ) T L.

-
.
- -

The observed dgfonations at depth below the plates

are presented as a QQQCentage of total deformation and com-,

pared with data from the footing test and the literature.

The observed distributions of deformation with depth are in
reasonably close agreement but are significhﬂtly'different

from the linear elastic solution. fj | RO

' ' . '

The non-linear pressure-deformation response of the

soil is studiei\i::’analysed, and a variation of @odulus
. -~ . »
with depth is preSented, based on the'variation in stresses

with depth. The linear e¥astic distribution of stresses

with depth is used, but the analysis is illustngﬁive. s

 Further analysis, based on a multi-layer system representing .

the variation in modulus with deEFh, illustrates that the

L

- [

observed.distribution of deformation with depth can be

1
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explained by the non- 11near1ty ‘of the pressure deformatlon
.- . R
résponse. .

Some suggestions.are made with regard to measuring.

the modulus. of deformation ahd the nonfliﬁearity of the

;modulus for consideration in a non-lipear analytical solution

. . .t . L v
for soil def&rmatlon response. Some* improvements are suggested

for foundation ahalysis until such a solution is available.

-~
.

y A . B - - . <
' Tﬁié thesis presents a considerable amount of
\ . .
forlglnal data and analysis on#soll deformatlon characterlstlcs
This anaiy51s tepresents the first attempt to the best of '
the author's Knoyledge, to explain the observed deformation 1
charactgr;stics. While no general solution is presented,
the methodlof analyéis‘psed dndrthe suggestions for repréSénting
" a non-linear medium could provide some assistance-in

f L} . .
obtaining a general solution. - : v~
/ :

o
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CHAPTER 1 . . N

L INTRODUCTION o
? ’ . :

1.1 STATEMENT OF PROBLEM )

The prediction of foundation deformatiors (settle-
ments) has achieved varying degrees of success. Geﬁerally,
the performance of foundations is predicted by performing
laboratory modulus tests and using the modulus values dbiigﬁed
to predict deformations by means‘of fhe linear elastic
theory. The values of modulus of deformatlon‘_g_btalned in ° ‘
the laboratory‘generally result in the over- estimation of ' N
actual foundation-performance. Sample dlsturbgpqe,has b€en
recognized as the chief reason for low values of modulus of
deformation measured in the laboratory.

2 ~ The highly desicjted, fissured crust of the Leda
cla?‘%n Eastern Canada presgents an additional problem. Un- .
disturbed samples of thlgxiithy flssured clay are virtually
impofsible‘io obtain, so when strength ®r deformatlon proper-.

\

ties of this soil are required, in-situ tests are preferable.

For this reason an in-situ load test was carried out recently
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at;§ site in Ottawa, to pfovide defbrmation data for the

design of foundations. .This thesis discusses this test and
presents and analyses additional in-situ tests carried out o

-

at the same site.

1.2 PREVIOUS WORK AT THE SITE

A full-scale, in-situ footing test was performed at,
the site of the Algonquin College of.Appliéd Arts and

Technology, in the west end of Ottawa. The chief purpose of

¥,

this test was to ascertain whether shallow spread footings

could be used to support a large S-story extension to this
. LT R

campus, as oppoéed to a more expensive pile foundation
system. The 'desiccated crust of the Leda clay at the site ‘
_was expected to prbvide sufficient bearingﬂggpzﬁity for the )
,foundations_and to dissipate the vertical stresses sufficiently
éo that the soft,*underlying'soil would not be over-stressed.

This full;gcale footing test, which was’performed at
a cost of several thousands of dollars, did, in fact, indicate
that spread footings would be duite feasible. By adopting a
spread footing system a considerable savings ;nlthe overall

foundation contract was realised.
e

!

While this full-scale test was performed primarii&

e

for the founda ion engineering consultant (McRostie, Seto
F. 2
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and Genest Ltd.), the University of Ottawa ;?¥anged to make

_ geveral additional observations during this test. Of major

interest to this study was the-observation of deformations
at various depths below the base of the test footing. These

observations showed that about 80& of the total deformation

_occurred within a depth equal to the width of the footing.

These results are preSented in detail in this thesis in '
support ;¥‘51m11ar observatlons under plate load tests

performed at the site. A detailed description of the footing
test ahd the results of laboratory modulus tests have been

presented by Gaumy (1970).

+

1.3 ~ EXTENDED RESEARCH PROGRAM ‘ ‘
The full-scale footing test suggested two possible N
topics for additional study:
1. Could in-situ plate load tests, which would
presumably be cheaper to perform, have been
ﬁseﬁ to provide a foundation design for the
structure at this site?
2.. Were the observed defarmations at certain depths
attributable to peculiar deformation properties
of a fissured clay, and in particular, to the
variation in deformation properties with depth

through the crust of the clay?
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. | 1.4
Considering the first topic, a'detailedﬂstudyrof the”

use of plete load rests as a means of obtaining.a desigm

modulus of deformation would have required several tests for

at least three different sizes of plates. For tests on a

reasonable sé&ectlon of. plate sizes, prov1d1ng a vertical

reaction for the larger plates would have been too costly

Therefore, it was decided to study the second, more 1nterest1ngf

topic of the deformation characteristics of the sorl.wlth

deptﬁ through the desiccated crust. This study was earrieo

out using plates of one size, . ‘

1.4 - OBJECTIVES. OF THE STUDY e ‘
| ‘One of the prime objectives of this study waslto

determine the variation of\the.modulus of deformation with

depth through the crust of the Leda Clay at this site. It ‘

was considered .possible that the observed distribution of . |

deformation ‘below the test footing was due, in part, to-

non-homogeneity with depth through the crust.

The other prime objective was to observe the distribu-

tion of deformat;on_wirh depth below loaded plates. for com-

parison with the results from the test footing. It was T
expected that a characteristic deformation pattern for this,
soil deposit would result from this comparison.
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Vertical plate tests were performed at three different
levels. Horlzontal ‘tests were included to determlne the
L
degree of anlsotropy in the flssured crust. Different loading.

procedutes ! were chosen to illustrate various aspects of 5011

deformetion.

SuBﬁeq nt to the testing program and the.analysis
.of the results, 1t became apparent that the distribution of
deformatlon observed under the footing test was not only
characteristic of the soil at this site but tfp:cal of some
--clays.. Based on these result%, the prime objegtive of the
analy51s expanded into an explénation for the obserted deforma-

tion charactgrlstfgs

*

1.5 OUTLINE OF THB THESIS

In Chap§er ?“the concept of immediate settlement is
introduced. The difficultles in applylng this concept
and the reliability of predictions is discussed. Some major

k) .

limitations of this approach to predicting 'end of construc-
tion‘ deformations (settlements) arejdiscussed. The Russian
practice of predicting and considering ther actual depth of.
deformation below a loaded suréhce is presented with the
resultlng greater appregiation of and more accurate predic-

tions of deformations. . In view of the information in the

literature d;sputing the validity of, the classic linear

—~
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-

elastic solutlons, a method of analysing deformation. charac-

terlstlcs 1ndependent of any tkiiiz/}5~proposed’/#‘p‘ . .

*

In Chapter 3™a systematic review of available theor-.
et1ca1 solutlons related to 5011 deformatlon characteristics
is presentedlw The more 1mp0rtant conisiderations of non-
homogeneity, anisotropy and non-linearity are presented in
detail. = .

Chapter 4 presents a déSCTlpthD of the site and the
experlmental program including the geological hlstory of the.
region and a detailed description of the soil at the site.
The'tompleté experimental set-up is described, including

loading systems, jnstrumentation, layout of tests, test

procedures; and data recorded. ) ' : " ~.

—-

The results of all the platé bearing tests are presented
in Chaptér 5. The bearing pressure versus deformation
response is plotted for %he nineteen tests performed. The
reproduceability of the results is discussed. * The time
.dependency of the relevant test results is presgnted.

‘Varlous methods of predlctlng the ultlmaEe failure capacity
required for the final analysis are d1sciss¢d. The ratio

of recoverableﬂ(eiastic) to total deformation is compared ok

with bearing pressure level. The deformations at variQus
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depths below the 1oaded surface are plotted Comparisons

are made between vert1ca1 and horlzontal tests at ‘the same

depth. Flnally, the relevant results.of the full-scale

‘ footing tests are given. The total deformations and the

deformetiohs et‘certain'depths below the loaded surface are

A
plotted.

‘ Chapter 6 contains the analysis and interpretetion "

. of the résults. The results are analysed in the form ot a

functlon of modulus, 1ndependent of any theory. This func-

tion of modulus is plotted versus applied bearlngbpressure

ratios (of faiiure pressofe)'in order to arrive at a charac-'-
teri‘stic form of non—linearity. The distribution of‘modulus : ‘
with depth is™plotted. The distribution of deform%tion with | >
depth below the plate tests is presented in non-dimepsional _ N
form and compared with the footing test and other data in

the literature. The ‘observed dlstrlbutlons of deformation .
are oompaﬁed to linear elastic theorles apd a Russian solution. sa
A typical form of observed non-linear deformation response ’

is used to demonstrate that non- 11near1ty can account for -"j

the observed distribution of deformatlon w1th depth below

the loaded surface.

A summary of the pertinent discussion and analys1s

in this”thes1s is presented at the end of Chapter 6 with



regard to the measurement aﬁ? representation of non-linearity

for the purposes %f-a non-linear solution for soil deformation

_ response. Some suggestions are made towards improving present

practice until ,such a solution is available. .
- -

N []

A

The conclusions based on this study are presented in
. . -

‘Chapter 7. The requirements for a non-linear solution for

soil deformation characteristics and more "in-situ observations

is emphasized. ¢ T . \
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CHAPTER 2
Y

FOUNDATION DEFORMATIONS - IN THEORY AND PRACTICE

-

2.1 . THEORETICAL INTRODUCTION

Until 1957, Terzaghi's theory of.-one-dimensional
. consdlidation was the essential basis for all settlement
analyses for structures underlain by.clay soils. In’1955,
MacDonald and Skempton presented a review of settlements of
20 buildings in London and pointed out that, wﬁile the .
conventional theory of consolidation presented reasonably
accurate predictions for ultimate settlement, no recognition
wasjg;;en to the instantaneous deformation due to undrained
shear strains in thg.soil. They suggegted that this instan-
taneous deformation must be a definite cgyﬁbngnt of the
ultimate settlement of foundations ;nd'therefore should be
considered in addition to the cbngolidation results from the
- oedometer .test. Dué to the rigid confinement of the oedometer
test no lateral deformations could take place and the applied
load is~supported, initially, by the pore fluid. Later

improvements to this suggestion were made by Skempton and

. Bjerrum (1957) who proposed‘that a more realistic prediction
\ * 1

“of ultimate settlements could be made by the expression:
\ i



o 2.2
= '8
Ptotal p{ ¥ CPhed (2.1)
where: Py = the immediate settlement,
. x
Poed = the settlement calculated in the

This factor,

overconsolidation by

usual manner ‘from oedometer test
results, and
a factor depending primarily on the

pore pressure coefficient A (Skempton,

1954).

c, has been approximately related to

Skempton and Bjerrum (1957).

