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ABSTRACT

A large rigid circular raft has been instrumented to study
its foundation performance in the Leda Clay of the Otﬁawa region.
The raft which supports a tower farm silo has a diaméter of~13;7 m
(45 ft) and a thickness of 1 m (3.28 ft). Comprehensive laboratory
and field‘measureménts were performed. All the laboratory tests
including, CIU triaxial and oedometer, as well as the field wvane
shear strength tests were carried out by the staff of NRC, DBR. The
other measurements which included: normal contact pressure distri-
butions, settlement and pore-water pressures at various depths and
the deflection of the raft were carried out by the University of

Ottawa in cooperation with NRC, DBR.

The measurements have been analyzed and where possible the
results of the analysis compared to theory and to case records.l In
addition, the load settlement data for six square footings and four
test plates also in Leda Clay, have been analyzed; and the results
compared to those for the silo raft. The plate and footing measure-
ments were carried out by the Geotechnical Group of the University of

Ottawa at Algonquin College, Woodroffe Campus, in Ottawa.

The outcome of the research programme includes the following:
a) recommended ranges of Eu/Su values applicable to most foundation
elements founded in Leda Clay of the Ottawa: area; b). settlement distribu-
tion curves which appear to be a characteristic of the clay, and

c) design recommendations concerning normal contact pressures and




- ii -

the modulus of subgrade reaction. All the above recommendations

apply when the soil is loaded below its preconsolidation stress.

Finally, a list of suggestions for further research work

is brought forward.
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CHAPTER 1

INTRODUCTION

1.1 Statement”of:Problem

Due to the relatively high cost involved, instrumentation
of structures for geotechnical use has not been a routine practice.
It is, however, well recognized by soils engineers and researchers

that the need for instrumentation to study the actual performance of

Structures is growing. Today, geotechnical engineering has reached

a stage where theoretical solutions based on ideal soil media can be
found for mostfof the common design problems. The accuracy and

reliability of these mathematical models can only be determined when
ehough field measurements reflecting the response of foundation soils

t

to load are made.

The present state of foundation engineering is such that
tower silos like any other structures can adequately be designed with
respect to bearing capacity and settlement using standard techﬁiques.
However, the problem with farm silos is that the use of the standard
factor of safety of 3 for bearing capacity may make the design un-
economical. This is because unlike most structures, silos can tolerate
relatively large settlements both from the point of view of structural
integrity and aesthetics. Most farm silos in Canada are constructed

either from pre-cast concrete staves or cast-in-place concrete and are

founded on circular ring footings. The live load (silage or haylage)




in such Structures is transfer?ed to the subsoil in the following two
modes:
1) by friction along the walls of the silo which transfers
the load to the annular footing,
2) by the portion of the live load bearing directly on the

ground in the annular space of the footing.

Hence to be able to use a lower factor of safety, it is important to

know the proportions of the live load transfer mentioned above.

The original research proposal was to instrument a standard
concrete silo with a ring foundation having a factor of safety of 3
against bearing:capacity failure. Instead, the owner chose to buy a
"Harvestore" metal silo which had to be foﬁnded on a large stiff raft .
in order to qbtain.the same factor of safety for bearing capacity.
Therefore, the opportunity to instrument a ring foundation was not
available. However, the project presented an excellent larpe scale
model to study the performance of a rigid raft foundation in Leda Clay
where the maximum soil pressure would be below the preconsolidation
pressure. Such rigid circular footings have applications in the
following structures; large silos, large chimneys, nuclear reactors,

water towers and sometimes as column supports for buildings and

bridges.

The instrumentation involved the measurement of settlements
and pore-water pressures at different depths below the raft and normal
contact pressures at eight different points. The differential settle-—

ment of the raft was also measured.




This thesis presents the field measurement results, analysis

and discussion of some of these results and comparisons in light of

previous work reported in the geotechnical literature and other sources.

1.2 Objectives of the Study
The principal objectives of the research were:

1) to analyze the compressibility of the clay at different
pressure levels and depths and also to investigate the
ratios of deformation modulus to the vane shear strength
values at different depths and load levels and to compare
thesg results with available data in the geotechnical
litefature and other sources,

2) to determine the distribution of contact pressures and to
cémpare these with theory and measurements in the literature
and other sources,

3) tc show by field measurements if theoretical methods of
calculating settlement give results that are in agreement

with observed values.

1.3 Outline of Thesis

Following is a chapter-by-chapter ssummary ‘of “the content .of

this thesis.

CHAPTER 2 - The theory of contact stress distribution is insroduced.
By combining Boussinesq's elastic contact stress distribution

with plastic flow along the edges, two formulae for estimating




. the elasto-plastic contact pressure distribution across a

CHAPTER 3

CHAPTER 4

’

rigid circular raft are introduced. Moreover, other simple
techniques available in the literature for estimating con-
tact stresses are explored. Some criteria for determining
the rigidity of a circular raft and the main factors that
affec;'contact pressure distribution are presented. Finally,
some case records and one of the most commonly used elastic
theories known as the Winkler model or the theory of subgrade
reaction for calculating contact pressures is introduced.

The content of the chapter is summarized.

- Agghort exposé of foundation settlement, its importance and
the difficulty associated in méking an accurate determination
of it afe presented. Some of the important factors that affect
settlement are introduced. In particular important topics
namely, immediate, consolidation and the critical depth of
settlement are dealt with. Case records are aléo given.

At the end, highlights of the chapter are given in a summary. -

= Given are the location of the project and the site des-
cription. A discussion of the pertinent geological history
of the area with emphasis on the pleistocene geology is pre-
sented. In éarticular the geotechnical properties of the
soil from borehole data are outlined. Also included in this
chapter are descriptions of the size and geometry of the

raft and that of the silo itself.
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CHAPTER 5 - This chapter contains laboratory calibrations and field

CHAPTER 6

CHAPTER 7

installation of instruments. Also, the principles 6n which
some of these instruments work and their accuracy are dis-

cussed. The instruments include; two types of piezometers,
hydraulic contact pressure cells, deep séttlement éauges,

bench mark and surface settlement points.

- Here instrument readings are presented in graphical forms.
Estimation of silo load from pressure cell readings and its
accuracy are discussed. Variation of settlement and pore
water pressures with applied load, time ana depth are pre-
sentgd. The results of consolidated undrained (CIU) triaxial
tests.and oedometer tests carried out at the National Research

Council, Division of Building Research Laboratory are presented.

—- Measured contact stress distributions are compared'with
theoretical predictions and with work by other rgsearchers.
Settlement estimates using laboratory modulus and oedometer
results are calculated and their accuracy discussed. More-
over, the distribution of settlements calculated from these
laboratory results are compared with the actual measured dis-
tributions. The actual settlement distribution is compared
with that for other foundation elements in a similar clay
deposit. The ratios of undrained modulus to average shear
vane strength are calculated and compared to other calculations

in similar soil. The last section presents the subgrade




CHAPTER 8

modulus calculation for the raft and makes comparison with

other values. ’ ‘

= A short summary covering the important points in the
thesis is given. Furthermore, on the basis of observations
and calculations performed during this study, conclusions

and recommendations for further work are brought forward.
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CHAPTER 2

CONTACT PRESSURE DISTRIBUTION UNDER A RIGID

CIRCULAR RAFT IN ELASTIC SOIL

2.1 General

Contactipressure is the term used to describe the normal
and shear stresses that exist between the bottom of a foundation and
the supporting soil. The knowledge of this quantity enables founda-
tion designers to accurately determine the shear and'moﬁents that are
taken by the foundation sﬁructure. In general the céntact pressure

depends on:

a) .the rigidity of the footing
b) the roughness of the bottom of the footing

c) the thickness of the compressible layer and
its soil properties

d) the magnitude of the loading

.e) the type of loading, i.e., concentrated, line
or uniformly distributed

£) the size of the footing

g) the depth of the footing

Because of their relative importance factors {a) to ic)inclusive are
discussed in detail in the subsequent sections of this chapter. The
effect of the load intensity becomes significant only when the
ultimate bearing pfessure is approached; also for a circular rigid

footing the type of loading is immaterial provided that there is no

J




eccentricity induced. The last two factors become relevant only in

the case of deep foundations with small cross-sectional area. ’

In this thesis shear stresses are not taken into considera-
tion and therefore, the term contact pressure is used to denote only

the normal pressure.

In order to make the theory easily understandable, a
qualitative description of the shape of the contact pressure distri-

bution for two ideal cases follows.

The discussion below assumes a smooth interface between the
load and the soil, as well as an infinite medium thickness. If a
flexible uniform load is applied to a perfectly elastic medium,
"elastic clay", the settlement assumes the shape of a shallow bowl.
This is becapse the vertical stress increase in the medium is higher
below the centre than it is below the edges. In order to maintain a
uniform settlement some of the applied load must be moved away from
the centre toward the edges. This shape of load distribution which
gives uniform settlement would look exactly the same as the contact
pressure distribution under a rigid footing of the same loaded area

(Figure 2.1.1(a)).

On the other hand if a perfectly non-cohesive dry sand is
subjected to a flexible uniform load, there will be more settlement
at the edges than at the centre. In such soils for settlement to
take place relative grain movements are necessary. Since below the
cenfre of the loaded area, the confining stress and therefore the

frictional resistance against relative grain movements is higher, the
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MATERIAL; (b) COHESIONLESS SOIL; (c) SOIL HAVING INTER~
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(AFTER TERZAGHI AND PECK, 1948).
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medium compresses less than at the edges. To make the ve}tical dis-
placement.uhiform some of the applied load must be transferred from
the edges to the centre; the resulting load distribution would be
similar to the contact pressure distribution under a rigid footing

resting on a medium of ideal sand (Figure 2.1.1(b)).

What hapﬁens as the load is increased indefinitely? 1In the
first case the soil starts to yield at the edges; and as the load is
increased furthér this plastic zone migrates to the centre until the
whole area is plasticized, the pressure distribution becomes uniform
and collapse impends due to plastic flow of the subgfade. In the case
of a rigid footing resting on an ideal sand, however; the pressure
keeps increasing at the centre but approaches zero at the edges at all
load levels. Hence at failure the distribution can be approximated by
a triangle with its apex below the centre of the footing. All these

stages are illustrated in Figure 2.1.}

In solving practical problems, however, one has to deal with
soils that are neither perfectly elastic nér purely cohesionless.
Hence, one wouid expect real soils to behave somewhere in between the
above two ideal cases. Moreover, when all the other factors that
affect contact pressures are considered, the theoretical treatment of

the subject for real soils becomes very complex.

However, in the past a number of mathematical models have
been developed to estimate the contact pressure distribution at the
base of a rigid footing on elastic soils. These theories therefore

are only approximate for real soils, but are very useful for
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engineering applications. Some of these techniques are discussed

’

below.

2.1.1 Effect of Rigidity on Contact Pressure

The effect of increasing the stiffness of a raft f&unded on
an elastic soil is to inerease the reaction near the edges and to
decrease its valgé near the centre. However, the influence of raft
stiffness on moments, deflections and differential settlements is
more critical than its effect in altering the shape of the contact
pressure distribution curves. For example, highly flexible rafts
suffer excessive differential settlements, whereas véry rigid ones
may be subject to excessive bending moments. For the very ideal case
of a circular foundation on an elastic medium of great depth,
‘Borowicka's (1936) work showé (Figure 2.1.1.1) the variation of con-
tact pressure distribution curves for different stiffnesses. it can
be seen from the figure that for zero stiffness the pressure distri-
bution becomes uniform and that for infinite stiffness the pressure
at the centre drops to 50 percent of the average applied pressure ’ ?
while the value at the edges approaches infinity. However, it is
discussed later in this thesis that soils have limited strength and

therefore infinite edge stresses cannot exist.

2.1.2 Effect of Roughness on Contact Pressure

Except in simple cases, the effect of roughness has always

been neglected in analysis of contact pressure simply because of the
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complexity of the problem. Among the few closed form solutions for
foundations on elastic soil that are available, the latest is ‘that
given by Hooper (1974). The author gives equations for the normal

and shear stresses on the base of foundations as functions of Poisson's
ratio and a certain integration parameter. Although the eyalﬁation of
the integrals requires thé use of numerical techniques like the
Gaussian quadratufe, the equations show that for v = 0.5 the shear
stress becomes zero and the normal stress gives results similar to

the elastic solutions for smooth surfaces. This conclusion is supported

;5 ‘lby works of other researchers, such as Parks (1956) and Brown (1969b).