Hence, in 1957, the instantaneous component of

\

defQrmation, knohn as the immediate settlement, had been

recdgni:éﬂ. The immediate settlement, by definition, is due

to shear strains without dissipation of the pore pressures

(constant volume). Immediate sett?ément can be computed by

elastic theory according to the well known expression for a

rigid loaded surface

(based on Boussinesq's solution for the

theory of elasticity):

Py

¢ b—2%r_1 (2.2)
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where: qQq = averagg_pgafing pressure
b = breadth or diameter of loaded area,
u = Poisson's ratio
E = Young's modulus from undrained tests, and
Ip = Influeﬂte‘value, depending on the |

shape of the loaded area and the

depth of the clay bed.

This concept of immediate settlement was introduced
to account for a limitation in the use of the oedometer
test. In other tests, such as the triaxial.test, the soil
is not rigidly confined, and although the applied ldad will
be initially éupported by the pore water, shear strains are
free to occur under that applied load. (A calculated choice
of cell pressure can represent the lateral confinement} in
the field.) However, the immediate settlement equation
(Eqn. 2.2) is fairly widely used to attempt to predict 'end
of construction' deformations under foundatioﬁs which‘apply
a bearing pressure iess than fhe preconsolidation pressure.

2.2 METHODS OF ANALYSIS IN THE WESTERN LITERATURE

Numerdus references in Western literature discuss

the use of the elastic theory in predicting the immediate or

end of construction settlement ynder foundations which apply

a bearing pressure liess than the preconsolidation pressure.

%



- o

The references of spec1f1c interest to this study are those

which compare the predicted settlements based on a modulus

2.4

of elasticity obtained in the laboratory with the actugl.
settlements of plate tests or actual foundations. More
specifically, the comparison is usually made between the
laboratory modulus arid the modulus‘inferred from the in-situ
settlements, based on elastlc theory, Eqn. 2.2, (Crawford
and Burn, (1962); Klohn, (1965), Soderman, K1m and Milligan,
(1968); DeJong and Harris (1971); Lo, Seychuck and Adams,
(1971); for instance). While a complete review of these
references is not presented here the major conclusions in

. these studies are summerized as follows:

(1) Laborafbry modulus is invariably,lower than
inferred in-gf?u modulus, or predictéd'deformations in-
variably over-estimate actﬁai performaqce.

(2) Obtaining realistic and consistent laboratory

moduli is difficult.

The d1ff1cu1t1es in carrying out modulus ‘tests in
the 1aboratory have been dlscussed by: Eden, (1960);
Coates and McRostie (1963); Ladd, (1964); Lambe, (1964); La
Rochelle and Lefebvre, (1970); D' Appslonié, Poulos ana
: Lgdd (1970) and, Raymond, Townsena and Lojkasek, (1971).

The most comprehensive study has been presented by Ladd,
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(1964). Ladd has concluded tﬁat the iaboratory modulus varies
with: )
- the stress level at which it is computed;
- the type.of test;
. t%e direction of the applied major principal
stress during loading, relative to the majorT\\
principal stress iﬁ the field; and
- thé degree of sample disturbance.
While some of these variables can be overcome, the
general concensus among all those who have presented a 4
comparison between laboratory modulus and the inferred in-
situ modulus is that sample disturbance is the over-riding
reason for‘disparity. However, Alderman (1957) pointed out ‘
that the laboratory modulus was very sensitive to rate of l
loading in strain—tontrqlled tests. Alderman also quegtioned C T
the validity of strain-controlled tests for deformation

predictions and showed that stress-controlled tests provided

significantly higher moduli.

'Aﬁother important point was mentioned by Ladd (1964)
and.later by Seed (1965): even if ideal sampling andftesting
techniques were developed and used, the stress level and the
direétion of the major principal stress (i.e. the stress

regime) varies in the field case throughout the soil media



‘. the deformatloQ,modulus of the so11 at-all points. Similarly,

and no single modulus value (such as a ﬁodulus value based

" on idealized center-line stress coaditions) can fully represent

ten years later, Kr1zek and Corotls (1975), stated "As {is

well known the s&ccess w1th-wh1ch a 1aboratory determlned

modulus can be used to solve a ‘boundary value problem in

-

soil mechanics depends to a large extent on how well the

field condition corresponds to the test conditian and how
! .. ' ) ) \«
.well the in-situ state of stress can be estimated."”
{ (rln view of the generally poor. success Tate in -
obtain ng a reallstlc modulus in the laboratory, it would MY

"appear that some justifdication is required- for continuing to o

predlct in-situ deformations in thls manner. Even if the ul
,effects of sample disturbance could be completely overcomel
or evaluated, one 1s still faced with the f0110w1ng questions:
- How accurately can the 1n-s;tu stress conditions
be defined?
- How accurately does gﬁe chosen test method represent’
the in-situ éonditions?
- How representative will the resﬁlts of such a test

on such a small sample be in predicting the

field.performance?

Because of these difficulties involved in predictions
based on laboratory modulus tests, the Tecent trend is towards

-«
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performing in-situ modulus tests and obtaining information :
on the actual performance of foundations. The methods of
pfedicting'foundation deformations can be arranged in order .

of increasing accuracy as follows:

(1) based on laboratory moduli;
(2) 'baaed on in-situ plate moduli; =
(3) based on moduli extrapolate& from moduli

for different sized plafe tests;
(4) based on full-scale footing test moduli;
(5) based on comparison with actual similar -

¢ " -~

foundation conditions. -

*

The .reason for performing tests using different
sized pllates is that the modulus of deformation may vary ‘
with the‘siie of the loaded area. This will be discussed in e

" the hext chapter.:

It migﬁt be assuﬁéd that a modulus obtained from a
full scale footing test'shouid be the best possibie approach
for predictfﬁg foundation performance. Howé?gik the direct
results of such a 'quick' test do not always give a good
indication of the end of construction deformations to be expected.
Idéélly, a full-scale footing test should observe the time

dependency of the deformation under each load increment. In

practice, the deformations recorded within a certain time

AN
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interval might represent thé construction‘period for a
foundatlon and then some addltlonal deformation should be |
: con51dered to represent the long- term, time- dependent defor-
matlons.‘ ‘
N
However, experience has shown that such a method of -
predicting foundation deformations can lead to an over-
estimation of deformations, esbecially for fissured soils.
Based on the full-scale footing test associated with this
study (Bauer, Shields, McRostie and Scott, 1976), the immed-
jate settlement was predicted to be 1.7 cm (0.67 inches) and
the ultimate settlemeht 4.0 cﬁ (1.6 inches). The actual
settléments observed under an identical footing at this
\Q§1te were 1.1 cm at the end of construct1on and 1.6 cm at
the end of 5 years. The different rates of loading are likely

the prime reason for the diﬁggreement.

¢ L;, Seychuk and Adams (1971) have shown that for two
plate tests with identical soil and pressure conditions, 2
'fast"test yielded greater deformations than a "slow'
test. This soil was also a stiff fissured, glacio-lacus-
trine clay. The difference in the rates of loading for _ [
these two tests (fast Z 0.5 tons/2 min; slow‘- each load

increment left until settlement stopped or for 30 minutes)

is not nearly as significant as between a test footing and
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an actual foundation and therefore it is even more interesting

that the 'fast' test settled as much as 1.6 times'mqie than

v o~

the 'slow' test.

To conclude discussion on the effect of rate of
loading on the compariéon between 'quick' in-sit& fests and
actual foundatidns it must be remembered that only buiiding.
foundations which apply'a load less than the pre-consplidéj
tion pressdfe are being considered. To illustrate the

different rates of loading and more specifically the oppor-

tunity for dissipation of excess pore pressures, the actual

_ foundation situation at the site being studied can be considered.
The design load was applied to the test footing within about

2 hours while the same load was applied to ihe identical
foundation, referred to above, over a period of‘thirteen
months. Considering that the rate of loading for the founda-
tion case is mot only extremely slow, but that under normal
construction sequences (say 10-hour daily shifts with no

work on weekends) there is ample time for any excess pore
pressures built up during a singie day or week of construction
activity to‘dissipate,'eépeciglly since the loads fall below
the preconsolidation pressure and the soil is fissured and

has enhanced drainage properties.

o
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Heneef with regard to the..use of laboratoryfmodulr-
to'ﬁrediet immediate settlements under foundations there
-happears ‘to, be a problem in justifying the use of undralned
tests. The rates of loading- and dra1nage are 1ncompat1b1e. B

The construction of embankments can represenr a meeh
faster rate of loadlng,‘and in certa1n 1nstances, the rate
of construct1on has to be controlled in order to reduce the
build- up of excess pore—pressﬂres. However, this situation
" of flexible loads belng applled much quicker than most rigid -

foundation loads is beyond the scope of this study.

2.3 Russian Practice

A con51derable amount of research into deformatlon

,characterlstlcs has been carried out by the Russians. In

. fact, their undérstanding of deformation characteristics has ‘
developed to the extent that they have specified methods of -
analysis for predicting deformations, which coneider the

depth of soil being deformed. These specifications are set

out in the "Construction Standards and Regulations (SNiP}"

(1962) which is a form of design manhal.lThey have recognized

that soil deformations are confined to a much shallower

depth than the linear theory of elasticity assumes.
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Theré'appearJto be three empirical methods of
predicting ‘the depth'bf soil that is actually deformed under '

foundations (Malikova, 1972). The soil is assumed to deform

to: N
(1) "a‘depth below the lower surface of the
fou;dation whére the additional (to the
natural) pressure from the_sFructure amounts
to 20% of the existing natural (soils own)
pressure” (SNiP II1-B.1-62).. .
(2) :"the depth where;the tofél average pressure
from the structure amounts tof 50% of fhe
';. natural pressure reckoned‘ffo ‘the lower
surface of the foundation" (SN}P II-B:3—62).
L (3) a depth,fbasednon dfberved déformations of

large foundationé,'defined by

. ‘ . ‘ lk .
.. _ b_
o . Hcalc ‘[:'

where: b = width of foundation >.10m (33' feet).
. - a"

;]

«'.= coefficient having a value of -6 x 10

. : - l/ﬁé, for;clhysﬁ and 3 x 1073, 1/m> for
- sands (Malikova, 1972). |

[

- . [
& .

A genefal expressiqn'fbr determining the extremg
depth of the "active zone of settléméht," is given by Stefanoff !

-

and Krastilov (1973):: .
t

. 1
» .

N ~
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O,-H ayH | (2.3)
a. .
where: O, - the induced vertical stress at’ the
‘ extreme depth of the zomne of settlement,
. . .
a = is a coefficient which‘"in the opinion
of different authors and in different
norms, yariéé in a rather wide-scale,

L4

from 0.1 to 0.5", and ¢

yH = the in-situ effective stress at the

same depth (prior to loading).
- For the two SNiP solutions givé; on the previous

page; the values of a are 0.2 and 0.5 respectively. The

choice o{;:;;ue§ for « appears tg be quite arbitrary.

N \

Stefanoff and Krastilov (1973) have proposed an
explanation for this "active zome of settlement” and have
presented a method for predlctlng the maximum depth of

deformation. This method is based on the supp051t10n ‘that

: D
soil deformatlons are negligible at stress levels less than

the structural strength of the soil. R§ higher stress

1eve15,‘the structural bond becomes broken and plastic

.deformations occur. Hence, if the structufal strength of a

soil is known,'standaféjelastic stress distribution charts

0 ‘

a » ' -



2.13

will provide the depth. below which induced vertical stresses
(for a specific 1oaﬂlng situation} become 1ess than the
structural strength Stefanoff and Krastilov define the .

extreme depth of theractive layer of settlement as the depth

where:

oz:Ha = pstr ) (2.4)

where: pﬁst‘r = the structgral strength‘f the éoil.

ﬁxis solution proposed by Stefanoff and Krasti$
Trepresents an approach which is sound but not necessarily
. very practical. Soils with the greatest structural,strength
are probably thé most sensiti&elsoils. Representative tests
on-sensitive §oils are'difficult to carry out in the laboratory
due to ‘their greater susceptibility to sample dlsturbance
(Coates and McRostle, 1963; Raymond, Townsend and LOJkasek "
1971). Hence, until sampling and testing techniques are
'substantiali& rffinéd this_structurai strength approach 1is

probably of limited practical significance.

.
A Y

Some observations of the distribution of deformation

-

below'rigid plates resting on various soil types have been

o y
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made by Shvets and Kul'chitskii (1970). These Tesults were
compared.to the SNiP, II-B.1-62, solution. Tﬁis comparison
indicated that;zgx\}n-situ tests on both é.lbam and a clay

the observed deformation-at any depth was less than,predicted. /

In addition to the two standard methods of predicting\\y/'
deformations (SNiP II-B.1-62 and SNiP II-B.3-62), a solution
developed by Egorov'given by Egorov, Kuzmin and Popov (1957)

js also widely used:-

k, - k ’ '
S - 2ap 2, ‘if““'k'l‘ - (2.5)
i=1 i- a/ :

where: S = . settlement; s .

2a = width of foundation; \\\kgL .
p = average foundation pressure in cm?; | ‘
K = number of different layers of soil betheen o

the foundation bed and the lower boundary

s /
of the active zone;
E;, = Young's Modulus for layer 'i' in kg/cmz;
k = coeff1c1ent dependlng on the ratlos of

i
length to width and depth to width (n = 2b/2a

and m = z/a, where 2b = length of foundation

coordingte of depth).

1

and z

Values of k for different values of m and n are .
given .in Egorov, Kuzmin and Egpov (1957).

b
' -
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L

Malikova (1972)‘has shown that ultimate deformation
predictions baséd on Egorov's formula are consistently more
accurate than both of the SNiP solutions. A coméarison of
the accuracy.of the three solutians is p¥esented in Table

2.1, Plate 2.1 based on Table 2 from Malikova (1972).
&

2.4 COMPARISON BETWEEN WESTERN AND RUSSIAN PRACTICE .
As indicated above, the actual depth of sbillbeing
. | .

deformed has to be considered in order to arrive at a more

Wy
accurate prediction of total surface d;fﬁ;z??iOns. This
consideration has apparently been realized’more fully‘in
. L -
Russian practice. In fact, only very recently have olfservg-

3

tions of the deformation characteristics of soil been

reported outside of Russia (Marsland and Eason, 1973 and ‘
Bauer, Scott and Shields 1973}. Because of thlS, the Russmén .. d
empirical solutions, based on numerous observations, seem

to represent a more realistic approach to the problem. In

fact, as was stated in Section 2.2, Western solﬁtions afe

still largely based on the idealized theory of elasticity,

which assumes an infinite depth of deformatlon. This depth

of deformatlon is sometime5 cut off at some arbitrary depth

_depending on individual practlce, but there is no general

'

solution available.

Since the basic reason for the greater accuracy of {V

. . . . . . S,
total settlement predictions in Russian practice appears to
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be dependent on thg mgre accurate predictién of the distri-
Bﬁfion of deformation with depth, it is interesting to

compare the results presented by Shvets and Kul'chitskii
(1970), Marsland and Eason (1973) and Bauer, Scott and Shields
(1973). The observed deformations within certain depths are
présented as percentages of- the total deforﬁation and plotted
against degﬁ%, in Plate 2.2. ?he theoretical predic;}ons
presented in these references are plotted in the same manner.
A linear elastic solution by Giroud (1972) is.also shown in

Sy
Plate, 2.2 for comparison.

.

The predicted distribution of deformation with depth
used by Marsland and Eason, based on a finite element
elastic solution, is significantly different from other

mathematical extensions of the elastic theory presented by

Fischer (1965) and Giroud (1972), for instance. The theoretical

solutlons of Fischer and Giroud will be presented in the
next chapter, but it is important_to,note at this stage that
these solutions provide a better pfediction of deformation
cha?acteristics than the finite element solution presented

\ .
by Marsland and Eason (1973}).

Thi‘?bvious conclusion td be made from this presenta-
" tion is tﬁat the predictions of deformation characteristics.
based on the Russian solution, SNiP II-B.1-62 are far
superior to predictions based on linear elastic theory.

~

N
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2.5  PROPOSED METHOD OF ANALYSIS

The purpose of the foregoing presentation has been
to point out that the Western world has had generally a
rather poor history of success in.preQicting immediate
settlements of foundations which are loaded to pressures
.less than the preconsolidation pressure. Not only is there
considerable difficulty in obtaining realistic moduli in?the
laboratory but relatively quick in-situ plate, and even
full-scale footing tests can fail to predict adt&rately‘the
'end of construction' settlement under actual foundations.
Henza, there is a need for actual foundation performance

w

studies.

The ideal linear éf%gfic theory assuﬁes that deforma-
tion occurs between the loaded surface and an infinite
depth. It has been shown in Sections 2.3 and 2;4, that
observed deformations are confined to a finite layer, which
appears to be dependent to a certain extent on soil type,
strength, and d;nsity (Stefanoff and *rastilov, 1973; Shvets,
et al, 1970). The footing kest performed at the site of
thig study- indicated\58% of the total deformation occurring
within a deptﬂ equal to one-half the width of the foéting,

and 83% of total deformation occurring within a depth equal

‘to the width of the footing (Bauer, Scott and Shields,
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1973). The theoretical values for these percentages of '
total deformation are abbﬁt726% and 51% respectively (Giroud,
1972). Therefore the assumpfion, in the elastic theory,
. that deformations occur to an infinite depth under a consﬁant

linear modulus of deformation, does not represent i(e depth

of soil which is deforming.
. t.

- .

Predictions éf deformations, based on anéiyses which
consider the limiting depth of deformation and the distribution
of deformation with depth (as in Russian practice), appear
to be superior to Western practice. while‘this author has
been unable to cobtain the originallreferences for the above
cited'Russian solutions, enough evidence has been presented
th suggest detailed studies of the deformation characteriétics

of soil.

]

-

This author has élso been unable to obtain any ref--
erence, either Russian or Western, which attempts to explain
the observed distribution of deformation with depth below a
loaded surface. Hence, the m#jor portion of this thesis

will be devoted to studying available_solutipﬂs for soil
deformations and eventually (in Chapter 6) presenting an

explanation for the observed deformation characteristics.

4
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(2.6)

is' not valid, due to the actual depth of soil being deformed,
‘it is proposed to analyse and interpret the results of the
plate load tests and the footing test in the form of a
function of'the modulus, ffM). The main reason#for such an
analysis is that the objective of this thesis is to illustrate
‘that the published results preseﬂted above do not repre;;ht

the reactions of an ideal linear elastic medium. Therefor;,

rather than ahalysing the deformations according to the (4‘
- linear elastic theory, but presenting the results in a form |
.for discussion and interpretation, the actual basic test

results will be analysed in the form:

\

£(M) = 3%‘- | 2.7
This f£(M) represents simply the ratio of applied
‘bearing pressure'to surface deformation for a given size of

loaded area, as observed at any level of pressure. . It can

not be _compared with the coefficient of subgrade reaction,
s’ which is by definition, a constant, independent of the

bearing pressure.



CHAPTER 3

DISTRIBUTION OF STRESS "AND DEFORMATION
BELOW A RIGID LOADED SURFACE )

%P

3.1 INTRODUCTION o M

In order to understand the deformation characteris-

tics of soil the solutions for stresses and deformations

should be reviewed. While mO;; of these solutions” are too
theoretical, they still provide a valuable insight into the
possible behaviour of soil. Throughout this thesis only the
stresses and deformations caused by a Egéig load are considered.
Since the main interest in this study is the deformation of
structural foundations the effects of certain factors such

as rigidity, roughness, groups of foundations, size of

loaded area, and shape of loaded area are discussed briefly

below. Other more important factors are discussed later.

3.1.1 Ewg}fect of Rigidity

Theoretical solutions generally consider only
perfectly rigid or perfectly flexible foundations so it is
pertinent to mention the difference between these two types

of foundation. :The degree of rigidity (or flexibility) of a

C{
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»
foundation has a very 51gn1f1cant effect on the distribution
of the contact pressire between the foundation and the soil.
The contact pressure distribution for the two extreme cases
is shown on Plate 3.1. For flexible foundations. (Plate
'3.1a), such as tanks, embankments, roadways, and wheel
loads, the contact pressure is uniform and is equal to the
average applied load. For iigid foundations (Plate 3.1b)
such as heavily reinforced concrete footings and rigidlsteel
‘plates, the theoretical contact pressure distribution is
hyperbobié. The minimum pressure at the center is 0.5¢q
(where q is Ehe average applied pressure), and the maximum
pressure, according. to elastic theofy, is infinite at the
edges. Clearly these infinite pressures at the edge cannot
be withstood by the soil so there is a localized failure
zone at the edge and the pressures are relaxed accordingly,
as shown by the dotted line in Plate 3.1b.

™~

The condition of perfect flexibility can be met

more ea511y than the condltion of perfect rigidity. However,
it can be shown that a typical reinforced concrete spread
footin% on a soil with an 'elastic' modulus of up to about
250 MN/m2 (2500 Tsf) would not result in a significant

change in the contact pressure distribution. The value of

KB (after quowicka, 1936) as defined in Plate 3.1c, would
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be about.one for such a foundation and Plate 3.lc shows. that
this results in a very small change in themdiagribution of #
the contact pressure. The contact pressufés on softer soils

would approach the perfectly rigid case.

The differenée between the contact pressure for thé
extreme case of cbmplete\rigidity and that of complete
flexibility results in quite different distributions ;f the
vertical stresses with depth. Th& vertical stress distribu-
tion below the center of the 1oaded area is shown on Plate
3.2 for the rigid and flexible cases. The dlfference in the

stress distributions is very significant between depths z =

0 and 1.5R (where R is the radius of the foun{ation) and -

that between z = 1.SR and 4R the difference 1s not very
significant. Below a depth of z = 4R the two vértical
stress distributions become. almost identical. The extreme
difference at the éurﬁqce makes it very imﬁortant that the

correct stress distribution.be used in analysis and design.

e
8

Raft foundations have to be con51dered as a spec1a1

L3

case. There may be advantages to lowerlng the r1g1d1ty

somewhat. in order*to reduce the contact pressure varlatlon :

.

and hence the bendlng moments in the foundatlon Therefore,

the objective may. be to reduce the r1g1d1ty as much as ?
'possible, C0n51stent with perm1551b1e d1fferent1a1 mOVeménts

/.
» . i d . .

b

[T
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that the particular structural design can accommodate. This

special situation will not be considered in this study.