-

Ly
S
) IS

5 L .
"w" In fact according to Yamaguchi et al (1968), the contact stresses are

"féimilar for both smooth and rough surfaces for v = .3, .4 and .5.
This conclusion is shown in Table 2.1.2.1.. This table which céntains
numerical solutioné of the general equation given by Hooper, shows
that at the centre of the footing there is only a 2% decrease in the
contact pressure when v is increased from .375 to 0.5, which could

easily be neglected for all practical purposes.

Recently, the use of the finite element technique has made
the problem much simpler, since in the analysis, the shear stresses |
due to roughness can be introduced as simple horizontal forces at the
nodes of the elements selected. Such a technique was recently used
by Carrier and Christian-(1973) to check the effect of roughness for
homogeneous and non-homogeneous (E-linearly increasing with depth)
soils. TFor the homogeneous case, the authors confirmed the conclusion

reached by Yamaguchi et al (1968) and after checking the effect of even
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Rigid punch on homogeneous half-space: computed values of p(x)/q, for
adhesive contact after Spence (1973) )

P -0 0.15 0.35 0.55 0.65 0.75 0.85 0.925

0 0.577 0.584 0.614 0.684 0.746 0.848 1.042 1.391
0.125 0.553 0.560 0.589 0.657 0.719 0.820 1.014 1.370
0.25 0.530 0.536 0.565 0.632 0.693 0.792 0.987 1.347
0.375 0.510 ,0.516 0.544 0.610 0.670 0.768 0.962 1.326

0.5 0.500 -.0.506 0.534 0.599 0.658 0.756 0.949 - 1.316

E= r/R
r = any distance along the radius

R = is the radius of the foundation

TABLE 2.1.2.1 Effect of Poisson's ratio on normal contact pressure
distribution across a rigid circular footing
(from Hooper (1974)).
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lower Poisson ratios they concluded that for v > .3 the effect of rough-
ness is small enough to be neglected. This effect is even smaller for
the non-homogeneous case.

Another very interesting finding is that reported by Lee
(1973) and quoted by Brown (1969b). He shows that for a rqugﬁ footing,
the moment decreases as the Poisson ratio decreases being 27% less for
a rough than for aismooth footing at v = 0. Hence, for footings on
saturated clays where v = 0.5 immediately after application of the
load, the moment should decrease as consolidation progresses. This
in effect means that it is safer to design for a smooth raft than for
a rough one. Although the above finding is for a strip footing, it

is believed, that circular foundations should behave similarly.

2.1.3 Effect of'Compressible Layer Thickness and Soil Properties

on Contact Pressure

In most cases footings are constructed on s0il medium of
finite thickness, underlain by a hard stratum or bedrock. Ey using
numerical techniques and digital computers Pbulos (1968) and Brown
(1969a) among others have studied the effect of layer depth on céntact
pressures. Figure 2.1.3.1 is a result of such analysis carried out
by Poulos for a Poisson's ratio of 0.4. Tt is easily seen that when
the depth of the compressible layer approaches zero the contact pressure
becomes uniform and when H/R approaches infinity, the pressure at the
centre assumes 50 percent of the average pressure as expected from
elastic theory. In'any case the effect of layer thickness on contact
pressures is only significant for shallow sediments (H/R £ 1) as

shown in the figure. Hence, for all practical purposes H/R > 2 can
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Figure 2.1.3.1 Effect of layer depth on contact pressure (vs = 0.4),

after Poulos (1968).
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be approximated by the infinite half—space-case.

Some of the factors which affect contact pressures, such
as, homogeneity and the simplest non~homogeneous cases have been dis-
cussed in Section 2.1.2. The other influencing factor that requires
a closer scrutiny is the Poisson ratio as related to layer thickness.
Again as investigéted by Poulos (1968), the effect of Poisson's ratio
becomes noticeable only for shallow layer @hickness,(H/R < 1.0).
Examination of Figure 2.1.3.2 shows that at the centre the pressure
increases as the Poisson - ratio increases while the reverse trend is
seen close to the edges. This trend is similar to t#e half-space:=
case as shown in Table 2.1.2.1, however the magnitudes of the varia-

o

tions differ. For example, when H/R = .3 and v = 0.5, Poulos (1968)

found that the stress at the centre is 20 percent larger than the

average pressure. However, this tendency decreases as H/R is decreased

approaching the uniform case for a footing resting on a hard stratum.

2.2 Criteria for Relative Rigidity of Raft.

The éigidity of a circular raft depends on a number of
factors. Among these are: the elastic modulus and the Poisson ratio
of both the footing and the soil, the size of the footing and its
thickness. TFor footings resting on soft normally consolidated clays
one can assume a rigid case without being in any noticeable error.
For the general case of a circular footing resting on any soil
Equation 2.2.1 given by Hooper (1974) can safely be used to determine

its relative stiffness.
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Figure 2.1.3.2 Effect of Poisson's ratio of layer on contact pressure

distribution (H/R = 1), after Poulos (1968).
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3
E (1-vD))
_ZeUs? t,3 ,
R =—5 @ 2.2.1
s
where Es’vs represent the elastic constants of the homogeneous

soil layer

E ,t represent the elastic modulus and the thickness of
the raft respectively

K étiffness

According to the author, K = 0 represents a very flexible raft where-
as K > 100 stands for a very rigid die. Since the formula does not
include the effect of reinforcement, pretensioning aﬁd other stiffeners,
the user should rely on his own judgement . to:decidezon: the:.final

degree of stiff;;ss of the footing in question. It is also worth
noting that the elastic constants of the soil depend on the stress
levels and also on the degree of consvlidation. A more general
solution, which takes into consideration the Poisson ratio of t£e
footing as well as all the variables given in Equation 2.2.1, is
Borowicka's (1936) result, Equation 2.2.2. To use the formula,

Equation 2.2.,2

m2—1 m2 E
- Ly s £y £y £33
m.-1 m s
£ s
h =-]-‘._- i =_l_
where m_ v T =
s f
vs,vf = Poisson's ratio for soil and footing respectively

is first evaluated and the result compared to the contact pressures
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calculated for different stiffnesses which are given in Figure 2.1.1.1,

For concrete, the Poisson's ratio to be used is in the range of 0.1

to 0.15.

2.3 Theoretical Methods For Estimating Contact Pressures Distribution

The simplest equation for estimating the contact pressure
distribution under a rigid circular die is that defined by 2.3.1.

This is the famous Boussinesq's

4
_ a.

where q, = average applied pressure

£ = r/R, ratio of radial distance to the radius of the die.

. solution for a smooth circular die resting on the surface of a homo-

geneous and isotropic elastic half-space. A close look at this
equation shows that when £ = 0, the contact pressure assumes a value
which is 50 percent of the average pressure, whereas at £ =1, the
stresses assume infinite value. However, nb material including soils
can withstand such infinite stresses without yielding. Hence aﬁy
solution that is of practical use should take this plastic flow into
consideration. Nevertheless, because of the non-linear load deforma—
tion behaviour of soils, a general elasto-plastic solution involves

the integration of systems of non-linear differential equations

(Shirokov et al, 1970), (Huang, 1968).

The Russians have reported success with some theories that

explain the non-linear behaviour of soils. One such work is that




- 921 -

reported by Shirokov et al (1970). 1In this péper'the authors-assume
the shear déformation relationship to be non-linear while the volumetric
compression of the soil occurs according to a linear'relationship.
Using this assumption they arrive at contact pressure and deformation
equations for different soils. However, the problem with sucﬁ an
approach is that somehow the modulus of volumetric compression and the
shear rigidity moéulus have to be either estimated or evaluated in
laboratories, which is not an easy task. Other elasto-plastic closed
form solutions include a recent paper by Selvadurai (1976). The author
uses a bi-linear elasto-plastic model. This is achieved by assuming
the Winkler springs to be connected by a shear ﬁlate’which deforms

non-linearly.

Recently .the use of numerical methods employing digital
computers has simplified the problem. For example, Carrier and
Christian (1973) and Hooper (1974) give results using the finife
element method. The technique is so powerful that effects of footing
roughness, Poisson's ratio as well as non-homogeneity can easily be
considered. Another simpler numerical technique is the method of
superposition of sectors introduced by Poulos (1968). In this method
the circular rigid plate is divided into a number of concentric annuli
and on each annulus, a uniform pressure is assumed - which is the con-
tact pressure of the annﬁlus. By using the sector method (Poulos, 1967b)
the vertical displacement of each annulus is calculated. Since for a
rigid plate the settlement is uniform, by equating the displacements

of the annuli.., a set of simultaneous equations is obtained, the solution
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of which gives the contact pressure distribution. The author reports
that 10 annuli and 144 sectors give results that are good enough for
all practical purposes. However, even these techniques have not fully
solved the high stresses that exist at the edges of the die. Next,
two more methods which are both simple and also applicable\to‘practical
problems are discussed in detail. These are semi-empirical elasto-

plastic solutions'proposed by Zeevaert (1972) and Schultze (1961).

2.3.1 Zeevaert's Method (1972)

In this method, Boussinesq's solution is assumed to be

applicable in the elastic range as given by Equation 2.3.1.1

-

(x) a 2.3.1

pr=C—m .3.1.1
° 1%t/

where C0 = is a constant to be determined. At the edges, because

of the visco-plastic behaviour of the soil, the stress will have a
finite value represented by qep' Since for equilibrium the sum of
the downward vertical forces must be equal to the sum of the upward

vertical forces, we can write the following equation:

2 R 1
MR qa = f qep(znr)dr + J p(r)ZHr dr 2-3.1.2
ry o
where, r., = distance from centre of footing to the edge of the

plastic 2zone.

After integration we obtain,

2 /. .2
Uy = 9gp (178p) + 2C g [1~/ 1-E]] 2.3.1.3
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_
where gl =R
Further algebraic manipulations give
C_ = 1 2.3.1.4
° 2/ 1-sf ‘
and
q - ,
2= 2/1-82 - -t} 2.3.1.5
Tep 1 !

The author, based on experimental and theoretical work

gives Equation 2.3.1.6 to evaluate the limiting edge stress:

=3 '
qep =5 s+ 9.0 2.3.1.6
where s = the shear strength of the soil
czD'= the effective vertical stress at founding level =

Y'D (if there is no surcharge) .

For sensitive sediments of a preconsolidated type, the author suggests.
that the smallest of the values given by Equation 2.3.1.6.and the pre-
consolidation pressure be used. Once qep is selected, qa/qep can be
calculated and by entering this value in Figure 2.3,1.1 %.can Se
obtained. Then using %, Figure 2.3.1.2 gives the constant Co’ after
which the stresses at any distance from the centre can easily be cal-

culated.

2.3.2 Derivation of Contact Pressure Distribution for a Rigid
Circular Footing

Schultze (1961) proposed an elasto-plastic solution by com-

bining Boussinesq's elastic solution with the eneral bearing capacity
g q g ‘
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formula given by Prandtl and Buisman;. Equation 2.3.2.1.

r.
p(x) = chNc + leqD +_14R|<272NY (].' - -R—) 2.3.2,1
where p(r) = the normal stress distribution
Nc,Nq,NY = bearing capacity factors -

c = cohesion

Yl;YZ = unit wt. of soil above and below the footing level
R>= radius of footing
D = depth of footing

Ei’k£2= shape and depth factors

r = distance from the centre

The author soiﬁes the equation only for a strip footing. However,
the method is not restricted to such footings alone. Hence, a solu-
tion of the.problem based on Schultzé!ls-hypothesis.follows. The
solution starts by assuming that at the transition point from!fully
elastic to fully plastic state, the stresses must be the same. Hence

by equating these stresses at the transition point, we get:

1 £
Y rl = KlCNc'i"YlDNq'i'[*RKzYZN_:Y (l - i—-) 2.3.2.2
2TIR 1- (i_)
where P, = Elastic”portionzofitotal:load-carried by._footing. -

IETyy g

Referring to Figure 2.3.2.1, we note that the distribution is com-
posed of a parabola in the elastic range and a trapezoid in the
plastic range. Because of the symmetrical nature of the problem, it

is only required to get the pressure distribution along one radius.
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- Letting, the total load carried by the footing % Q
the elastic portion = V
the plastic_portion =T
Then %-= %:+-§
v_1 1
where, 5 = EIZH f’ p(r)r dr] , where p(r) is given by Equation 2.3.1

0

R.
1 . : - L
—-f. [.chNc + YlDNq + 4RK2Y2NY 1 R)]ZHr dr

2
1

SIPE|
It

For intermediate steps, the reader is referred to Appendix A, After

performing the integration and some algebraic manipulation, we get

P N .
- 2—1[1 - 1-5%] 2.3.2.3

N <

and

C C
T _ 71 2 2 2 3 2,4

Tl
where El =R®
. A 2 ,
Cl = (chNc + leNq)HR 2.3.2.4(b)
C, = 4IR3K y.N 2.3.2.4(c)
2 2'27y.

From Equation 2.3.2.2 we have

r

2 2, 1
1-8; (4R, v N (1 = 29))

P
12 /2,
7- = TR/ 1-£] (g el 4y DN ) + IR

Simpiifying we get

P .
1_ 2,1/2 s \3/2 1/2
7= cl(l—gl) + cz(l gl) (1+gl) 2.3.2.5
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Substituting for Pl from Equation 2.3.2.5 into Equation 2:3.2.3 and

adding the result to Equation 2.3.2.4(a), we get: ,

AR Clggy (5)) + Mgy (1) + kg (€)1 2.3.2.6
where £ (5) = -t - o5 (1-£2) C 2.3.9.7
g, (g = - % g2 2.3.2.8
h/cz(glj = - 0.5 (1+g)) (1-£))° 2.3.2.9
kgp(Ep) = - gl2(1-6D) + 3(1-5) (5, + ED] | 2.3.2.10

Once Q is known'Equation 2.3.2.6 can be solved by trial and error
until the wvalue bf El which makes the two sides of the equation equal
is obtained. To facilitate this procedure Figure 2.3.2.2 gives plots
of Equations é.3.2.7 to 2.3.2.10 inclusive against the dimensionless
parameter El. Having selected the correct El value, then #l c;n easily
be calculated. Next the contact pressure distribution is plotted for
any factor of safety using the following procedure. Use Boussinesq's
formula given by the left hand side of Equation 2.3.2.2 to plot the
elastic portion of the pressure distribution from the centre of the
raft to Iy then from rl to the edge use Equation 2.3.2,1 to obtain
the trapezoidal plastic portion. It is interesting to note that since
for undrained clay NY = 0, the shape of the pressure distribution be-

comes similar to that given by Zeevaert (1972).
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2.4 The Concept of Subgrade Reaction - The Winkler Model

¢

The theory of subgradé reaction is based on the assumption
that the reaction pressure between the raft and the foundation material
is dependent solely on and directly proportional to the foundation dis-
placement at that point. The assumption is usually known as the Winkler

hypothesis and is given by Equation 2.4.1

93
k = —= = const 2.4.1
y
where k = the modulus or coefficient of subgrade reaction
q = the unit contact pressure at a given point
y=

the settlement at that point

The method has ﬂéen found acceptable when applied to a large flexible
raft or for an infinite beam on an elastic foundation, Brown (1969a),
Vesic (1961) énd Carrier et al (1973). For a symmetrically loaded
rigid raft, however, because of the uniformity of the settlemenf, the
theory becomes misleading since Equation 2.4.1 gives a uniform contact
stress distribution. But we know that a uniform pressure gives zero
bending moments which is not the case for a rigid raft, thus using

Equation 2.4.1 would lead to erroneous conclusions.

For design, the coefficient of subgrade reaction is obtained
by performing plate load-tests”or from geotechnical literature. One
of the main problems with the test is that it cannot account for the
consolidation settlement of saturated clays, and therefore the result
is somewhat inaccurate. TFurthermore, all of the other factors that

are listed in Section 2.1 also apply to the modulus of subgrade reaction.
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Once the plate test results are obtained, the‘subgrade modulus for the
prototype footing is determined'by semi~empirical formulae. Foér stiff
clay where it can be assumed that the deformation .charactéristic is

indepéﬁdénf*with,depth;;Terzéghiw(1955)TproﬁoSedsEquation 2.4.2

k k
— L
k = D °F 3 2.4,2

where k subgrade modulus for the plate

size of square or strip footing

D

diameter of footing

In order to obtain kl’ a plot of average pressure agéinst deformation
is made. Then the subgrade modulus is taken as being the tangent
modulus of the gﬁrve. Provided the applied load is less than 50 per
cent of the ultimate bearing stress, the method gives reasomable values.

For beams on an elastic foundation, which this thesis does not cover,

the reader is referred to Vesic's (1961) work. His empirical eQuations _

appear to be more reliable than Terzaghi's (1955), since they account

for the elastic properties of both the footing and the subgrade.

In his second edition, Bowles (1977), proposes Equation 2.4.3
for a rapid

k

36 q_ (RCE)
a 2.4.3

k = 120 q, kN/m3

evaluation of the coefficient of subgrade reaction; and claims this
simple formula to be as reliable as all the other methods. He arrived
at the equation by assuming that the settlement that is associated

with an allowable bearing pressure is in the order of 1 inch. The
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derivation of Equation 2.4.3 is as follows

the ultimate bearing pressure

let q, =
9y
q, = Fso where F.S. = 3
§ = settlement =1"

Then from the definition of subgrade modulus we have
-q
f o=
k=3
substituting for § in feet and 9, = 3qa then

3q

— a -
k = 1713 = 36 qa(KCf) .

2.5 Field Measurements of Contact Pressure in the Literature

For  future comparison purposes some field investigations
reported in the literature are introduced. Only measurements in
similar soil: and loading conditions to this project are presented.
One such work is that discussed by Gaumy (1970) in a Master's thesis.
The instrumentation was carriéa out in Leda Clay (Chapter 4) at the
Woodroofe Avenue site of the Algonquin College of Applied Arts and
Technology, Ottawa. For the test a rigid square footing with sides
measuring 3.1 m (10 ft) was constructed. To measure the contact
pressure a total of five vibrating wire load cells were utilized.
Loading was earried out using a hydraulic jack and a tendon anchored
in the bedrock.

The soil prbfile and a plan view of the footing showing the

location of the load cells are given in Figures Al and A2, respectively.
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Using readings of 3 cells along the diagonal from the cenfre to the
corner of fhe footing and 3 cells along the centre line of the’ footing
from the centre to the mid-point of the edge, Gaumy (1970) presents
plots of contact pressures at various load levels (Figures 2.5.1 and
2.5.2). Although, around the centre, the distributions are similar
(cell no. 2 is used in both plots), there is a great disparity near
the edges between;;he two plots. The total load measured by the load
cells, and using the distributions shown was close to the applied load.
Therefore, it appears that for this square footing the contact pressure
was very high at the corners of the footing and smallest at the mid-
point of the edge'of the footing. At the centre of the footing it
changed from 100% to 75% of the average applied load as the load level

was increased.

The second case record reported by Eden et al (1973) involves
a large raft foundation for a 15 storey apartment building alsa in
Ottawa, Canada. Here 10 "Gloetzl" hydraulic load cells, similar to
the ones discussed in this project (Chapter 5) are used. A copy of
the soil profiie and a schematic plan of the foundation showing the

location of the load cells are given in Figure AS.

The reinforced concrete raft has a thickness of .91 m (3 ft).
Because of the effect of‘shear walls and also the floors above, the
writers consider this to be a very rigid structure. Diagrams showing
the measured contact pressure distributions and those assumed for
design are given in Figure 2.5.3. It is seen from these plots that the

general trend is for pressure to increase from the centre to the edges
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MEASURED CONTACT PRESSURES UNDER A RIGID RAFT

FOR A 15-STOREY APARTMENT BUILDING.
(AFTER EDEN ET AL, 1973).
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as expected from theory, however since the contribution to the rigidity
of the raft by the shear walls is non uniform, the contact pressure
distributions plotted along the three directions are not exactly

similar.

To complete the list, load test results performed i# Osaka,
Japan are included. The work was done by Takenaka et al (1971) at a
subway construction site on homogeneous marine clay deposit having a
thickness of lOlm (32.8 ft). The deposit which is about 100,000 years
old derives its preconsolidation stress from aging. It has the
following average geotechnical properties: liquid limit = 107.1, plastic

limit = 44.5 and a natural water content of 81.2 percent.

Contéét pressure measurements were carried out under.a rigid
circular footing with a diameter of 3 m (6.56 ft). A total of five
hydraulic ceils consisting of rubber tubes and pressure pgauges were
used. The authors give no explanation about the design of the.cells.
The load cells were evenly spaced across the centre of the footing.
Loads were applied using hydraulic jacks. Reaction was provided by an
H-beam spanniné across anchored H-piles. Figure 2.5.4 shows the layout
of the load cells as well as the resulting contact pressure distribu—
tion curves. Here, for a reason the writers could not explain, the
distributions are comple;ely different from that predicted by elastic

theory. A discussion about such phenomenon is given in Chapter 7.
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FIGURE 2.5.4 CONTACT PRESSURE MEASUREMENTS IN MARINE CLAY.
(AFTER TAKENAKA, 1971).
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2.6 Summary of Important Points

Contact pressure depeﬁds on a number of variables of(which
the most important ones are rigidity, roughness and thickness of the
soil medium. Theoretically at relatively low applied pressure levels,
the contact pressure distribution under the base of a . rigid footing
resting on an elastic soil such as clay assumes the shape of a bowl,
with the maximum stresses near the edges, while the same footing
resting on a noﬁ—cohesive sand gives rise to a parabolic pressure
distribution having zero stresses near the edges. On the other hand,

real soils tend to behave somewhere in between.

In the case of elastic soils, the effect of higher rigidity
is to increase éhe edge stresses relative to the average pressure.
This stress can only increase to a certain limiting value after which
plastic yielding takes place. For most practical applications, theory
shows that for Poisson's ratio greater tham or equal to .3, thé effect
of base roughness on contact pressure distribution is very megligible.
Except for a very shallow clay deposit, where the thickness is less
than the diame;er of the footing, the effect of layer thickness:on
contact pressure distributions is also very small. For most prbblems,
if the stratum is greater than the diameter of the footing the

assumption of semi-infinite half space which is the basis for most

theories is acceptable.

By assuming a limiting edge stress equal to the ultimate
beafing capacity or the preconsolidation pressure, elasto-plastic

equations for calculating contact pressures are presented. Also,
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two techniques for calculating the modulus of subgrade reactions are

glven.

Three case histories of contact pressure measurements are
introduced. This is done so that the measured values in this project
could be compared both to theoretical predictions and to similar field
data by other researchers. In the first two cases the distributions
show that the préssure is higher at the edges than at the centre. In
the last case tﬁe distributions are different from that given by

elastic theory.
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CHAPTER 3

SETTLEMENT OF A RIGID RAFT IN CLAY

3.1 General

The total vertical displacement of a rigid raft in clay
is composed of undrained and consolidation settlements, and can be

approximately represented by Skempton's (1957) well known formula:

STt = Su + UH Soed 3.1.1
Sep = Syt B S .4 , 3.1.2
where STt = total settlement after time t (U<1.0
Sop = total settlement at the end of primary
consolidation (U = 1.0)
Su = undrained-settleméent
Soed = consolidation settlement estimated froﬁ
oedometer test results
U = degree of consolidation
U ‘= a semi-empirical correction factor for

3~dimensional effect (see Section 3.6)

Equation 3.1.1 gives the total settlement at any time for a degree
of consolidation less than 100 percent, whereas Equation 3.1.2 gives
the value after the process of consolidation is completed. Estimates
of the two components are usually made by doing field or laboratory
tests. Detailed discussions of the two components are found in

Sections 3.5 and 3.6.




.
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Actually it has been observed that there is a third com-
ponent of settlement due to secondary compression, or creep. :Its
magnitude must also be evaluated in foundation design. Generally,
however, its magnitude at stress levels below the pfeconsolidation
pressure i1s small ‘enough that it can be neglected. 1In Leqa Clay
(see Chapter 4), creep settlements are large at stress levels

approaching or over the preconsolidation pressure.

Sincé by definition, a rigid footing does not suffer any
deflection, it must experience a uniform settlement. However, as
shown by Giroud (1972) (Figure 3.1.1), there is a deéviation from
uniformity as the influence of rigidity diminishes &ith depth up to
z/R = 1.5, Fog z/R 2 1.5, the settlement.distribution within the
cylindrical soil column defined by the footing becomes approximately.
uniform again. Also shown in this figure is the settlement distri-
bution with depth below selected points across the footing. The above
calculated settlements are of theoretical interest only, since they are
based on a rigid die resting on an ideal elastic half-space. In
general, the total settlement and its distribution with depth depend

on a number of variables. Some of the important factors are:

a) foundation size, rigidity and roughness;
b) foundation depth;
c) thickness of the compressible layer;

d) non-homogeneity, anisotropy and local yield.
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3.2 Effect of Foundation Size, Rigidity and Rouéhness on Séttlement

3.2.1 Size

A parametric study of Boussinesq's equation for the settle-
ment of a smooth rigid footing given by Equation 3.2.1.1 shows that

the deformation is directly proportional to the size of the die.

anR(l—\)z)
3 B — 3.2.1.1
where, q, = average applied pressure
= radius of foundation
E =

elastic modulus of soil.