3.1.2 Effect of Roughness

~ For reasons of analytical simplicity most theoretical

solutions for rigid loads applied to an elastié medium con-
sider a perfectly smooth interface between the load and the
medium. Carrier and Christihn (1973) showed that the effect.
of réughness on deformafions is negligible for values of
Poisson's Ratio of the soil greater than 0.3. In fact if it

] equals'O.S the deformafions‘are idengical. The effect of
foughness can be neglected in both homogeneous and non-
homogeneous (linear increase in modulus with depth) soils

provided Poisson's Ratio is greater than 0.3.
. Lt

w

-

3.1.3  Effect Of Groups of Foundations

. Since a single foundation‘would rarely exist except
as a test foundation, it is pertinent to mention a method of
analysﬁﬁg group effects on deformations. Jumikis (1973)'has
presented theoretical influence values for any number of
adjacent loaded areas. Theﬁonly assumﬁtion made is that the
depth and size of the loaded areas are the same. Tﬁe spacing

may be variable. The effect of adjacent foundations is to

increase the deformations of a reference foundation and this
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increase depends on the number, the loading conditions, and

the relative spacing Bf the foundations in the group.

3.1.4 Effect of Size of Loaded Area

A series of plg}e bearing tests cagried out by
Sudhindra and Khanna (1969), showed that, fﬁr a.given applied
bearing pressure on a given soil, the surface deformation
increases significantly with increase in size of plate.

Also, for a given amount of deformation, there is é reason-
ably linear relationship between applied ﬁressure'anﬂ the

ratio of the perimeter to the area of the plate.

a\study of size effects on settlements of foot-

alc = £ (8/4) ' (5.1)

where: q aferage applied pressure (Q/A)
’c = shear strength of the clay"
4 =:def0rﬁationu e

~ a = dihmete} oélloaded area

¥

[ B hd
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- Chin has shown that’ for two given'élays, gacﬁ with
‘constant ;hear_strenéth, there[ is a reasonable relationship.
betweenéq and A/d.for different sizes of loaded areas. Howgver,.
the tests reported have used relatively small loaded area§
(méximum diqm;;;; 24 cm (9.4 in))} and ;here is in fact a sign-
ificant sgattef in the resulfs for the different sizes of
'iéad. ‘The effects of edge shearing is iikely ; reésonrfqr
the sc;tter for these small scale tests. Bﬁrm&s (1962)
recommends the use of 30 cm (12 in) diameter’plates as a

minimum to eliminate thé effects of edge shear. The relation-

'ship‘in Equation 3.1 may be more valid for larger plate si?es.

» It is interesting to examine the theoretical ex-
pression relating pressure and deformations for ah ideally
<

elastic half-space, for a rigid circular load:

B E_g_q%ﬁ_) | | (2.6)

Fof a given applied pressure, q, and a constant

modulus, E, this expression can be rewritten in the form:

o

_ g 79 (w2
p R.E

R.K

or p
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(:) Therefore, since all of the functions on the right

hand side except' R are constant, the deformation under a

AN
given applied pressure, q, is theoretically directly propor-

" tional to the size of the loaded area. The fact that this
direct proportionality does not occur in praqlice illustrates

a iimitation of the ideal elastic theory.in representing

soii deformation performance:

B §

3,1.5 Effect of Shape of Loaded Area

The'effect of the. shape of the loaded area will -not
_be discussed in detail here exceﬁt to comﬁare square and -
| cincuiar foundations or plafes. Fischer (1965) refers to a
‘proposél by Séhleicheg that the classic elastic analysis for
circular areas is valid fbr square to tgctangular shapes,
with length to breédth ratios up to.5:1, by means of an

equivalent radius: ' ’ .

(3;2)

where A = area of square or recténgle.
fortunately, very little research has been carried

out to verify this proposal. Kondner and Krizek (1962) have

indicated that for the same area of load, the deformation of

AN
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‘a équare plate may be 5% greater than for a circular plate.
However, the tests reported were carried out on remoulded
soils, using extremely small (2 square inch) platgs and only
one test for each plate was performed. Therefore, these
tests cannot be con§idered coﬁclusive for natural clay
deposits.

~ Charts pre§enting vertiﬁal éfress distributions for
different shapes of footings te.g. Stginbrenner 1934, Newmark
1942) show a small difference between circles and squares. |
However, the equivalent radius approach (Eqn. 3.2) fér the
analysis of a 5€uaré test footing was accepted for this
study. Sinﬁe only the stresses and deformations within one-
half radius (R/2) are to be used in the comparison between
theorefiﬁal and experimeﬁtél data, the conversion of square

L] . ) - .
footings to equivalent circular footings by this method seems

to be justified. ' : | A
3.2 IDEAL HOMOGENEOUS ISOTROPIC LINEAR ELASTIC

HALF-SPACE ,

The thearétical.distribution of stresses and defor-
mations below a loaded surface resting on a homogeneous,
isotropic, linear elastic'half—space have been analysed
faifly extensively. While most soils do not satisfy the
assumptions ﬁiésentation of the analyses is‘necessary, since

most designs are based on these analyses. In addition, the
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results of t%Tg particular research program will be compared
. .o £ B
to these ideal theoretical solutions to emphasize the need

for an alternative solution. .

. |

The basic equations for the stresses and deformations
in an elastic med1um have been integrated by Fischer (1965),
. to present the dlstrlbutlon of the '?esultant' vertlcal

stress and deformations below the center ‘of a circular rigid

load at the surface. (The same analysis has been sented

Fischer has defined this 'resultant' vertical stress comp07 nt,
-
responsible for the vertical deformation in the ideal elasti

medium as:

6. = o~ 2uo (3.3)

where: o, = the vertical stress

and o _ = the horizont&i:ifress. T T

By integrating this funﬁtion of the resultant vertical
stress, in stages, between the surface and an infinite
depth, Fischer presents influence values for the distribution
of deformatlon with depth, from the surface to 1nf1n1ty

The d15tr1but1on of deformation with depth is deflned by the

expression:




3.10

P, E%ﬂ (1+E) %?1}(1-u)(%¥-u) - sin @ cos u] (3.4)'
T ?Rgf* cf(e) ' (3.4a)
. where: a = cot ! z/R, a measure of depth.

This solution is confined to the center-line stresses
and deformations but is the mostfpractical solution available
L]
(especially as produced by Jumikis, 1973) for the theoretical

center-line stress and deformation distribution in an ideal%y/

‘elastic mediun.

In order to compare the deformation distributions
measured in this research program with elastic theory, it is
s
necessary to go to the more c0mprehensiﬁf analysis of
stresses .and deforﬁations below‘a rigid loaded area, as

presented by Giroud (1972). In this analysis, Giroud has

integrated the basic Bdussinesq elastic equations to provide

1nf1uence vaiues for the vertical stress ‘(among others) and
the vertlcal dlsplacements for any point within a large
range of depths and radial dlstances within an elastic
medium, Tables and curves present these influence values
for depth ranges of 0 to 10R and radial distances of 0 to
12R (where R is the radius of a rigid circular loaded
area). he equations for these influence values are also
given §§I;hat these values may be calculated for any other.

locations in the elastic medium. For the center-line case
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(r/R=0), Giroud's analysis could be shown to agree exactly
4
with the analyses presented by Fischer (1965) and "m1k15

(1973), for the distribution of deformation with depth.

Finite element solutions can be very useful in
modelling soil. ormation bghaviour, A solution, based on
elastic theory, by Marsland.end Eason (1973) was introduced
in Chapter 2. As mentioned earlier, this solution varies
considerably from the elastic solutions defeloped bquischer
(1965) and Giroud (1972). Unfortunately, not enough is
known about the theoretical basis for Marsland and Eason's

solution and so the disparity with other solutions can not

be investigated.

Another finite element solut1on has been presented
by D'Appolonia and Lambe (1970). This solution appears to
be quite comprehensive, in that it can consider non-homo-
geneity, anisotropy, and non-linearity.‘ Howeyer, no attempt
has been made to illustrate the practical significanée of
the solution. The solution is based on stress- path concepts
(Lambe, 1964, 1967) and as such may be of research 1nterest
only. Stress-path tests are difficult to perform (Seed,
1965), though, in principle they.may be more valid.

A problem of any finite element analysis is that

its use in design is only as good as the input parameters.

. ‘ o
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Satisfactory representative laboratory testing of soils is
very difficult to carry out, so the input parameters are not

always compatible with the rigorous nature of the analysis.

3.3 NON-HOMOGENEOUS MEDIUM

Most soil deposits are non-homogeneous, particularly
with depth. - However in many cases, where a soil profile
consists of the same type of soil, the non-homogeneity with
depth is not very great. A possible exception to this is
the situation where “the surficial layer of a cohesive soil
is heavily over-co;soliQated by desiccation,

| !
. Two extreme cases of non-homogeneity often encountered
in soils engineering have been extensively anélysed;
| (1} The case of a layéred roadway system/ in

" which the design results in & considerable

N reduction in modulus of deformation wuﬁéS
depth, and |

(2) The case of a relatively soft soil underlain by
a rigid; bedrock or till, base at a shallow

depth with respect to the size of a foundation.

v
[N

= .t . . -
Studies of both of “these cases are fairly extensive,

ésﬁeciaily for the road base problem. The reason for the
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greatér ingerest in road bases is primarily that such an
analysis—is required for the design of roadway toppings and
base courses placed on softer, undesirable soils.- It is
generally easier to keep buildiﬁgs away from undesirablé
sites than roadways. The extreme foundation problem can be
overcome by pile foundations Br can often be avoided by

moving the site.

The difference between these two situations is
tha£, when the upper layers are stiffer or stronger, there
is a pronounced lateral distribution of vert;cal stresses,
while in the other'situation a relatively shallow rigid base
tends to concentrate the vertical ‘stresses in the aréa
influenced by the foundation. This latter situation of the

i

rigid base is more applicable to foundation éngineering.

A detailed study of the effect of a rigid base
at a relatively shallow depth was analysed by Burmister
(1956) for the case of flexible loads. . This study illustrated
the effect of the rigid base on veéti;al stresses and surface
setfléménts. The rtical stresses were significantly
increased within ;IE\?E?bzfahgve the rigid base. The closer
the rigid base is to the surface, relative to the width of

the loaded area, the greater the concentration of stresses

within the upper layer and the less the surface deformation.
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Inciderftally, while considering the relative depth at which

a rigid base was no longer significant, Burmister recoénized
the relevance of the critical depth of deformation, and
even proposed that values of o (see Page 2.12 for definition)

of 0.2 and 0.1 should be used for granular and clay soils

respectively for flexible loads.

A more interesting solution to/the rigid base
problem has been presented by Poulos d Davis (1974), for
a rigid circular foundation. This s lution shows that the
vertical- stresses under a rigid lo are even more CONCen-
trated ﬁithin the upper layer, an for the flexible loading
situation. Once again the sufface deformations are consider-
ably reduced as tﬁe depth of the rigid base relative to thé
size of loadéd area decreaseg. In the ideal elastic’splution
a rigid base at a depth of 10R, has a small but definite

influence on the surface deformations.