Varioﬁs-plate load tests and settlement measurements carried
out in the past by different researchers have shown that the magnitude
of the settlement does vary as the size of the foundation although not
in a directly proportional manner. For example, Terzaghi (1955) has
made use of the pressure bulb concept to extrapolate the results of
plate load tests to estimate the performance of larger footings.
Unfortunately, the author was unable to locate more classical material
dealing with the subject. A recent experiment carried out by Chin
(1969) shows that a dimensionless mathematical model relating the
applied pressure, the cohesion, the size of the footing and the
sgttlement is possible. His model also shows that the relationship
between the size of the foundation and the settlement is non-linear.
However, since his finding was based on small footings (24 cm dia.),

the reliability of the approach is questionahle.
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3.2.2 Rigidity

v

It is known from elastic theory that under similar conditions
a rigid footing experiences less settlement and distortion than a
flexible one. The reason for this behaviour is best explained by com-
paring the stress distribution with depth below rigid and flexible
footings of simila;.size resting on an elastic medium. Figure 3.2.1,
prepared from Giroud's (1972) calculations shows the vertical stress
distribution below the centre and the edge for the two footings. Also
given in the figure is a table containing the radial and tangential
stresses for the two cases. Using stress distributioﬁ theory, one can
write Equation 3,2.2 to estimate the elastic settlement of footings

e

on homogeneous and isotropic soil medium.

H
§ = E[cz—v(cé+cr)] 3.2.2.1
where cz = the vertical stress
Oy = the tangential stress
cr = the radial stress

layer depth.

When v = 0 then the settlement depends on o, alone since H and E are
assumed constant. But we can also see\ffom Figure 3.2.1 that below
the centre, the vertical stress is higher for a flexible footing than
for a rigid one, which results in a higher settlement. However, at
the edges the reverse is true. The differential compression of the

soil beneath the rigid footing is therefore less.




%

Kz
02 2 [ -6 -8 i-0 2 __
01
DISTRIBUTION OF ¢
BELOW  RIGID AND
F'LEXIBLE CIRCULAR
FOOTINGS.
' - R = rigid
20+ - | F = flexible
/ G =%l
Op = Ke 3a
O-r- Kr%ﬂ.
RADIAL A TANGENTIAL STRESS
FACTORS ! Kry Ko (PR V= :5)
RIGID ’ FLEXIBLE..
O- Os Ce O
7R 7R 7R R
39 ot o |1 ol |o]
0| 5 | oo 5 | o0 1 5 1 5
5 -32 | -215| .32 | -185{|-37% | -287 | -3T4 | -l
S
l 8| -186| 153 | -186| -098)| -185|-196 | -I85 | -078
:0-
# I 10| 125 22| 125| 0e7|l -116 | 151 | 6 | -05%

L

FIGURE: 3.2.1 ( PLOTTED FROM GIROUD'S TABLES,I972)




- 48 -

pr‘let us éxamine the case where V is greater than Zexo.
For the discﬁssion Vv = 0.5 is selected since the expressions fotr the
radial and tangential stresses are simpler to calculate. Under the
centre of the footings, the table in Figure 3.2.1 shows that for both
cases, due to symmetry, the radial and tangential stresses are.the

same, hence Equation 3.2.2.1 becomes

= Bro _
s = E[cz ZvUr] 3.2.2.2
and for v = 0.5

H
§ = E{oz—or] . 3.2.2.3

Equation 3.2.2.3 gives the settlement as being proportional to the
difference betweén the vertical and radial stresses. Since this
stress difference is the greatest in the flexible case, then thé
centerline deformation is alwéys larger than that of a rigid footing.
However, even though there is a difference in the magnitude of the
settlement distribution below a flexible and a rigid one, the curves
are almost similar when plots of percent settlement with depth are

made for the twd cases (see Figure 3.2.2)

3.2.3 Roughness

In Section 2.1.2 it was pointed out that for v > .3, the
effect of roughness on contact pressure is minimal; this is applicable
to the settlement as well. Although in general the displacement of a
rOugh footing is smaller than a smooth one, Carrier and Christian
(1973) conclude that only when v < .3 does the difference become

significant. The above conclusion applies both to homogeneous and
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heterogeneous (E linearly increasing with depth) deposits. The maxi-
mum differéﬁce for the homogenéous case is about 10 per cent and occurs
when v = 0 and for the non-homogeneous medium, the effect is even
smaller. Since clayey soils tend to fall betﬁeen these two limits,

for the purpose of calculating immediate settlemenﬁ using v > +4, the
assumption of a smooth surface is justified. Hooper (1974) gives

Equation 3.2.3.1

R 3.2.3.1

1-2v

2 T (@Tv)1n(3-4v) 3.2.3.2

where - F

which is similar to Boussinesq's;(EqUation.B.Z.l,l);xexcept here a
factor is included to account for the adhesion at the footing-soil
interface. We note that when v = 0.5, F2 = 1 which makes Equation

3.2.3.1 the same as Equation 3.2.1.1. Also when v = 0, F, = 0.91

2
indicating that the settlement in the adhesive case is 9 percent less
than the smooth one, which agrees well with results of Carrier and

Christian (1973), based on finite element solutions. The above con-

clusion is also supported by Davis et al (1973) and Schiffman (1969).

3.3 Effect of Foundation Depth and Thickness of Compressible Layer
on Settlement

It is well knéwn that most of the elastic solutions assume
that the footing rests on top of an-ideal:elastic.medium. .This is.because
this geometry offers the simplest boundary conditions. In practice,
however, footings are cast at some depth in the ground in order to

protect the structure against erosional damages due to wind and rain;
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and mainly to avoid frost heavé problems. The‘effect of £oundation
depth is tovdecrease the settleﬁent provided the compressibiliéy of
the soil does not increase with depth. There are at least two
explanations for the above phenomenon. Excavation pProcesses for
construction of footings unload the underlying soil. So when a load
is applied to the footing, there should only be a very small settle-
ment due to recomp%ession provided the total applied pressure of
footing, backfili, and load is less than or equal to the overburden

pressure removed due to the excavation.

The second reason for a lower settlement wi#h increasing
foundation depth_is that the theoretical vertical stress concentra~
tions below the éooting are somehow lower. ' Using photoelastic models
Skopek (1961) discovered that provided the elastic mass above the
footing can take some tensile stresses, there is in fact a reduced
vertical stress concentration compared to the case where the footing
rests at zero depth. Hence, the stress reduction appears to be more
noticeable in saturated clays than in non-cohesive soils since only

the former can take any tensile stresses. Figure 3.3.1 is the result

of the photoelastic stress analysis conducted by Skopek.

As mentioned previously with respect to contact pressures,
the thickness of the compressible layer also affects the magnitude
and distribution of settlement. TFor example the elastic theory based
on the semi-infinite ideal half-space can only be used if the clay
deposit is thick enough compared to the size of the footing. The

error involved in assuming an infinite layer depends on the Poisson
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ratio selected. If we assume v = 0.5, we find fhat for H/R = 6, there
is a 21 percent error in the calculated settlement in assumi;g an
infinite thickness. The relationship between vertical displacement of
a rigid circle and the relative thickness of the layer are shown in
Figure 3.3.2 for four Poisson'é ratios.and cover a wide range of H/R
ratios. In order Fb cover the entire range of H/R, Poulos (1968) plots
the displacement factor, Ip against H/R from H/R = O to 1 and against
R/H for H/R = 1 ﬁo ©. As shown in the figure, the effect of layer
thickness is to make the elastic settlement less than that estimated
by the semi~infinite case. This is because, when the%e is a rigid
base at a shallow depth the stresses causing displacement tend to con-
centrate within‘; shallow layer below the footing, while in the .case of
semi-infinite half space the stress distribution penetrates much deeper.

A detailed treatment of ﬁhe subject is given by Burmister (1956) in

his two layer rigid base soil system.

3.4 Effect of Non-Homogeneity, Anisotropy and Local Yield on Settlement
3.4.1 Non—Hoﬁogeneity and Anisotropy

Because of its simplicity, the assumption of homogeneous
and isotropic elastic medium has in the past been extensively used to
generate theoretical solutions for most soil mechanic problems. By
homogeneity it is meant that the properties of the soil do not change
from point to point whereas isotropy implies that at a given point the
properties do not vary with direction. A material can be homogeneous

and isotropic, homogeneous and anisotropic, heterogeneous and isotropic
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or heterogeneous and anisotropic. In geotechnical engineering we find
the last one to be the most freéuently occurring, although it is case
one which has received much theoretical attentiom. However, simple
cases of heterogeneity have been successfully solved. These ;nclude
two or three horizontal layered systems and the case where "either the
elastic modulus or the cohesion linearly increases with depth. Layered
system problems have been tackled by Burmiste; (1956) and others
whereas a recent‘work on the second type of heterogeneity is given by
Hooper (1974). The theoretical treatment of stress anisotropy is a
very complex problem and therefore only very little pfactical material
is available to engineers. One such work is the solu;ion of stress
and displacemenf; in a homogeneous cross-anisotropic soils given by
Barden (1963). Since by definition a material exhibiting cross-
anisotropy is given by five elastic constants, the reliability of the
theory will depend on the accuracy of determining these values.l The

elastic constants are:

E

- the elastic modulus in the vertical direction

By

Poisson's rafios

the elastic modulus in the horizontal direction’

effect of horizontal strain on horizontal strain

<
I}

<
il

2 effect of horizontal strain on vertical strain

<
[

3 effect of vertical strain on horizontal strain.

To accurately estimate these parameters very sophisticated laboratory

and sampling techniques are necessary which is not warranted for
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everyday engineering application. With regaras to settlément the
vertical stress, o, is more imﬁortant than the other stresses. Since
Poisson's ratios are more difficult to determine than the elastic
modulus, the author sugpgests that estimating these constants but
accurately measuring EH and Ev will give a fairly accurate distribu—
tion of O, from thch settlements can be calculated. Figure 3.4.1.1
shows the distribution of , for different wvalues of n and also the
range of the thfee Poisson's ratios (shaded area) when the medium is
subjected to a point load. It is interesting to note that the dis-
tribution at n = 1 corresponds to the isotropic case given by Boussinesq

and therefore shows no dependency on the Poisson ratio.

Hooﬁef (1974), after studying the simplest type of hetero-
geneity (Eu increasing with depth) concludes that some of the important

effects on settlement are:

1) to localize surface displacement in the region of
the loaded area,

2) to increase the consolidation component of raft
displacement, and

3) to reduce differential raft displacements for'
uniformly applied loads.

The effect of anisotropy is to give the soil medium a greater
load spreading capacity.at a shallower depth. According to Barden (1963),
many undisturbed deposits of over-consolidated clays possess an aniso-
tropy between 1 and 3 and therefore Boussinesq's theory will always
over-estimate the settlement. Although, the degree of anisotropy is
not very well known, it might be one of the possible reasons why
footings resting on the desiccated crust of Leda Clay settle less éhan

theoretically estimated, Mitchell et al‘ (1972).
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3.4.2 Local Yield

When the applied pressure approaches the ultimate bearing
capacity of the soil, then undrained settlementé calculated using
elastic formulae will always be underestimated. This is because of
the formation of locally contained plastic flow in the soil mass.
Accoxding to d'Appolonia et al (1971), the factor of safety at which
first local yielding occurs depends on the initial shear stress ratio

given by Equation 3.4.2.1°

g' - o! (1-x )

_ _Vvo ho _ o} Y ,

f = 53 35 ovo 3.4.2.1
u u
where . £ = the initial shear stress ratio
G;o’cﬂo = the initial vertical and horizontal effective

. stresses, respectively

Su = undrained shear from field vane

K° = the coefficient of earth pressure at rest.

Using elastic theory Davis and Poulos (1968) derived the following
equations to estimate, from the initial shear stress ratio, the

foundation pressure to cause first local yield, qy:

Ay

y

T(1-£)S for 0 < £ <1
- u 3.4.2.2

H(l—fz)su -~ 1<f<0

Although Equations 3.4.2.2 were derived for a uniformly loaded strip
foundations D'Appolonia et al (1971) have found out that the formulae
can be used for circular rigid footings as well. Knowing the ultimate

bearing capacity and Equations 3.4.2.2, the minimum factor of safety
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before loéal yvield occurs can be calculated. If the actual factor
of safety against bearing capa;ity is smaller than the minimuﬁ
required to cause local yield, then settlement can be calculated
using elastic theory, otherwise local plastic flow should alyays be
accounted for. For a detailed discussion on how to consider local
yield in settlemqﬁt calculations, the reader is advised to refer to
the paper by d'Appolonia et al (1971) as well as that by Davis and
Poulos (1968). .It is worth mentioning at this point that the type of
local yield at the edges of rigid footings even with.low load levels
does not have a significant effect on the elastic load displacement

behaviour of the soil

3.5 TImmediate or Undrained Settlement

When a saturated clay is subjected to a rapidly applied load,
it deforms without any volume change and this settlement whichAis a
form of shear deformation is called immediate or undrained. settlement.
There is very little or no pore water pressure dissipation associated.
There are at iéast two reasons why we want to know this quantity:
First of all, immediate settlement being related to the undrained
stability of the foundation may give an indication about the integrity
of the structure. Secondly, depending on the nature of soil, geometry
of loading and thicknesé of the layer, immediate settlement may con-

stitute a large portion of the final vertical deformation.

Undrained settlement is calculated either directly from

elastic displacement theory or by integration of strains in the soi;
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media using elastic stress distribution theory. 1In any event, it can
only be determined by a three dimensional strain approach since
saturated soil can experience settlement under one-dimensional strain

only when drainage occurs. Its reliability depends among other

variables on:

a) .the accuracy of the elastic equation used, i.e.,
whether or not the elastic model used is applicable
to the particular problem at hand,

b) the accuracy of laboratory and field stiffness values
that enter it,

c) the attention given to the effect of local yield.

One of the main difficulties associated with the estimation of immediate
settlement is'ghe difficulty in assessing.the undrained modulus, since
this quantity varies with the stress level in the soils. A few
researchers have tried to model this non~linear stress strain behaviour.
However, as mentioned in the previous chapter, because of thei} com-
plexities, the methods have not received a wide acceptance among
practicing engineers. Among the elastic solutions that are available
in the literaéure, Giroud's (1972) solution for the ideal semi-infinite
elastic half-space is the most complete. Using cylindrical co-
ordinates, the author gives formulae for estimating stress and strains
at any point below a rigid circular footing including points at £ > 1.

The vertical displacement is given by:

(l+v)qaR _ _
= ——— - '
w = = [MZ + (1 2v)MZ] 3.5.1
where M = BN' + M'




VP PR S S

- 61 -

M' = %-Arc sin — 2 .

/BZ + (1+g)2 + v 32 + (1—g)2

N - Sin 8/2

Z

2 9 A
A= ?+ 8% - 124 42
¢ = Arc tan 3 282
E + B” -

E=r/R

B = z/R

In the book, whlch is included in the list of references, M and M'
are found tabulated for £ ranging from zero to 12 and B ranging from
zero to 10, making the calculation of settlement much too easy. We

notice that when & = B = 0, then ﬁ; = Mz = %u When these values are
substituted in Equation 3.5.1 it reduces to Boussinesq's solution

which was given by Equation 3.2.1.1.

3.6 Consolidation Settlement

Consolidation settlement is the result of plastic deformation
and void-ratio reduction of a soil mass which in turn are functions of
time and pore-water pressure. As mentioned in Section 3.1, there is no
practical:mathematical fodel"for! theiplasticndeformationzalso known as
secondary consolidation, hence this discussion will concentrate on the
important primary component. Although, there is a large difference

between the initial pore pressure disﬂributionsnbeneathma'flexible:and




st A o g e

- 62 -

a rigid ci;cular footings, the rate of consolidation is_generally the
same; with the rigid plate tenaing to settle at a slightly sléwer

rate, Poulos (1968). It is therefore, valid to assume a uniform
loading when estimating the consolidation settlement of a rigid raft.
The quantity is usually estimated from standard oedometer - tests, which
is a one—dimensiqﬁal model. However, this method has only very limited
applications, since in the field there is lateral straining as well as
pore pressure dissipation in the radial direction. The condition of

no lateral strain is approximately true for at least two practical
cases:

a) that of a thin layer of clay lying between rigid
beds of sand and rock,

o

b) that of a loaded area of.horizontal extent which
is great compared with the thickness of the under—
lying clay.

When the lateral strain is negligible except at the edges of the
footing, the excess pore water pressure can be estimated by Skempton's

(1957) formula as:

u= B[Aor3 + A(Aol - AGB)] 3.6.1
where u = the excess pore-water pressure
Acl,A03 = vertical and lateral stresses respectively
A,B = are pore pressure coefficients which are

constant for the soil

The coefficient A depends on the stress history of the clay whereas B
varies mainly with the degree of saturation. Hence, neglecting lateral

straining, the general approximate consolidation settlement for a deep
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clay deposit is given by Equation 3.6.2

z
p_ = f m u dz ' : 3.6.2

Since for saturated clay B = 1, substituting for B as well as for u,

and rearranging the terms we get

z AG3
P = f vacl[A + ZEZ-(I—A)]dz 3.6.3
o

And from the oedometer test, the one dimensional settlement is given

by
e 2
Poed = J m Acl dz - 3.6.4
o}
where bc’poed = the general and the oedometer settlements
m, = the coefficient of volume compressibilit&

Knowing the stress history or the coefficient A, a correction can be
applied to Equation 3.6.4 to estimate the éonsolidation settlement from
oedometer tests without having to evaluate Equation 3.6.3. Suéh a
correction factor is given in a graph form for A ranging from zero

to 1.2 and thickness of soil to width of footing ratio varying from

.5 to 4 by Skempton and Bjerrum (1957). However, since the determina-
tion of A requires careful laboratory testing, the correction factor

in the way presented by the above authors is not useful for most design
offices. A more practical approach is to correlate the overconsolida-

tion ratio.(which is easily calculated from oedometer tests) and the
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depth of the compressible layer to the correction factor.’ One such
correlation prepared by Leonards (1976) is reproduced in Figure 3.6.1.
This correction factor, first introduced in Equation 3.1.1 is just a
ratio of Equation 3.6.3 to 3.6.4.

The simplest method of estimating the oedometer settlement
is from void ratio or strain versus log pressure curves. The method

is found commonly discussed in almost all soil mechanics text books.

3.7 The Concept of Active Zone of Settlement

Deep settlement measurements have in the past indicated that
the deformation of the subsoil is damped out after a:certain critical
depth.* The space occupied by the soil above this depth is referred
to as the active zone of settlement. Accdrding to Stefanoff et al
(1973) and qumistér (1956), the depth of the active zone of settle-—
ment depends on:

1) the size and shape of the foundation area
2) the average foundation pressure
3) the basic contact stress distribution pattern

4) the magnitude and distribution of the over-
burden and the excavation stresses

5) the type of soil and the thickness of the
compressible layer.

By far the most detailed laboratory and field work carried out to date
is that by Shvets and Kulchitskii (1970). The tests covered a wide
range of variable soil types and the footings comsisted of 5000 cm2

meﬁal and 10,000 cm2 concrete dies. Although the critical depth

NIRRT O O O oY = A O]

Iz R
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The eritical depth of deformation.is defined as the boundary below.
which the percent settlement due to the applied load is not significant.
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FIGURE 3.6.1 CORRECTION FACTORS FOR THREE DIMENSIONAIL EFFECTS TO
BE APPLIED TO SETTLEMENT CALCULATIONS FROM STANDARD
OEDOMETER TESTS. (AFTER LEONARDS, 1976).
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depended on the characteristics of the soil, in general éhe field tests
showed that it lay between 1.5 to 2.0 D. There are a numberlof
advantages to knowing this depth, and the two important ones are: It
makes it easier to select or derive a mathematical model that simu-
lates the problem best. And, secondly it will help estimate the mini-
mum depth of borihg required. There are available design methods which
help the soils eﬁgineer in the selection of the critical depth of
settlement. Iﬁ fact the Russian Construction and Standards Regulation
(SNiP) has recognized the existence of this depth and gives rules for
estimating it. The practice is to take the point below the loaded
area where the stress due to the applied load is legs than or equal to
a certain fraCéion of the effective overburden pressure. This fraction
varies from .2 to ..5. It is believed that elastic theory when used in
conjunction with the active zone of settlement has the same effect as
considering the more complex non-linear behaviour of soils. ft should.
be noted that the method is just a design technique and not an exact
theory. However, it will give reliable settlement results provided
that the defofmation properties of the soil do not get worse with
depth.

Incidentally, Burmister (1956) had recognized this concept

*
and even proposed a method for estimating the critical depth.

*According to Burmister, the critical depth is that at which the
foundation stress becomes less than 20 percent of overburden
stresses for granular soils and 10 percent of overburden stresses
for clay soils. This rule recognizes the fact that the pressure
bulb penetrates deeper in clay than it does in granular soils. It
should be remembered that his work applies to flexible footings
only.
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3.8 Settlement Data and Analyses by Other Researchers

In this section, raw settlement data as well as results of
analyses found in the geotechnical literature and elsewhere are pre-
sented. Once again only results of investigations in similar clays
are given. Some of these data are being reported for the first time
to be used in a comparative analysis in Chapter 7. The comparison to
be made is between three sizes of loaded surfaces all located in the
same clay formation; and they are: the large circular raft, six simi-
lar size square footings and four.load test plates. All the test
plates and the instrumentation of the square footinés were performed
by the geotechn;cal group of the Department of Civil Engineering of
the University Bf Ottawa. The site is the Woodroffe Campus of the
Algbnquin College of Applied Arts and Technology (see map, Figure 4.1.1).
Moreover, thé soil profile is the same as that reported by Gaumy (1970)
Figure Al. 1In all cases, the settlements were measured with réspect to

a deep seated bench mark.

3.8.1 Plate Load Tests and a Full-Scale Footing Test Performed
at the Algonquin College Campus, Ottawa

This information is well documented in a thesis for a
Master of Applied Science degree in geotechnical engineering by Hanna
(1976). The full—scale'fooeing test was carried out to assess the
performance of the actual footings to support a new extension building.
However, the main purpose for the plate load tests which were carried

out four years after the completion of the building was to investigate
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if they could have been used for the actual footing design instead
of perforﬁing a relatively exéensive full-scale footing test.

Figure 3.8.1.1 shows the relative locations of the test footing, the
site for the plate load tests and the five interior instrumented
footings, to be discussed in the next section. The figure ;lso gives

the elevations of the original ground and the underside of the footings

and plates.

3.8.1.1 Plate Load Tests

The plate tests included both vertical and horizontal loadings
in a specially prepared trench close to the test faoting level. Since
the thesis isgﬁnly concerned with vertical deformation, onlyithe re-
sults of the vertical load tests will be examined. The plates have
diameters of 46 cm (18 in.). Deep settlement gauges were installed
at 90-degree intervals at a distance of R/2 from the centre.l The
gauges made of 9.5 mm (3/8 in.) diameter wood drill bits welded to
extension rods, were installed at depth of 1R, 2R, 3R and 4R, where
R is the radius of the plate; and settlement readings were taken with
a dial gauge accurate to .03 mm (.00l in.). For more detail concerning
settlement gauges the reader is referred to Chapter 5 of this thesis.
In the test three types of loading procedures were followed. The first
two, which will be diséussed below were designed to study the elastic
deformation of the soil while the third one was for studying creep.

In the first two procedures a constant loading rate of 0.1 mm per min.

(v004 in/min) was used. The first type (tests V2/1, V3/1) involved
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keeping the pressure at a given load until tﬁe settlemegt rate became
.03 mm/min (.001 inches/min.).while in the second case (testé v2/2

and V3/2), the plates were subjected to frequent loading and unloading.
The settlement of the soil below each gauge at various pressure levels
is given in Figures 3.8.1.1.1 to 3.8.1.1.4 inclusive. More;ver, to
show the similarity in the results of the two test procedures, Figures
A4 and A5 give the results of the total settlement at various pressure

levels.

3.8.1.2 Full-Scale Footing Test

The test footing is the same one used by Gaumy (1970) to
study the distribution of contact pressures (Section 2.5). Deep
settlements at various levels below the footing were measured by means
of spiral gauges (Chapter 5) installed at depths of .25B, .5 B, B and
1.5 B, where B is the width of the footing.. Two sets of gauges were
installed: one set near the centre and another near the edges (see
Figure A2). The load settlement curves for both locations below each
settlement gauges are given in Figures 3.8.1.2.1 and 3.8.1.2.2

inclusive.

3.8.2 Algonquin College Building Footings

As mentioned earlier, the footings for the structure were
designed based on the results of the full-scale footing tests. How-
ever, five of these footings were alsc instrumented to study both

short and long term load settlement behaviour of the soil. Although,
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the 1oad‘sett1ement data for footings M-17 aﬁd GG-8 have'previously
been preseﬁted by Bauer et al k1976), the data for all the five
footings is being presented for the first time for further analysis
in Chapter 7. Figures 3.8.2.1 to 3.8.2.5 inclusivg give, the load
settlement curves, the size and elevation of the footingS~as.well as
the location of the deep settlement pauges. The depth of the settle-

ment gauges are indicated on the corresponding load settlement curves.