The general pattern of observed distributions E&th
depth, along with published Russian experience, indicates
that in most Qoils, deformations are insignificant below
depths of abotit 6R. Therefore, the rigid base thebry may,
in practice, have no~inf1uénce if the base is deeper than-
about 6R, even though the vertical stresses are, theoreti-

cally, still affected (Milovic, 1970).
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The more common foq@s‘of non-homogeneity which are
encountered in foundation. soils are layered systems of
different soil types or consistent soil profiles'with
varying strength properties, The difference in the modulus

of deformation in such profiles is generally considerably

less an an order of magnitude, whereas, in the extreme

cas¢’s discussed above, the differences can be several orders
magnitude. For this reason the extreme cases cannot.be

applied to ‘the more common foundation problems.

The type of non-homogéﬁiiﬁy encountered fﬁ\more
typical soil profiles does not greatly influence the stress
distribution (Fischer, 1965; Jumikis, 1973; Giroud, 1972).
Therefore, provided an accurate soil modulus is considered
for the yelevant stress level at any depth, whatever t?e

soil at that depth may be, a realistic prediction of the

soil deformation could probably be made. However, obtaining

the 'accurate' value of the soil modulus is rather difficult,
and the undrained so™ modulus usually considered in such a
prediétion-cannot realistically represent the field founda-

tion situation.

With regard to the concept of a constant relation-
ship between the modulus and shear strength of the soil, E/c

(see D'Appolonia, Poulos and Ladd, 1970, for- instance),
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it is not uncommon fgr shear strengths to increasg almost .
linearly with depth. In such cases the modulus would in-
crease linearly with depth. A solution for rigid loads on
such a soil has been presented by Carrier and Christian
t1973). .This énalysis has shown that in extreme cases of
non-homogeneity the vertical and horizoniai stresses are
increased considefably. Both stresses are_dependént on
Poisson's Ratio, especially the horizontal stresses. However,
for more realistic increases in modulus (baseq on increasing
‘shear strength) with depth it has been shown that these
stresses and the settlément are not affected significantly.
Any more extreme cases Qf non-homogeneity are beyond the

scope and interest of this study. .

In anéther analysis Brown and Gibson (1972) have
shown thafjf@?Lthe'type of non-homogeneity being considered
the effect on-the surface settlement of flexible loads is‘
negligible. Hence, it can be conclﬁded.that if both the -
stresses and the total settlements are not affected by a

small increase in modulus with depth, the distribution of

deformation with depth should not be affected.

Any discussion on non-homogeneity has to consider

the fairly common situation of aqdégiccated, fissured crust

O

| - -

]
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at the‘surface o;\a‘qlay'soillprofile. A desiccated cruét.

-

is‘heavily‘OVEr-c?nsolidated in terms of strength but theh".
effect of desiccation, which causes, fissuring, is consider-
ably-differentlin terms of deformabilitf."As &iscusged

abéve a reasonably éonstant relétionsﬁip generaliy exists
Between‘moduius‘of deformation and shear sffength, E/c (e.g.
D'Appolonia, Poulos and Ladd, 1971). While the over-consolida- LT
tion fdtio dbes not appear to greatly influence thig pfopbsé&.'

relationship, over-consolidation due to desiccation affects i

.

bl
-

soils differently. ' - ' o

Ove;:coﬁsoliaation‘dUe tozgeoiogical history f(i.e.
considerably greater compressive stresses due to 'one-time’
ice or overburden pressures) results in "locked-in" horizontal
stresseéz As the ancestral vertical pressures are released
by retreat of the ice or erosion of some of the overburden,

the vertical rebound is not sufficient to fully release the

original horizontal stressés. Therefore, it is quite common
to find in-situ horizontal stresses greatly in excess of
those which would be expected from present-day vertical
overburden pressures. This represents the most commOn.form

of over-consclidation.
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Another form of over-consolidation is caused by, &esicca-‘
tioquf the upper layers of a soil ﬁréfile. This form of
over-consolidatidn is gr;atly misunderstood. The basic
effect of desiccation is to cause considerable shrinkage
1eading to fiséuring. Fissuring results in a macrostructure
pf dry blocks of intact cléy séparated by relative openings.
While the Blocks of clay are highly over-consolidated, the
openings'(fissures)'between.these'bloEks result in low _ ‘ .
horizontal pressures within the macrostructare. There must |
" be some contact between the desiccated blocks, but the
contact preséure will be low compatred to the internal pressﬁres

in each individual block of intact clay. Therefore, with

respect to deformation properties, the desiccated crust is

A

over- coﬁgbl1dated in terms of the microstructure (blocks of

clay) but almost "under-consolidated" in terms of the macro-

L)

§tructure. T A \

&

. Laboratory determined values of Kq‘for this soil presented

-

by Gaumy (1970) are shown in Plate 3.3. These Yalues indicate
very high in-situ horizontal stresses in the microstru@ture

-

at the upper levels of the crust. With Tregard to the open
i:;igigfﬁzi the upper level of the crust these h1gh K \;

ues are mlsleadlng. i{The fissures result 12‘£§d\gprlzontal
stresses 1n'the macrostructure and Ko becomes almost meaningless.

[

From'%?e point of view of deformations, Gaumy's Ko values

-
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'the upper.layers of the. crust . In fact the opp051te'1s

\'are sufflclently compressed the 5011 wlll*behave as ‘3 truly "::”15"

shear deformatlons, as the ‘resulting pore pressures wrll

. . ' . . Lo
v . L . . , - R S

‘,1mp1y that hor1zonta1 deformatlons would be much smaller in-

T

true 51nce .a con51derab1e amount of defbrmatlon wrll result

'Y \

from thé c1051ng (trghtenlng) of fissufés. = Once. the frssures

Lyrnie R "

over-consolidated soil. - ' ‘ e 3_;:.~~

.

..>’

The state of thée macrostructure obv1ously affects _ziﬁﬁ'“f*‘f“

deformatlons. When a pressure is applied to a de51ccated .,-1—’ -

el

flssured structure, considerable deformation w111 result
from the ‘closing or 't1ghten1ng ‘of the fissures. If the
fissures are’ Saturated (whrch occurs commonly in Leda clay

deposits) deformatlons could be even greater due to greater

-

”

tend to reduce the effectlve normal~stresses between’ ‘the - s
blocks of clay These stresses are probably lew to start |
with. However, even-in a qulck{ test, dralnage wril occur
relatively easily along fissure planes, but thas“dra1nage-
rn1t1a11y will only affect the original flssure -water and

not the pore-wdter w1th1n the blocks of clay Hence, the

rate of loading has to be extremely srgnlfrcant on.fissureiﬁ |
soils, especially if they are saturated. On the other hand,
if a saturated, fissured soil is loaded very 51eu1y, any

excess pore pressures within the macrostructure will dissipate
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very'easily,and?ehear deformations attributable to pore
pressures an[the fissures will be less Siénificant.. A slow
g tééf on. a satatated,.fissured soil will etentually close the
fissures, under minimal excess pore pressure; but as soon as
all the flSSUTeS are closed, the.macrostructure becomes.
1ntact and excess pore pressures will build up in the intact
blocks of clay. Since these blocks of clay are truly over-
consolldated the shear deformations will be very much smaller
_than the shear deformatlons between the blocks of soil in
" the 'quick' test. Therefore the rate of loading can be >
- - particularly significant for fissured soils.

3.4. ANISOTROPIC MEDIUM

r o o-."

Generally very little consideration 15 g1ven to the

effect of anlsotropy on the distribution of stresses and
deformatlon below a loaded "surface. Anistropy can be
related to over: -consolidation, and it is generally true fhat
’ nsllghtly over-consolidated soils are isotropic while heavily
pver-eegsplidafed soils are anisotropid:
The effect of anlsotropy (N=E /Ev) greater than unlt?
is to d1551pate the. Vertlcal stresses such that the rate of

decrease in the vertical stress with depth is greater than

for the 1sottop1c casé-(N 1), Hanna (1965). A heavily
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desiccated, fissuréd soil deposit could have an anisotropy
less than one, in which case the vertical preséures would ¢

tend to be higher in the upper layers.

The problem qf an anisotropic layer underlain by a
riéid base has bé;; aﬁaleed by Milovic (1970).- Considering
the case where the rigid base is at a depth of 6 Radii,\
Milovic has shown that the vertical stresses are lower and
the horizontal stresses greatér fhan inﬂthe isotropic case,
for anisotropy (EH/E’V) greater than unity. The-het effecdt is .
a reduction in the resultant vert1ca1 stress (Eqn '3.3). For
'anisotrppy less than unity the vertical stressés are greafer
and the horiiontal stresses are lower than for the isotropic
'qase, resulting in an increase in the resultant vértical stress; ¢
However, the effect of anisotropy on the rélative distribution

of the Tresultant vertical stress is insignificant and hence

the distribution of deformation should nét be affected. . Even

though this situation considers a flexible load, the effect

A

of anisotropy is still illustrative.

‘:" -

("t . . X

The effect of anisotropy on the total deformation has

been analysed by Barden (1963)'and it was shown that the
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1

total deformatlon is less for anlsotropy greater than one

and the deformatlon 1s greater for an1sotropy less than one.

There does not appear o be any analfsis available fot
'the distribution of deformation with depth in an anlsotroplc
medlum.. However, it can probaeiy be assumed that deformatlons
will be confined w1th1n a shallower depth (due to lesser
total deformations) in: soils exh1b1t1ng an1sotropy greater
than one, based on Barden's analysis.
| | ~
3.5 NON-LINEAR MEDIUM

In the context of this thesis a.nonelinear medium is a
medlum Wthh exhibits a non- llnear pressure Versus deforma—
tion response and is not to be confused with a non- ﬁzmogeneoue
medlum which has a non-linear variation of modulus with
depth. However, it will be the'major contribution of this
thesis to point out that the application of.a pressure at
the eurface of an ideally homogeneous, isotropic, non-
1inear medium actually causes a non-linear variation of

_ _ -~
modulus with depth.

The only known eompleteranafysis of vertical stress and
deformation distribqtions in a noh-linear medium has been.
presented by Huang (1968). This analysis_has considered
" only the case of a flexible loaded area and is thus not

———
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valid for analysing tbe results of this researcﬁ program:
H?wever, the results of this non-linear analysis can provide 8
an insight into the case of a rigid loaded surface. Huang
has shown that for varying degrees of non-linearity the
distribﬁtion of the vertical pressures varies very little
from the 1inear case. Morgenstern and Tamuly Phukan (19§8)
have also shown that non-linearity has little effect on the
vertical pressure distribgtion under a strip footing.

However, Morgz:ftern aﬂd Tamuly Phukan show that the effect

of a ﬁi-lineé deformatioﬁ response is considerable on the

_hofizontal pressure distribution. At shallow depfhs of B/2

and B, below the loaded surface, the center-line horizontal

-p;essutes beneath the loaded surface are less (Bﬁﬁ.and 83%

respectively) thgn in the linear case and at a depth 2B the ;%
ﬁofizonfal pressures'aré much greater (208%) than in the ¥

linear case. (B = width of strip footing).