3.8.3 Eu/su Values in the Literature

In Chapter 1, it was mentioned that one of the objectives
of this thesis was to study the distribution of Eu/éu ratios of the
soil with deptﬁ and with changes in the applied presure. To date,
the most detailed‘work done on the subject is that of D'Appolonia et al
(1971). The authors chosei'their. suggestedvalues; for;various. soil types
after examining a sufficiently large number of éase records. :For
their analysis the authors used the semi-infinite elastic half-space
model and a Poisson ratio of 0.5. Table 3.8.3.1 lists the results of
their calculations for the various case records. It is suggested in
the text that for lean inorganic clay of moderate to high sensitivity
a value of Eu/Su between 1000 and 1500 will give reliable settlement
estimate. It will be seen later (Chapter 4), the soil discussed in

this project falls in the above clay category.

3.9 Summary of Important Points

Theories indicate that for elastic soils, the settlement varies

directly with the size of the footing. Limited load tests in the




199,

_ Z787=
TIME - YEARS

¥, 9, 1972 , 1713 .

DL+ LL.

<+ BUILDING OCCUPIED

B 2638

{mm)
(in)

@ 1588

D 1058

@ .23am -

1 .aia .
CENTRE :
O bEPTH

() 263B .

SETTLEMENT

B= 289m (1-5")

0 D=PTH
Ny ELEV. 854 m. (280" )
4321
543 2t
im '
FIGURE 3.8.2.1 FOOTING M-IT LOAD VvS. SETTLEMENT.




g

TiME - YEARS
-0 1969 | 1970 o, 97 , 1972 . 1918
25004 DL+ L
2000.
'm'.m e~ BUILDING  OCCUPIED
ZE 1o
[~]
§ 00
0 .
N, [DIEY ) -
54.2 A ® .gra
@ 'y BB
101 4 ‘ CENTRE @ T8
O bEPTH

{mm)
dny
e

o

SETTLEMENT

o

{0

15-"’6

8= 3.5im. (1.5')

“h

ELEV. 85-4 m. (280')

.* “’
sin
‘N

L.

FIGURE. 3.8.2.2 roominGg D-19 LoAD VS. SETTLEMENT.




=80 =
TIME -~ YEARS

L1 1970 . 1911 1972 . 1973

2500- oL + LL

15904 2o ' o BUILDING OCCUPIED

SETTLEMENT

B: 4.42m. (13.57) -

10‘_4

ELEV. 84.15m. (27¢’)

I,

-
LT
LY
P

Im,

FIGUIRE 3.8.2.3 FooTING €G-12 LOAD vs. SETTLEMENT




TIME - YEARS

soo 1969 ' 1970 ! 197 ' 1972 . 1913 '
Dele. 4+ LL
300
le- BUILDING occUPIZD
0
5L .
£
o
\0'..4
8
s
3
2 .
b 15 .6
#)
I'e
’ —t
51;[.2
i
10-‘:.4 B=239m (134)
! -]
154.6 33 ELEV. &3.2 m. (273 4.)
2
im FIGURE 3.8.2.4 FOOTING GG& LOAD VS. SETTLEMENT.




O& ™
TIME - YEARS

-aaon“ , 1970 . 9 . 1912 . 1973 .
2500
2000 .
LL+ 0L
ool
. -m ’
k Z |2 oo
x|z o BUILDING OCCUPIED
I ™
=]
0 = "
@ rus .
1148 .
54.2 248
CENTRE ®
102 4
’E p—
ES
-
i
E
u
(']
1e Ba 3.Tm (12-3')
C ELEV = 83.23 m. (273’)
®1
{2
j 3
3 2 1
) 1 dm, FIGURE 3.8.2.5 FOTING EET LOAD VS. SETTLEMENT




- 83 -

((1L6T) Te 30 eTuoToddy,q I9338) IUSWSTIISS TBTITUI JO SOTPNIS 968D T'E-8'E OTQEL

(696T) °TB 32 “*PPET

1593 peoT £31ovde) Burieeg
S H-G°1 B 7FEE IeTn3uRlO8I-9UTEN (T ) pue a0 09T-08 002-00T
0°'t 738 LE Sjue] TTo-BlENZBUdA 6 (2961) =que] a1 008 000°s
) IIN nIo
3s931 peOT
0°'T €79 8¢ IeInOITO-TEeSBMBY § SUBA PTRTd Q0% 002°¢
. 19N 0% 00T°T
1s93 pROT
AN 01 8¢ IBTNOATO-UOWNRI] / Quep PTRTd  00%°T 002°¢
1M  005¢T
0°'T SuBA PISTd  00§°‘2Z 000°€T
0% 00z'T
JuswyuR qua
ST S vz feny3ty-uoisog 9 IIH duep PT9Td  (09°T 000°0T
(696T) PPeT  A3roedepy Buriesg QLT
Jusubjuequa )
€1 0T ST Leny8Ty-yjnowsiiod ¢ *oul ‘YoTIAPTY % LeTRH auep PT9Td  0Q00°C 000°€E
(696T) ussner)  L3roedey Supaeeg (oLCT
1893 peOT
61 VAl IBTNOATO-ILWOISBR 4 duBA PTATd 00T 00€°T
(696T) 'T® 3° ‘8o0y a1 00T°T
3893 peOT .
L°T 001 §1 IBINOITO-]] wnisy ¢ SUBA PT9TA  000°T 088
(696T) 'T® 39 ‘3aoy 019 00Z°T
31893 @.mo._..
4 00T 9T IBTNOIEO-] UWNISY g 2uep PT9Td  Q00°T 066
3p1q ...
G'¢ rA ST Ka103s BUTU-0TSQ T (€96T) suouts a1y 00zt 009°L
(5) W) (€) (2) (1) (6) (8) (L) (9)
490 um e3zquediad 2In3onI3s # Q0UsI8IIY " T - zw Jo w bs
AITATITISUSS ® SB ‘g o . non
PUBR UOT3EBO07] ose) 221nog S/ d: Ied.suol ur
seTixadoag Lern - .vﬁwﬁmAsmV




- 84 -

literature also show this dependency of settlement on the size of the

footing, however, the relationéhip is far from linear. o

Since the stress in the soil medium below the centre of a
footing is higher when the load is flexible than when it is rigid,
under similar conditions, the former footing settles more ‘than the
later one. 1In ge#éral, theory shows that footing roughness reduces
settlement, however, for all practical applications for Poisson's ratio
equal or larger.than 0.3, the difference between the behaviour of the
smooth and the rough footings is negligible. The depth of the founda-
tion as well as the ﬁhickness of the compressible layer are more
important than the above factors. An increase in foﬁndation depth and
a decrease in'éﬁe compressible layer thickness results in a reduced

settlement.

Thé effects of soil non-homogeneity are: to localize surface
displacement, increase the contribution due to consolidation aﬁd to
reduce differential settlement under uniform loads. Similarly, in-
creasing stress anisotropy gives the soil a lateral load spreading
capacity; the result is a relatively smaller vertical settlemeﬁt.

For normal designs where the factors of safety is equal to or greater

than 3, effect of local yield is negligible.

Methods for calculating immediate and consolidation settle-
ments as well as a discussion on the active zone of settlement are
given. Knowledge of the active zone of settlement is very important

for predicting the deformation of the soil with some confidence.
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To make the analysis of elastic settlement dist&ibution
and Eu/su fatios with depth and applied pressure more complete, load
settlement data for four plates and six square footings are intro-
duced. Also, a detailed study of Eu/Su values for various clay soils
studied by D'Appolonia et al (1971) is introduced. A range of Eu/su
values between 1000 and 1500 is recommended for the type of clay which

this thesis is concerned with.
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CHAPTER 4

SITE DETAILS

4.1 General

The site where the instrumentation was carried out was
previously investigated by the National Research Council (NRC),
Division of Buiiding Research (DBR). The investigation involved
field and laboratory tests to find the cause of the failure of a
large concrete silo, supported on a ring foundation, that had over-
turned the previous year due to weakufoundationurce, 'The site was
chosen since it%offered the opportunity to'study the behaviour of
farm silo foundations in Leda Clay. This interest has stemmed.from
the fact that there have been a number of other silo failure problems

in this same soil.

When the ownerrdecided to build a new silo to replace the
one that had failed, the site once again became available for further
research Work.' The National Research Council recommended a safe
design bearing capacity wvalue of 1750 psf for the new structure. In
return, the owner allowed the instrumentation of the new structure,
which was jointly carried out by NRC, DBR and the Geotechnical Group
of the University of Ottawa. The main reason for studying the be-
haviour of the new silo was to obtain field data which would make
future designs of ring foundations in similar soils relatively more

reliable; without having to use uneconomically high factors of safety.
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However, the choice by the owner to build a "Harvestore" metal silo
which had té be founded on a léfge stiff raft foundation, to achieve
a factor of safety of 3 against bearing capacity failure, caused the
subject of the research to be changed to the study of the performance

of a rigid raft in Leda Clay.

4,1.1 TLocation

The site of the project shown in Figure 4.1.1 is located
some 11 km (6.1 mi) south of the Queensway on Richmond Road, in
Richmond, Carleton County, at an elevation of about 107 m (315 ft).
The structure was founded about 6 m (20 ft) west of a concrete silo
that had overtu%ned in September 1975 (Figpre 4,1.2), The location
fdr the new silo was chosen to make sure that its foundation wéuld
ndf be affected by the clay that was disturbed due to the overturning
of the previous one. A field soil investigation was carried oﬁt by
technicians of the National Research Council, Division of Building
Research in October 1975. The test hole was made some 45-60 m (150
to 200 ft) in the corn field north of the silo. The geotechnical

properties of the soil are presented later in this chapter.

4.1.2 Geological Background

Although, the bore holes did not go deep enough, bedrock is
expected to be at a depth of not more than 30 to 60 m (100 to 200 ft)
overlying glacial till, Karrow (1960). Wells that have been drilled

around this area showed the depth of bedrock to be 30 m (100 ft).
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Figure 4.1.2.. iarge concrete silo after ovérturning.

|Height = 32.3 m. (106 ft.), diameter = 9.14m. (30
Wall thickness = 152 mm (6 in.)

Footing: Unreinforced ring foundation

I.D. = %.62pm (25 ft.)
0DV -= 12.9 m.(390fFt) )
Thickness = 55.9 to 61 cm. (22-24 in.)

ft.) |
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According to Gadd (1962), the bedrock should méinly be Palezoic lime-
stone, assuming of course, the site is not one of the exceptional

cases where sandstone and shale are the predominant bedrock features.

In a recent geological map No. 316/5 entitled 'Distribution
of Sensitive Clay Deposits and Associated Landslides in the Ottawa
Valley', Fransham.ét al (1976) classify the surficial soil by map
unit 1. This map unit covers all sensitive clay with silt of marine
origin, mainly Léda Clay, and some reworked or redeposited clay of
freshwater region. Gadd (1962) defines the surface material in this
area as mottled clay probably of fresh water origin that has been re-
deposited in river channels cut into the Leda Clay by.an ancestor of

the Ottawa Rivé;} The sensitive clay which will be explained in the

next section was deposited in a marine environment during the sub-

mergence of the Champlain Sea by salt water. The extent of this area

is shown shaded in Figure 4.1.2.1.

4.1.3 Leda Clay Formation

Ottawa is located some 250 km (400 mi) inside the most
recent episode of continental glaciation which advanced across the
broad St. Lawrence Valley (see Figure 4.1.2.1). The advancing ice
mass caused the area to undergo substantial amounts of crustal move-
ments under its heavy weight. During this period non-marine sedi-
ments at least 66,500 %+ 1600 years old were depésited. These make
up the glaciolacustrine sediments and till that are commonly found

at the bottom of the clay deposit.
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Around 12;400 + 160 B.P. (Before Present) the élacier re—
treated and the Champlain Sea in the resulting depression was-invaded
by brackish water when part of the ice barrier in tbe region of QueEec
City gave way. Recent studies by Gadd (1975) show that the Wisconsin
Ice margin moved forward and retreated, probably séveral pimés in the
saline water of the Champlain Sea as early as 12,400 # 160 B.P. and as
recently as ll,ZQO + 170 B.P. It is in this body of marine water and
subsequently in fresh water that 'Leda Clay' which is a fine sediment
composed of clay to silt facies was deposited. The name came from the
predominant fossil found in the deposit, which was originaliy believed
to be leda glacialis. Recently, Gadd (1975) has pointed out that the
correct identification of the fossil is Portlandia arctica. He re-
commends, however, the name Leda Clay be ?etained for the foliowing
reasons:“'Leda Clay' has become widely known, particularly among
engineers and it has wider scope than the alternative names including

the words 'Champlain Sea'".