Ly,

Only Huang (1968) Has analysed the defqrmatibn ,
distribution below a flexible loaded area. The two major ;
observatipns to be made from this analysis are that as the
degree of non-linearity increases:

(1) The total deformatiop becomes increasingly less

than for the linear case, and
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(2) The depth at which deformations become

negligible becomes shallower because thé

total deformation is less.

Another interesting observati&n which can be made s
from Huang's analysis is that the distribution of deforma-
tion is not significantl?.affected by non-linearity.
Furthermore, it can be shown from this analysis that for
increasing degrees of non-linearity, the deformations are
less confined within shallower depths than thé linégr
solution. Hence, this particular solution can not-explaiﬁ
the observed distributions of deformation discussed in

Chapter 2.

The results presented by Morgenstern and Tamuly

,Phukan (1968), 1nd1cat1ng the effect of non- 11near1ty, on

the horizontal stresses, suggest a considerable effect on
the resultant vertical stress. This stress is probably less
than for the linear solution at-depths between the surface
ahd-z/R = 2. Below this depth the resultant vertical stresses
is probably much higher. Thérefore, the effect_on”the
distribuiion of deformations with depth could be significant

in terms of non-lihearity.



4.1

CHAPTER 4

EXPERIMENTAL INVESTIGATION

4.1 SITE DESCRIPTION

4.1.1 Location

The research program wa?/ézz;}ed out on the west-end

-campus of the Algonquin College of°App1ied Arts and Technology
'in-Ottawa. :The'location is shown on a'sketch\glan of the
Ottawé region on Plate 4?1. A'full-scale footing test,
required to optimize the fouﬁdatién design'fof a large
expansion to the ca:mpus, wad performed witlixin 15 m (50 feet)

of the proposed buildings, as shown on Plate 4.2. This

footing test was performed in December, 1968. Four years

.later, after the bﬁilding had been completed and the area
landscapea, the plate load tests were perfbrmed adjacent to
the location of the footing test. The plate load.tests were
set up as close as possible to the ;eméins of the test =\
fobting but in a-position that was undisturbed by the footing
test. The }ayout of the tést trench with respect to the

footing test and the buildings is shown on Plate 4.2.

. »
LX)
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4.1.2 Basic Geological History of the Area .

?? The most recent ﬁajdr event -in geological history
. which has greatly influenced the surficial geology of, the
Ottawa region is the Wisconsin glaciation. Under thé colossal
weight‘of the ice sheet the surface of the ground was depressed
cénsiﬁerably. The rebound of the ground and the change in
sea level since deglaciation have been determined, based on
the occurrence of organic materials overlying marine clays.
The age and present elevation of these orgénic soils gives a
very good indication of the time they were deposited and,
their elevation when formed. Also, various fqgtures of
erosion have indicated ground elevations of the period.

a .

As deglaciation occurred in this region the ice
retreated north to northeast (Kenney, 1964), and therefore
the upper part of the present St. Lawrence River Valley
became ice-free while the lower part remaiﬁed bioéked by

ice. This lead to the formation of a glacial lake, known as

Lake Frontenac, behind this blockage. After this lake was
formed, a short glacial sub-stage, the Valders glacial sub-
stage, advanced but it does not seem to have affgcted the
upper St. Lawience Valley or the Ottawa region (Kenney,
'1964) When the ice retreated past the Quebec City region,
Lake Frontenac was exposed to the open sea and the sea water

#
eventually 1nvaded the St. Lawrence and Ottawa River Valley

regions (Prest, 1957). . . N
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-This influx of sea water formed the Champlain Sea.
Ottawa is situated in the northwest corner of the ancient
Champlain Sea which extended to western limits around
Brockvilie, Smith Falls and Arnprior (Karrow, 1961). The
earliest date for the influx of sea water has been set at
-around 12,000 years B.P. (before present). Kenhey (1964)

Teports that marine shells found at Montreal have been dated’

to 11,370 years B.P. currence of the Champlaih Sea in

the Ottawa Valley s been dated to 10,870 years B.P. (Dyck

and Fyles, 196 enney also states that the waters of the
Champlain Sea clanged from salt water to fresh water shortly
~after 10,500 years B.P. Explanation for this change is” -
either that the land rising relative to the sea level gradually
cut off the supply of salt water or that the further Tetreat
of ice unleashed vast quantities of fresh water from ancestral
Lake'Algonquin, which is now the Lake Huron Basin (Gadd,

1962; Kenney, 1964). ‘Hence, it would appear that the salt

water environment was relatively short-lived in the Ottawa

region, éqssibly of the ordé; of 500 yegrs. However, the
large volumes of material-being releasé& by the retreating
ice sheet deposited up, to 61 m (200 feet) of clay in the
area during that period (Johnston, 1917).

The presence of fossiliferous beach deposits at

present day elevations of ‘about 206 m (675 feet)'?Gadd, : .
. . ' [—j -
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1962) combined with the estimated rise in sea level of abédut
38 m (125 feet) since the time of the Champlain Sea (Kenney,
1964) indicates that the ground in this region was depressed

about 244 m (800 feet) below its present elevation.

The initial deposit left by the retreating ice was
a glacial ti}l'with a highly irregular surface. As the ice

sheet retreated and the Champlain Sea formed, other deposits

were laid down in the salt water environment, filling in the *
troughs in the till. surface. 'These deposits, graded natﬁrally
relative to their distapce from their source, were pre-
dominantly a clay (rockflour) with a large amount of silt.
Lafer, as the source of material_(the ice sheet) retreated = °
further north the deposits became more clayey. When the

" Champlain Sea ﬁad changed from a salt to a fresh water
environment the'material being deposited was predominantly
clay. As the land continued to rise, the basin of the

Champlain Sea eventually rose above the water level, and the

processes of erosion and deposition transformed the area

into the present clearly def1ned St. Lawrence and Ottawa
Valley system. As a result the surface features changed
considerably. 1In most areas some of the fresh water clay
and even some of the marine clay was eroded and redep051ted

Also, in many areas the clay deposits were overlain by

\




fluvial sand deposits which originated from the fresh water
Champlain Sea as it drained towards the ocean:.

fi All the clay depdsits mentioned above are ‘referred
to as Leda clay regardless of the depositional environment.
The term Leda is derived from a marine fossil thch was
found in many locations in the marine clay (Dawson, 1853).

4.1.3 Geotechnical Properties of the Leda Clay
in the Ottawa Area '

During and after tﬁe disappearance of the Champlain
Sea,_considerable erosion occurred. Eden and Crawford (1957)
indicate that the original.surface of the clay overlying 'c}-;n:lad«P
lower parts of the local area was probably above elevation

98 m (300 feet). If that is so, between 12 and 21 m (40 and

70 feet) of clay has been removed from the area. This

explains the slight to medium over-consolidated state of

the clay below the weathered crust. However, the upper
material at all sites investigated by Edén and Crawford
(1957) is over-consolidated much more than the underlying

" material. In most cases the water table is within-3.6 m

(12 feet) of the surface. Above the water table the soil 1is
truly sgsiccated and oxidized; However, fissures end to
depths up to 5.4 m (18 feet) and even 2.4 m (8 feet) below

the present water table at one location (Eden a§d Crawford,

d
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1957). The formation of this weathered, fissured crust at

~ the surface of the clay has been reasoned by Mitchell,

Sangrey and Webb (1972), who list the following natural

processes as -being responsible for the development of a
- . A
crust:

Ed

(1) .Over-consolidation due to erosion, delayed
consolidation, or ground water fluctuation;
(2) Desiccation due to lowering of ground water
table; and
. (3) Chemical changes in material due to wéathering

and, particularly, cementation.

Chemical weathering is believed to have produced a
natural cementation (Sangrey and Townsend, 1969; Townsend,
Sangrey and Walker, 1969). Strong bonds are believeJ to
exist at the contact points of an open flocculated structure
of soil particles. This phenomehon enables the soil to
remain stiff and to carry large loads-at moisture coﬁtents
in excess of its 1liquid limit. Moisture content of the
local Leda clay is indeed considerably higher than the
fiquid limit (Eden and Crawford, 1957). In general the
soils in the crﬁst have a higher shear strength and precon-
solidation stress and a lower compressibility‘than the lower

soils. The shear strength decreases from the surface to
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deﬁths up to 15 m (50 feet) and then remains almost tonstant
or increases.slightly.ﬁith gyeater depth. The depth at which
the shear strength ceases to deﬁrease does not necessarily
coincide with the deptﬁ of weatherihg, as dépictedﬁby the’

occurfénce of fissures. The effect of desiccation on the K0
values and deformation ch;racteriStics has been discussed in

. Chapter ‘3.

The Leda clay'is extremely sensitive and can be
easily remoulded into a liquid in some cases (Crawford,
1963). _ Sensitiv;ties in excess of 100 are not uncaqmon.

The plasticity index of this clay deposit can Yary'consider-
ably with depfh. At greater depths where the soil has
-greater sand and silt contents the plasticitf index can be
as low as 5, whereas in the upper leveis of the deposit

where the soil is predominantly clay the plasticiiyiindéx

can be as high as 60. Typiéal values of various geotechnical
propertieé-of a Leda ciay deposit are given on Table 4.1,
'Plate 4.3. T . - b

-~

"4.1.4 Soil Conditions at the Site

v

‘ The soil conditions at the site were fully invest-
igated by the geotechnical consultant to Algonquin Collgge,

McRos{ie, Seto, and Genest Ltd. Some additional tests were
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performed oﬂ.samples from the site at ;he University of
Ottawa (Gaumy, }970}. 'Allog of the soil profile from'one
of the test holes”at the site is presented on Plate 4;5.
‘ addition to a description of the soil, various geoteéhnical
propertles are also presented on this plate, 1nc1ud1ng
moisture contents, Atterberg Limits, undlsturbed and remoulded
in-situ vane strengths, precon;olidation 1&essurgs, grain
‘size analyses, and pofe water salt contents. The depths
shoﬁn are related to natural ground surface at the site,
‘approximate elevgéidn, 86.3-m (283 feet). From the variation
of moisture contents, in-situ vane shear strengths, and
the preconsolidation pressure with depth thefdepth of the

»

crust appears to be about 4.5 m (15 feet). At the maximum -

"depth of the test trench of 4 m (13 feet) the soil was

definitely still fissured although the fissure spacing was
of the order of 200 to 300 millimeters (8 to 12 inches).

However, it can be expected that these 1argé fissure surfaces

could extend to a siénificantly greater depth. Tﬁg water , , N

2
table was approxlmately 1.4 m (4.5 feet) below the ground o )
surface at the time when the test trench was excavated to | //,

that depth. Therefore, the effect of fissuring extends to a
 depth of at least 3 m (10 feet) below the present water |
table.' While the water taPle can be expected to fluctuate,'
the water table was probably lower at some time in goolo%;pal

history. Some photographs on Plates 4.5 (a) and (b) show



4.9

the sides of the excavation illustrating the variation in

fissuring with depth in the excavation.

The fissure spaciné’close to the surface ranged fﬁom'

about 0.5 to lem (0.2 to 0.4 inches). The individual
blocks of intact clay were extremely hard and théAoYerall
matrixlappeared like a coarse granular soil. At the.levei
of the first series of tests, 1.0 m (3.3 feet) below ;ﬁé'
surface, the fissure spacing was about 2'to 3 cm ﬁp;s to 1.2
inches). At this ievel the‘intact blocks of clay.were hard
to very stiff and”were'sligﬁtly columnar iﬁ ﬁggm with a '
length to breadth ratio of about. 1.5. The sides of the

intact blocks were not necessarily true vertical but the
. . L) . .

minimum dip would have been about 85°. There was no charac-

teristic orientation to, these near vertical fissure surfaces
t .

and some of the blocks had up to 6 sides. The horizontal
fissured surfaces appeared to be quite continuous and the

maximum dip would have been about 5°.

A . .
) o
. L

At the level of the second series of plate tests,
2.5 m (8.2 feet).below the,ground surface, the fissure
. spacing was éignifiqantly greater in both directions. The
spacing between the vertical or near vertftal fissure§
-vérfed ﬁetween 7.5‘and 12.5cﬁ (3 and 5 inches) however
int;ct blocks were more columnar with length to breadth

‘ -

b
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‘ratios“of greatef'than-z At thls second. level of tests anJ‘

- lower,. the horlzontal flssures appeared more horlzontal and
L

may have not been real fissures. Dur1ng the preparatlon of

;'thefvertical'test surfaces for the horlzpntal tests at thas '

& - ; ‘ L - .
1eve1 the blocks .of intact clay appeared .to break away along

very th1n silt-layers. Due to the ever present'weight of-
overburden on these. surfaces de51ccat10n would not likely
result in true flssures in the horlzontal d1rect10n, and = .
hence these horlzontal fissures are more llkely beddlng

planes caused by varlatlons in sedlmentatlon.

-

b
~

At the maximum depth of the test trench, 4 25 m

(14 feet) below the ground surface, the vert1ca1 fissure

spac1ng waS'about 20 cm (8. inches). Whlle the orlentatlon
.still appeared random theSe f1ssured surfaces were deflnltely
" more contlnuous with dips ranglng between 90 and about”65

as shown in the Photographs on Plate 4. S(b) Major inclined'

,'f;ssure surfaces, as shown in these photographs, would’
* have a very 51gn1f1cant effect on both strength and deforma-
4

tlon p(ppertles obtalned from relatlvely small samples or’

load1ng tests. . .

.
- .. -

N
- 4 -
R -

. At the completzon of the plate bearlng test program

A

some lnock samples were obta1ned from the lover leveéls. of

.oy

- . . -
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r//&‘the-ﬁest trench., Due to the f1ssures it was dec1ded to
o attempt to. get large blocks of 1ntact clay At the lowest
'depth between 3 65 and 4.25 m (12 and 14 feet), the maximum
. size of block obtalned was about 20 cm (8 inches) wide and
about 76 cm (30- inches) 1on§. While these dimensioms represent
. the specing between major fisSures‘and'béduihg‘ﬁlanes respect-
jivéfy, the soil within such a Biook was still definitely
?_ fissured. |

-~

The in-situ vaue'etrengthrprofile of the soillshowe
thaf'CLOSe_to the sufface the shear stremgth is of the order
of SOﬁ kPa (3 Tsf) and that the shear stremgtms.oecrease

. fapid;y_through-the crust, to an almost constant value ‘of 40
kPa (0.4 Tsf) below the crust. It is'pattitulerly'interestiug
‘to note this varietiom‘in shear strengths in the desiccated,

':flssured crust with regagg\to the doncept of a constant

" modulus to strength ratio, E/c, as w111 be discussed later.

'4.;' . PLATE_ LOAD BEARING TESTS

~

4.2.1 Experlmental Setup -

i‘_.- 7 A1l the plate tes€§ were carrled out in a trenchy
7. 5 m. (25 feetj lohg and ranglng from 1.2 m (4 feet) wide at
the beg1nn1ng to about 2.5 m (8 feet) at the end of the test

P program. The trench was 51tuated aAs close as possible to

. s . )
. - . 4 .
. . - PR . - .
L . . - .
. e ' , ) P ' -
. : o . .
R . [ .
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the location of the footihg test. TA plan view of the test
area, including the footing test and the test trench, is shown

on Plate 4.6.

The redction for the vertical tests #as provided by
‘a pair of 9 m (30 foot) long, 150 x 212 mm (6 x 8-1/2 inch)
wide flange beams, strapped together by plates'and bol;s,
running along the center-line of the trench. This main
reaptionlbeam reéted'on a pair of éuxiliiary beams at each
end which ran perpendicular to the trench. These'auxilliary'
beams were anchored so.that™when the reaction beam was
securely attached to them by bolts, an estimated 80 kN (9
éons) of reaction was available. The auxilliary.beams at

one end were anchored by long bolts which were attached to

the base of a specially‘constructed\l.z X 2.4.x 1.2 m deep
(4 x 8 x 4 feet deep) box. This bo# was placed in an excavated ~
pit which was then backfiiled: At the other end; fhe auxilliary
beams were anchored using thé'auger anchors -from two field
vare apparati. Soﬁe,typical photographs of the trench and
the feaction system are shown on Plate 4.7.
Loads were transferred.from the ;eaCtion beam by
means of an 89ka (10 ton) hfdrauliq jack and a vertical
column df sgtmm;(s-i/z inch) pipe. The pbints of contact of
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this loading column with the reaction beam and the plate

were free to rotate, so that an eccentric load could not be.

transmitted to the plate.

The réactiﬁn‘for the horizontal tests was provided
by the opposite face of the excavation in-each'case; in
fact, two tests were performed simultaneously. The same 88
mm'pihe was used in conjunction with the hydfaulic jack to
provide the loading system. for these horizontal tests all
of fhe loading systen, including the plates, had to be— -
suspénded from the surface prior to applying the pressﬁre on
the ‘soil. Due to the weights of the component parts it took
considerable time to get everything lined up. Photographs of
a vertical and a horizontal.test are shown in Plate 4.8.

The actual 1oad1ng plate consisted of a 457 mm
(18 inch) diameter, 25 mm {1 inch) thick steel plate with.
two backup plates 300 and 150 mm (12 and 6 inch) in dlameter
to increase the rigidity. The load was applied.to the 150
mm plate by means of a 50 mm (2 inch) diameter, dish-shaped-
platten into which‘thé\hggispherically ended piston of the
loﬁdihg.system'was fitted. A similar contact was made ax‘

the other end of tﬁe‘loading system.

L §
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4,2.2 Instrumentation o y -

A reference beam system was constructed from steel

angie sections and was supported at least two times the
diameter from the edge of the plate. Deformations were
recorded using dial gauges calibrated to 0.001 inch. In the
earlier Series 1 tests, only the surface deformation was
recorded. In these cases three dial gauges were placed at
120 degree intervals aroﬁnd the top of the 450 mm (1& iﬂgh)
‘ diameter plate. In'addition, for the vertical tests, two
gauges were placed at distances D/8 and P/4 from the edge of
the plate on the same radial alignmenf to measure deforma-
tion of the surrounding soil. In the first three vertical
tests the movement:of ghe surrounding soil was found to be
negligible or highly erratic due to fissu%es and thereafter
these gauges were omitted. The settlement gaﬁges which were
used for some of the deeper tests were not considered for
the uppér level of‘tests as installgt;on was expected to
" cause too much disturbance in the highly fissured soil.

. b

In some of the tests at the lower- levels, settlement
gauges were ﬁsed to observe the defonatioﬁ with depth under
the plate. four seftlement gauges were installed Ehrough

holes in the plate at 90-degree intervals on a circle of

radius R/2. The tips of the settlemeént gauges were installed
: ?
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‘ ‘//
at depths of 1R, 2R, 3R, and/4R, whére‘R is the radius of
the plate. The§e gauges were specially constructéd by
brazing extension rods between the auger point and the chuck
end of standa:d 9.5 mm:(3/§ inch). diameter wood drill bits
. as shown in a photograph oh late 4.9. Installation was
achievgd by drilling a hole in the soil, through the holes
in the plate, by means of a 19 mm (3/4 inch) diameter wood
bit, similarly extended. The holes were drilled to within
75 mm (3 inches) of the proposed depth for the’tip of the
gauge and then a 19 mm O.D. ﬁipe was fitted into ;Zch hole.
The length of these pipes were designed so that there was a
13 mm’(l/z inch) gap between the base of the plate and the
top of fhe pipé. The séttl%ment gauges were inserted and

d

augered into the soil by hand, ensuring a firm contact with

the surfouﬁding soil. Tﬁegtips‘of the dial gauges were .
brouéht to rest on a Specially prepare.d surface on the top ‘
of the settlement 'gauges. Teflon discs prevented friction

between the gauges and the plate. Where the four ifttlement"‘
gauges_wére used a t&fal of dight dial gauges were required,

four for.the settlemeht gauges and another four for measuring

the deformation of the plate ladjacent to each gauge. Mégnetic

- T

clamps were used to support all dial gauges. e;I/\/pho“‘l:og;;aph
4.9,

of a full& instrumented test i

.shown on Platr
& .

(
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Diaphrégm-type Weksler pressure gauges were used to
control the appllcatlon of the load with the hydraulic Jack
A series of two pre- calibrated gauges were used, one for the
high pressure ranges and one, with a lower pressure range,
f&; the lower applled pressures. These pressure gauges were
calibrated according to the British system of units, in psi.
The high pressure gauge was calibrated from 0 to 10,000
psi with 100 psi divisions, and the low pressure gauge was
calibrated from 0 to 3000 psi with 25 psi divisions. The
maximum'cgpacity of the jack was about 95000 psi,lat a load
of 89 kN (lg‘tons).

- ]

' 4.2.3 Preparation of Test Surfaces

The preparation of good plane surfaces for the tests
> L]
was a major problem in this fissured soil. - "At the first

Voo
level of vertical tests, about 1.0 m (3.3 feet) below the

»
ground surface, the fissure spacing was of the order of 6 to
18 mm (1/4 to 1/2 inch), but the fissure openings were ‘con-
siderably less than 1n-the even drier soils above this

.level. Clay blocks of thig size tended to crumble away from
the rest of the ;;;1 when attempts-were méde to prepare a
level surface and it was.neceQSary to place a thin layer of

- fine sand between thé plate and the soil. This procedure

worked satisfactorily for all the Vvertical tests-at the

. . ' : ' "
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£irst leQéi and also at the second level, ;bout‘2.5 m (8.2
feet) below the ground level. Less sand was required at
the lower level as the soii was more intact. At the third
llevel, about 4.25 m §14 feét) below‘the,ground levelj the
fissu(e spacing was of the order Qf 250 mm (10 inches) and

the preparation of test surfaces was quite simple.

"The most difficult surfaces to prepare were the
vertical surfaces for the horizongal tests. The problem
with the fissures was more acute on the vertical sides of
the trench and, in addition, two.perfectly parallel surfaces
héd te* be prepared for each fest set-up. After ‘the first
attempt at this, a special cutting tool was désigned. Tﬁé

]

details of this design are shown on Plate 4,10, Basically,.

each end of the cutting tool consists‘l of four cutt.ing blades‘
welded on a steel shaft. The shafts could be enclosed

inside a split pipe and clamped so that.the cutting planes

-were parallel. A gui&ing probe 225 mm (9 inches) long,

A ahead of each cutting plane, was pushed into the éiaeiof the 
excavation. Unfortunately, the apparééus was ratﬁer heavy

and the total weight being supported By'the embedded probes

caused an opéning of the fissures and the loosening of some

blocks of the clay. Later, the.-weight of -the cutting tool

was supported by a wooden bench resting on the base of the

excavaiion. ‘There was still a problem with blocks of

s .
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fissures clay breaking away and plaster of paris was used to

ensure a good séating contact for the plates.