Speculative trends indicate that the sensitive clay deposits
in the Ottawa'Valley can be divided into four distinct stratigraphic
units, Fransham et al (1976). These units from the oldest to the
youngest are: |

1. Varved clay facies
2. Deeﬁ-water marine clay facies
3. Prograding delta facies

4. Shoaling prograding delta facies.

The varved clay facies is generally under 2 meters in thick-

ness and therefore not very important in foundation engineering. This
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older clay layer was deposited in the fresh water environment of
glacial lakes. It is composed of alternating fine and coarse’ bands

of clay. This layer is not found exposed at the surface.

The deep water marine clay was deposited in brakish water
when the area was invaded by salt water. The thickness of this layer
is known to vary between 3 and 30 meters. The clay is easily identi=-

fied by its dark-grey color and also by marine shells in it.

The prograding delta facies was deposited in almost the same
environment as the deep water marine clay, except in this case there
was some fluctuation in the depositional environment due to variation
in current anq;material supply (Fransham et al, 1976). The clay is
either red-gfe§ banded or light and grey banded. It has a thickness

ranging between 13 and 50 m.

The shoaling prograding delta facies unit was deposited at
the final stage of the Champlain Sea when the marine environment was
very shallow. This facies is not common everywhere; howe&er it can
attain a thickness of up to 15 m.: It isibélievedqthat;this,facies was
subjected to channel erosion by an ancestor of the Ottawa Rivef. The
channéls were subsequently refilled with redeposited Leda Clay and

other fluvial sediments.

Depending on the location of the site, most structures are
usually founded in one of the latest three stratigraphic units. Some
of the properties of these layers are given in Table 4.1.3.1. One
notes from the table that, they all have almost the same specific

gravity; which is an indication that they were deposited from the °
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same material source. Another important property they all have in
common is their natural water content which is larger than their liquid

limit. This is a common property of sensitive clays.

4.1.4 Description of theilSoil at the:Site

A1l the field and laboratory data about the soil at the site
was compiled by the technicians of the National Research Council,
Division of Building Research. Based on the above complete data, a

detailed description of the soil follows.

The soil profile together with water contents, Atterberg limits
and the undrained shear strength is given in Figure-4.1.4.l. The depths
shown are frdﬁ%the original ground surface. For the first 2 m (6.5 £t)

a small vane was utilized but for the remaining depth the NGI (Norwegian
Geotechnical Institute) standard vane was employed. This vane which is

110 mm (4.33 in) high and 54 mm (2.13 in) wide has a squareméﬁd. Samples

for laboratory triaxial and consolidation tests were collected using

the NGI piston sampler which has an inside diameter of 53.98 mm (2.125

in). ] ‘ ’

The top 3 m (L0 ft) consists of a brown silty clay containing
some angular stones, sand and even some organic material. Below 3 m
the silty clay predominates, however the color changes from mottled to
grey at a depth of 19 m. The top 3 m appears to be the fluvial sedi-
ments deposited in channels cut into the Leda Clay. From 3 m to 19 m
the Leda Clay may be the prograding delta facies. Below 19 m the Leda

Clay appears to be the deep marine facies.

R S A T A L T T e e T D B LT T LT S T A T TR e T S e B TS
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At the time of sampling, which was fhe first week of
October, 1975, the watertable was at a depth of 2 m (6.5 ft) below

the original ground surface.

The average plasticity index is about 20 and in most cases,
the natural water content is higher than the liquid limit. The re-
presentative liquidity index and sensitivity are 1.40 and 22, res-

pectively.

Other information given in Figure 4.1.4.1 include, the clay
and silt content, the unit weight, the in situ vertical effective stress
and also the most probable preconsolidation pressure obtained from
cedometer test?f Moreover, the distribution of incremental vertical
stress due to.tﬁe net maximum applied load is also shown. The calcu-~
lation was done below r/R = 0.67, which is also the radial location of
the deep set£lement gauges from the centre of the raft. The distribu-
tion is based on Giroud's (1972) solutions. For more discussion on

this see Chapter 6.

From the distribution of the mosf probable preconsolidation
pressure, the thickness of the crust appears to be about 4.5 m‘(l4.8 ft).
This top layer is overconsolidated by about 1.0 kg/cm2 whereas the
underlying firm clay is overconsolidated by only about 0.2 kg/cmz. In
terms of overconsolidation ratio (OCR), the average for the crust is
about 3.5 while that for the sublayer varies from a minimum of 1.2 to
a maximum of 1.5. Although not plottedzin Figure:4.1.4.1 the:last
coﬁsolidation test shows a stiffer soil below 19.1 m (62.6 ft) (see

Chapter 6).
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During the installation of the instruments, the following
additional information was obséfved: a) piezometers and deep settle~
ment gauges were pushed through the crust by two persons with no
difficulty, even though for the deeper gauges and piézometers additional
help was needed to overcome the increasing side friction, ‘b)’an
augered hole at the bottom of the excavation left overnight was used to
measure the depth;of the ground water table which was 35 cm (1.2 ft)
below the bottom of the excavation or 98 cm (3.2 ft) below the original
ground surface. This shows that the water table at the time of con-
struction was about 1 m (3.28 ft) lower than at the time of fieid
sampling., Due to rain the previous day and subsequent sunshine the
following two .days, the bottom of the excavation was noticeably drier
in some spots than others. This was notiéed when beds for the load
cells were prepared. As ahresult the beds for some of the load cells

were more softer than the others.

4,2 Size and Geometry of the Tower Silo

The 'silo, manufactured and instailed by Ontario Harvestore
Systems Ltd. has an inside diameter of 7.62 cm (25 ft) and a héight of
about 26.1 m (85.5 ft) excluding the roof. The raft was founded at a
shallow depth of 0.72 m (2.35 ft). After the excavation was completed,
the reinforcing rods, the load cells as well as twelve 51 mm, 2 in
(I.D.) galvanized steel sleeves for the installation of piezometers
and deep settlement gauges were securely put in their place (Figure
4.2.1(a), 4.2.1(b)). The main concrete foundation has a diameter of

13.7 m (45 ft) and a thickness of 1 m (3.28 ft)., On top of this a.




Figure 4.2,l(é)lF6undation bed with reinforcing steel and formwork

in place.

Figure 4.2.1(b) 51 mm., 2 in. (I.D.), galvanized steel sleeves secured

in place. They were used to install the piezometers and

the settlement gauges. &
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smaller concrete pedestal with a diameter of 7.6 m (25 ft)-and a
thickness of 92 cm (3 ft) was poured inside a permanent form, which
ase anchor for the structure (Figure 4.2,2(a), 4.2.2(b)).

serves as the b

A plan view of the foundation structure indicating actual dimensions,

spacing of reinforcing steel and also the locations of the sleeves is

given in Figure 4.2.3.

After the concrete had set, the complete silo was assembled

in about 3 days. The Harvestore System is built from the top down.

First, the roof section is assembled, then each succeeding ring of

sheets is bolted at ground level and raised up with synchronized jacks.

Figures 4.2.4(a) and 4.2.4(b) show the system being built, while

Figure 4.2.4(c;lgives a picture of the completed structure.

v
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Figure 4.2.2(a) Firsthiing of sﬁee%é'bolted in place, to éé

rve as the

base anchor for the structure. Notice, in the back-

o RERHENE RN R, . :
Figure 4.2.2(b) Concrete;peagggapqy;ﬁ%dnbﬁxgbﬁwagfgféé;

raft.  Also

shown is the trough for the unloader conveyer system.




- 102 -

lf N
. SILD
PERIMETER
l NO. & RE-ZA3
,' 3{ m. LONG.
|
 LEGEND
° SETTLEMENT GAUGE
® B.M. BENCH MARK
g GEONOR PIEZOMETER 4
.. S GUOETZL PIEIDMETER ™
o o) LOAD CELLS TERMINAL
| FIGURE 4.2.3 PLAN OF RAFT WITH LAYOUT OF INSTRUMENT
% SLEEVES AND REINFORCING DETAILS,




i
|

i
:
;
]
:

- 103 -

Figure 4.2.4(a) Synchronized jacks ready to start assémbly. In the

‘foreground are shown curved sheet components.

Figure 4.2.4(b) Roof and other accessories already installed. Structure

gradually being built from top down.
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.. Figure 4.2.4(c) -Tower silo completely erected. Height excluding, the
roof = 26.1 m. (85.5 ft.). (Portion of the collapsed

? concrete silo is seen in the background.)
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CHAPTER 5
INSTRUMENTATION

5.1 General

The principal reason for instrumenting the structure was
to gather actual field performance data, which would provide rela-
tively reliable c&iteria for the successful design of other similar

in leda Clay. :
structures.N. Moreover, field measurements would also help in assessing
the accuracy of theoretical calculations based on laboratory tests.
Just as important is the contribution that such inforﬁation makes to
the knowledge ofﬁgeotechnical engineering. Measurements carried out
not necessarily in the order of importance included: normal contact

pressures, pore-water pressures, the compression of the soil at

various depths, and deflection or curling of the raft.

The following instruments were used to make the above

measurements:
Measurement Instrument Used .Eyhﬂﬁﬁhﬂjﬁ,ﬂﬂéi
Normal contact pressures 8 hydraulic load cells (Gloetzl cells)
installed along 3-radii
Pore-water pressure 2 pneumatic (Gloetzl) and 4 open stand pipe
(Geonor) piezometers at various depths
below raft
Compression of subsoil 5 deep settlement gauges made by welding

bracing auger bits at the end of standard
1/4 in (6.4 mm) pipes. With the exception
of one pair, all gauges are at different
elevations below the raft. TFor reference,

a deep seated bench mark was also installed.
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Curling of raft 24-levelling points installed around two
circumference on the apron of the raft.
These points are 2.59 cm (1l in) concrete
nails installed with an ordinary hammer.

5.2 Contact Pressure Cells

Contact pressure cell, often referred to as a loa&:cell, is
a name given to a device which measures the reactive toéél stress that
exists at the intefface of the bottom of a footing and the subgrade.
B§ strategically locating a number of cells along a radius or across
the width of a footing, measurement of the total pressure distribution
can be obtained. If the effective pressure is sought, the pore-water
pressure should 8lso be measured at the same points. In general, the
more the number of cells used, the more accurate the distribution be-
comes. Load éells can be designed to measure shear, normal or a com-
bination of the two stresses. - However, since in the design of raft

foundations, boundary shear stresses play a very minor role, this

investigation only deals with normal contact pressure cells.

According to Hanna (1973), when an earth pressure cell is
introduced into a mass of soil, the stress field in the vicinity‘of
the cell is modified owing to the redistribution of stresses; and as
a result, the stress recorded by the cell is different from the actual
one. Recognition of this problem has initiated considerable research
work in the field of load cell design. A summary of such work by a
few researchers and their design recommendations to obtain reliable
pressure measurements is well presented by Hanna (1973). The design

guidelines deal mainly with the flexibility of the diaphragm and the
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aspect ratio which is the ratio of half the thickness to the length
or diameter of the cell. For example, Tory and Sparrow quoted

by Hanna (1973) conclude that the best performance occurs when the

cell diaphgram is very stiff relative to the soil andlwhen the cell
is as flat as possible. Basically there are at leasﬁ two types of

load cells: electrical and hydraulic. In the electrical type, the

pressure acting onlthe diaphragm is measured by either a wvibrating

wire or a rosette of strain gauges. The principle of the hydraulic
load pressure cell which was used in this project is now explained

in detail.

The Gloetzl cell was selected because of its relatively low
cost, ruggedness‘for field use and the simplicity of its operation.
It:Is worth mentioning thatasince thescells;were used to'measure contact
pressures; error due.to:modifications of:the.stress: fiélds in the

cells®:vicinity does:notiocéur.:' ., ranna

5.2.1 Operation of the Gloetzl Cell

The cell used for this project is rectangular in shape, with
the following dimensions: length = 30.48 cm (12 in.), width = 26.32 cm
(8 in.) and a thickness = 5/16" (7.9 mm). The principle of operation
is best explained by referring to Figure 5.2.1.1. When the sensing pad
is subjected to an external load, the oil pressure in the pad and that
in the bypass assembly increase by the same amount as the applied normal
stress. In order to measure the unknown normal stress, a small and

constant volume of oil is pumped through the pressure line; when this




fcni I

- 108 -

«.(.u.,.‘.,./JT,. = ﬂ"/ﬂllﬂ
e s, lﬂ.ﬂﬂ.mu""utu

“~

[ 2wsoswon ]7720  IWNSSId  HLWVI  TZL3019 J'1°Z°6C  3uN9I

wHe 6-C SSINYIHL
wo ge-o0z MLOIM
w2 gH0¢ HLINZ?