At the first level of horizontal tests, elevation
35.3 m (280 feet), the prepafation of the test surfaces was
relatively'easy because the blocks of clay which broke away
were small. Hence it did not require too much trimming to "
~obtain a surface that could be- finished off with the plaster.’
‘However, at the second level, the blocks were considerably \\\
larger and if a” large block fell away the whole operation
had to be started again. An idea of ;he proble&s associated
with this fissured soil can be seen in the photographé on
?Iates 4.5(a) and>(b). : ”‘ | )
Great care was taken in the preparation of ail test
surfaces to remove all material that had become disturbed in
the base of the trench or Ead dried out on the sides of the
» . trench since the start of the excavation. In the case of the
surfaces prepafgd on the sides of the tremch this required .
the removal of a céﬁ?ﬁﬁ;iable amount of mate}ial,funtil ;oil
was reached that appareitly had not bgen affected by exposure.
For this reaéon, the width of the trench increased conéiderably,

in stdges, during the test program.

N
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4.2.4 Layout of Tests : »

Of the total of ningteen-tests performed, nine were
vertical tests and ten (five double sets)‘hbrizontal. The
basic intention was to perform tests at‘different levels
between thg level of the base of the test footing and
a depth which was considered to be the base of the crust
though this maximum depth was influenced by the reach of
conventional excavéﬁion equipmeqt._ Iﬁ/grder to keep the
dimensions of the excavation to a minimum and to avoid |
performing tests on %oils which had been préﬁiously stressed
by tests at upper levels, it was only possible to test three
differént levels. The location of each test relative to
the base of the footing test and the reaction beam is shown
in a longitudinal cross section of the test rench on
Plate 4.11.l On this cross section of the trench, the horizontal‘
lines represent the locations of the vertical plate tests
and the circles represent the locations of the horiiontal

tests. The tests at any particular level are not necessarily

s

at identical deptZ;. This is primarily hecause at different
locations a great

r amount of disturbed soil had to be removed
or because of difficulties in preparing a test surface at a_.
particular location. Howevewx, they are generally within a
range of'0.3 m (1 fpot)nén&'are considered;~for reference

purposes, to be at the same level.
" (¥

iy

A,

“\
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~4.2.5 Testing Procedures

-,

Three basic testing pfocedures were employed at each
level. Ong of the procedures was chosen to assimilate the
loading attern‘of the full-scale footing test, yhich had
been loaded in increments to a maximum load of 300 kPa (3
Tsflb Anothér was chosen to determine the amounts of
recoverableiand non-recoverable deformations under a cyclic |
loading pattern with an increase in bea;ing pressure for
each cycle. The third loading procedure.was chosen to
obtain the time dependency of deformations under loaaing.,'
This third procedure was also to provide information ef the
Efeep propef;ies of the soil. However, this was only
successful for one of tﬁe vertical tqsts (V2/3), primarily
because'of the strength of the soil in relation to the
capacity of the loading sysfgm. A more detailed description

of each loading procédure is presented below. -

4.2.5.1‘Procedure 1 Tests

This lbad%ng ﬁrocedure was a direct simulation of
}he large-scale footing test and consisted of loading up to
a bearing pressure:of 316 kPa (3.16 Tsf) in increments of
32 kPa (0.32 Tsf), unlo;ding to 0 in increments of 64 kPa
(0.64 Tsf) and %eloading to failure or the capacity of the
loading system in increments.of 32 kPa. -Where the gapacity.

of the jack was .not sufficient to .cause failure, the load
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was reduced again to 0 iﬁ increments of 64 kPa. The criteria
-for applying any increment of load in this testing procgdure,
was that the rate'of'deformation should have reduced to

0.025 mm/min'(o.obl in/min), under each loaﬁ increment. The

average time taken for a test of this nature”was about 3

hours.

e

4.2.5.2 Pgocedure 2 Tests
Y

The second loading procedure was

designed to obtain
the performance of the soil) under cyclic lgading. The
procedure of loading was tdapply a load of 32 kPa -(0.32
T;f) and then unload to 0 or close to 0 as was practical,

and then apply successive load cycles in which increments of

32 kPa were applied so that each successive cycle reached a

'peak load greater than the last by 32 kPa. This procedure ‘
of successivély incréasiné the maximum pressure of each N
cycle was continued until.failure or until the capacity of
the loading system .was reached. Unloading decrements' of 64
kPa (0.64 Tsf) were uﬁed for each unloading cycle. The
;ri;eria for applying an incrément or a decrement of load
was the same as in Test Procedure 1. The“avérége time
requjredhfor this type of tes! ﬁég 5 §§ut$. _ . "\.

1Y

™,
R .

-
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4.2.5.3 Procedure 3 Tests

-

The third loadlng procedure, used for a vertical
test at each of the three levels and only one set of hori-
zontal tgsts at- the first level, determined the time dependency
of the ﬁeformations. The load was applied in increments of "’
32 kPa and deformation rea&ings were taken évery 3 minuteé-
up to 15 minutes under each load increment. The load apﬁlica-
tion was controlled so that the rate of deformation remained
less tha®® 0.15 mm/min (0.006 in/min). When it became impossible
to control the rate of deformation below this 1limit the load
was applled 50 as to cause g constant rate of deformatidn of
0.15 ‘mm/min for 30 minutes. As indicated before, only one
of_thé tests, V2/3,.was finished in this proposed fashion.
Once this constant rate of stéain_had been applied for 30
minutes,kthe hydraulic pﬁmp was ‘shut off, gnd defofmdtion
and preggure readings were recorded with time until no more
deformation occurred. Then the load was .applied so as to
cause a constant rate of stﬁain of 1.5 mm/min (0.06 in/min) -
for another 30 minutes. Aftef_this, the hydraulic pump Waé
. closed again an&’pressure and deformation readings were
again taken with t1me until no more deformatlon occurred. At
this stage the test was termlnated The.time for this test
(VZ/&) was 4-3/4 Hours. The other Procedure '3 Testd took -

about 4 hours.
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Table 4.2 on Plate‘A.lz presents a list of all pf
the plate tests, "indicating the type‘ef‘test, the elevation,-
_

the loading procedure, and‘the‘approximatp time for. each

Al
-

test.

.y

4.2.6 Data Recorded B ' . ) o

* In all the- tests performed teadings were ‘taken of

k]

the hydraulic pressure in the loadang system and all the

dial gauges at certain 1ntervals* In mbst .cases these -
« .

read1ngs were takep only when the rate of deformation

criterion was reached. ’ In the tests f0110w1ng Procedure 3
. ' : b <,
the readings were taken at regulay time intervals as, explained

above.‘Table 4.3, Plate 4.13'gifes a list of the°number.of:'
dial gauges used for each test and’ the performante whlch

they recorded.- In a11 cases, the average deformatlon of the

'plate was o by taklng the mean of all the .gauges
W - - p .. - .

measuring such deformatlon\,- _ T v

- .
- s
»
L f . * ~

- In addition to ‘these recordings, any information .°

about irregularities in the.soil at apy pafticular test

set-up, either durlng the, preparation of the test surface,

.ot in.the behaviour of.the flssures _during the test was -*5\_
¥ AN
noted. In many cases the £1ssures adJacent to the loadlng

P

Pa
plate were ‘observed to open, ahﬂ durzng ipme of the horizon-

. tal tests blocks of clay fell” away from the ‘face of . the

]
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. excavation. The above poted obEE¥§;ti:hs are, summar1zed 1n.,
. Table 4 4, Plate 4.14. . RPN o

4.3 *  FOOTING. TEST .

: : ", o S . ) »
4.3:1 -Jest Set-up | S |
" The full-scale footlng test. had been perférmed

expressly to determlne the amount of settlement of such'a

ot

.foﬁndatlon in xhé-crust of the Leda clay. This test foot1ﬁg
o, RS (\ \
consisted of a 05 m square (10 foot square)’'by 0.66 m

(26 inch) thick refhforced co&gtete slab., The maxigfum

reaction of 2.67 MN (300 tons) required for this test was
provided by:twelve'Etranded cables anchored through the <« i

center of.the foofing, Bs shown in the cross section on

Plate 4.15, into the underlylng bedrock at a depth of about - ™, -
18 m (59 feet) The base of the anchor was grouted into a”
,,rocﬁfsbchet 6.1 m (2 feetJ 1ong, with the tip of the anchor
at eievetion 61.0 m Ieievatien 200 feet). Loads were abplie&f

to the footing by mé;ns of a hydraulic jack pulling agalnst

the cables whlth wereﬂgi?ught up throEEEC}he center of\\he

.‘fOOtl% and fixed to. tghé‘_)ac .
. red

concrete pedestal cen

The jack rested on a small

footing. .

: ~N
\’. b
4:3.2 Instrumentat1on S R )
The ma1n 1nterest of the foundattgg consultant
was the amount of surface deformation whlch would: occur
N .o . LN . .
R o . . - L] -’.
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\3under the proposed design load of 300 kPa (3 Tsf). However,

seVeral add1t10n§/4;re made to the ba§1c 1nstrumentat10n

) p:pgram.by-the Civil Engineering Department of. the Unlvepsity

Qf Ottawa. (Gaumy, 1970).. & A
- _ , o 8 , -
Co e s | o S
R A_pian'view of the footing is given in Pla{? 4.16, _
CY . i s * ' ) l,, 1 .

and the locations of the various instruments are shown. A
total of six dial gauges-calibrated to (p2025cm) 0.001

» | . & L ' ‘

: inches reco;BEd the‘deforma%ion of the surface of the foot-

ing. Four gauges were ldocated at the corners, one at the
. center and one at the mldpqlnt of one side. Contact press-

ures were measured at five locations with Geonor vibrating .
i - . : ’

wire préssure gauge; (Bauer, 1967). These gauges -Were
. confiﬁed to one quadrant of the*footiﬁg,.as shown on Plate-

4 16, Thé deformatlon w1th depth was measured at the center

of the footlng and also at ‘the edge of one s1de of the

: footlng. Sp1ra1 foot settlement gauges (similar to Bozozuk,

1,

1968)>were installed at depths of B/4, B/2, B, and 3B/2,

—~ 2where'B is fhe width of the footing. Finally, two inclinometer

wtubes were_;nstagled ‘one_at. a. distance of B/4 from the
K xenter towards fg; midpoint of one of the edges, and the

other beside the mldp01nt of one of the edges, as shown on

-

Plate 4.16. . - : . &

L
-y 4
" . . - \
.
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4.3.3 Loadiﬁ; Procedure . ' .
The main‘purpoee'of the test was to determine how

" much 1mmed1ate deformatlon and time dependent deformation

: would occur under a full-size footing loaded to the proposed

ks

de51gn pressure‘of 300 kPa (3 Tsf). Two cycles of‘ load wer