AES  ONIsNTS 21852
2O FEIS UGWNINONLIV

FNIT  ONIINL

L ANIT NAOLIY o /.

Qud  INVIINDS  FINSSIAd

i

K SR TR VAR S A
) -

INIT FYnSsIYd

PRttt ottt
%

(LT (&) |

n.-NQ 12|

wovdHAv/d

O

o
ATEWISSY FATVA nm«txc\

)

g -




PRI 2

- 109 ~

pressure equals that in the sensing pad, the pfessure diaphragm in

the bypass vélve assembly deflects permitting oil to pass through an
orifice into the return line. The pressure reading at the moment the
diaphragm deflects equals the normal stress to which the sensing pad
is subjected. In most applications the reading instrument is ét a
different elevation from the load cell; which means that the hydro-
static pressure, négative or positive, should be added to the gauge
readings to determine the actual contact pressure. This requires that
the elevation difference between the gauge or the transducer and the
bypass assembly be accurately known; moreover the specific gravity of
the hydraulic fluid usually oil, should also be available. Further-
more, if there {é a substantial temperature difference between the
reading instrument and the cells, this should be recorded and ; cor—-
rection applied. Since theré is no theoretical formula for tempera-
ture correction, the correction should be determined in the laboratory
and kept in a tabulated or graphical form to be used in the_field.

It is also worth noting that the load cells_come prestressed, the
prestressing is done so that the measurement of high contact pressures
is possible. Hence the net resultant contact pressure is equal to

the gauge pressure plus the hydraulic head (elevation difference be-
tween cell and gauge times specific gravity of liquid) plus the

algebraic temperature correction minus the prestress.

5.2.2 Calibration and Installation
The calibration was carried out at the NRC, DBR Laboratory

in a large metal autoclave using air as the pressure medium. The
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results of the laboratory calibration for the eight load cells are
found in Appendix B. It is seen from these plots that the relation-

ship is linear.

Because of the limited budget available, only eight load
cells were thought feasible. This meant that in order to get 'a very
satisfactory result,'ﬁhe location of the cells had to be selected in
such a way that fai;ly representative pressure distribution curves
could be obtained. A preliminary field visit and weather information
revealed the existence of a fairly strong wind which occasionally
blows from the west. It was then decided to put a few éells along
this direction so that the additional pressure due to the wind could
be monitored. Nek;, to avoid favouring only a single direction, two
more rows (strings) of load cells were arbitrarily chosen (Figure
5.2.2,1). Cell ﬁumber 4 was originally planned to be placed at the

centre. However, since it interfered with construction surveying, it

had to be moved to the position shown in the diagram.

Once the layout plan is prepared, the field installation is
straightforward. To ensure a good contact between the pressure sensing
pads and the soil, the cells were installed in small rectangular pits
prepared manually (Figures5.2.2.2(a) and 5.2.2.2(b)). Then each load
cell was connected to a common return line; the individual pressure
lines and the common return line were all bundled and brought to a
level above the expected top elevation of the raft foundation, along

a small ditch (Figure 5.2.2.3(a)) and through the 102 mm, 4 in. (I.D.)

asbestos concrete ‘pipe‘sleeve’(Figure5.2.2:3(b)):"Folléwing the completion of
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Figure 5.2.2.2(a) Rectangular pit being prepared to assure adequate

_contact between cell 'and soil.

Figure 5.2.2.2(b) Load cell properly installed.
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FIGURE 5.2.2.3(a) IYPICAL LOAD CELL CONNECTED TO A PRESSURE AND A

COMMON RETURN LINES.

"o el Wl

FIGURE 5.2.2.3(b)

SRR l o s i e e e e a3 i e e oot S

102 mm (4 in) DIAMETER ASBESTOS CONCRETE SLEEVE
PROTECTING THE LOAD CELL HYDRAULIC LINE TERMINALS.
TO THE RIGHT ARE SHOWN FIVE METAL SLEEVES HOUSING
THE SETTLEMENT GAUGES AND THE DEEP B.M. WHICH IS IN
THE MIDDLE. NOTICE ALSO IN THE FOREGROUND TO THE
RIGHT THE "BORROS" RACK JACK ANCHORED AGAINST A
METAL, SLEEVE READY FOR THE INSTALLATION OF ONE OF

THE PIEZOMETERS. (THIS JACK HAS A CAPACITY OF 5 TONS).
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the circuits, the lines were filled with the recdmmended hyd}aulic
fluid and all joints checked againét possible leakage, while at the
same time field prestress readings were conducted (Figu;e 5.2,2.4).
The hydraulic fluid used is that recommended by the manufacturer and
is a mixture of 90 percent kerosene and 10 percent 10-weight non;
‘detergent motor oil, The readout instrument (Figure 5.2.2.5) consists
of a small oil reser&oir, a hand pump and a Bourdon pressure gauge and
a pressure transduéer, not shown in the diagram. The instrument has
two outlets for pressure lines, these are terminals (13) and (15).

The procedure for reading the pressure in a single load cell is as +
follows. Connect the pressure line of the load cell to:terminal (13)
and the return liné to terminal (1). Close;vglve (C) but leave valve
(D) open. Next, shutApressure bleed-off valve (B) and crank up tﬁe
pump at a very low but constant rate. Bypass pressure is reached when
further introduction of oil into the line is no longer accompanied

by a slight increase in pressure; this is easily controlled by visual

observation of the Bourdon gauge.

To faciiitate quick field readings, soon after the raft was
poured, the pressure and return lines were made to terminate in a
permanently installed Switch-Manifold unit, protected in small me:al
box housing. The unit allows the readout instrument to be connected
only to one pressure and refurn lines and by shutting or closing valve

switches, individual cell readings can be quickly taken.
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5.3 Piezometers

5.3.1 General

The purpose of installing piezometers at different depths
below a foundation is to measure the pore—water—pressﬁre disFriBution,
. in the soil layer. Knowledge of the field pore pressure makes the pre-
diction of the priméry consolidation settlement more accurate. More—

over, since for a'given surface load the excess pore water pressure
décreases with depth, by strategically locating the plezometers, the
critical depth of settlement can also be estimated. This depth would
correspond to the position of the.ggepégt piezometer, where the in-

crese in pore pressure due to the applied load is insignificant. It

was mentioned in Section 3.6 that Skempton's~(l954) equation couid be

used to estimate the fore pressure resulting from loading the com-

pressible layer. The difficulty when using this equation arises in

- accurately assessing the pore pressure coefficients and also the in-
cremental normal and lateral stresses. The other advantage of piezo-

; . meters is that they can be used as a means ofbeither construction

control, stability checking or both.

According to Hanna (1973), for satisfactory results a
piezometer should satisfy the following requirements. (a) Record
accurately the pore pressufes in the ground with a known range of
error. (b) Cause as little interference as possible to the load
response of the surrounding soil medium. (c) + should respond
quickly to pressure changes in the surrounding soil and, (d) ..

should be rugged, durable and fairly affordable. Today there are a
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variety of piezometers which are commercially a&ailable to’the
engineer. Bésically, there are ébout four major types: the open
standpipe, the porous tube, the electrical, and the pneumatic (gas or
fluid). The porous tube and the pneumatic piezometers, which were

used in this project, are discussed in the paragraphs to follow.

5.3.2 The GEONOR Porous Bronze Tip Piezometer

This piezometer gets its name from the manufacturer GEONOR
A/S. The instrument consists of a hollow stem on the lower end of
which is screwedza.conical point. "Three.sinterized.bronze filters. are

mounted on the stem (Figure 5.3.2.1). The top of the filter stem is

provided with exfernal "E-rod" threads for connection to the extension
tubing. For the piezometer tube itself, 6.35 mm, 0.25 in (I.D.) plastic
tubing is usually used. The plastic tubing is screwed inside the top

of the piezometer stem and sealed by a rubber "0" ring which is com-

pressed by a gland nut. For extension, the manufacturer recommends

the use of diamond core drill (E) rods. However, if cost becomes a

factor an ordinary galvanized or black pipe of the same diameter as
the tip can be used by welding a thread adapter piece at the top of
; the filter stem. The water level in the piezometer tube is measured
with the help of an electric circuit which is completed when a thin
co-axial cable, lowered ddwn theapiezometer tube, reaches the water
surface. If the pressure head is very high a Bourdon gauge or a
transducer can be installed. For winter operation where the water
level in the tube is'e#pected to rise above the frost line, anti-

! freeze liquid should be employed. The manufacturer gives the followiﬁg
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formula for making the antifreeze for a temperature as low as -27°C:
glycerine (5.5 g), alcohol (5.5 &), water (10 %) and concentrated

1
suphur acid (4 cc), the mixture should yield about 20 liter anti-

x

freeze-liquid.

5.3.3 Pneumatic Piezometer (Gloetzl)

The Glaeézl pore pressure cell (Model P3SFLAG) consists of
a bypass valve aésembly, a microporous ceramic filter, a pressure line
and a return line (Figure 5.3.3.1). It has a diameter of 30 mm (1.2 in)
and a length of about 54 mm (2.1 in) excluding the threads. The prin-
ciple on which it works is very similar to that of thé Gloetzl load
cell:. The opergting medium is compressed nitrogen from a cylinder.
To take pore pressure readings, a flow of compressed nitrogen is
édﬁitted into ‘the pressure line; when this gas pressure equals the pore
water pressure, the diaphragm deflects allowing the gas to bypaés. The
flow of gas is maintained for 1 to 3 minutes; when the reading remains
unchanged the pore pressure Value has been reached. Unlike the hydrau-
lic load cells, correction due to the elevation difference betwegn the
pressure gauge and the piezometer is not necessary since the specific
gravity of nitrogen is very small. However, errors due to the rate of
gas flow can be very significant, especially if the lines are extremely
long. To keep this errof to a minimum, the readout instrument is
equipped with two sensitive pressure gauges so that when the reading
of the unknown pressure is taken on one, the other serves for the
adjustment of a certain maximum differential pressure that must be

maintained across the two gauges. The slower the rate of flow the

e e e ey e e
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more accurate the pressure readings; however, for very long pressure

lines this technique can take several minutes for reading just one

piezometer. For most applications the recommended pressure differen-

tial is 0.1 kg/cmz. The operation of the readout instrument is best
understood by referring to Figure 5.3.3.2(a). For very long pfessure
lines and other differential pressures, the manufacturer provides

graphs of fillingAfime versus known pressure for different lengths and
pressure differeﬁtials. One such curve is reproduced in Figure 5.3.3.2(b).
Notice the significant increase in pressure loss when the differential

pressure is increased from 0.1 to 0.4 kg/cmz.

Before field installation the two Gloetzl piezometers used

for the project were calibrated in water using a triaxial cell; these

curves are found in Appendix B.

5.3.4 Comparison Between Piezometers

The main difference between the two piezometers lies on how
fast they react to pore pressure changes. In the case of the pneumatic
piezometer a véry small volume change is required, whereas in the
Geonor-type a greater volume change has to take place before equili-
brium is reached which means the time lag is substantially longer. For
the pneumatic piezometer, since the volume change required for most
civil engineering application is so small, that'the manufacturers’
do not commonly give this information. However, in the case of the
Geonor piezometer, the volume change needed to respond to a certain
increase in pore-water pressure can easily be calculated as illustrated

by the following examples:
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Suppose the increase in pore—watér pressure éensed
by the piezometer = 5 kPa = 0,051 kg/cm2 = 51 cm of

water

Diameter of piezometer tube = 6.35 mm (see Section

5.3.2.):= 0564 cmn

Therefore required volume change = 51 cm x .64 cm =

32.4 cc

Of course, the use of a smaller diameter tube will lower the wvolume
change requirement to respond to the pressure change relatively
faster, however with smaller tubes de-airing and capillary action

create more problems.

Estimates of the time lags for different piezometers for
90 percent résponse in a homogeneous soil can be made using
Figure 5.3.4.1. This figure taken from Terzaghi and Peck (1967) is
based on several experiments by different researchers. For example,
it is seen from this plot that for a soil with a permeability co-
efficient of 10—7.cmlsec;mthektime:the Geonor-requires for-90 péréént reé—
ponse is in the order of 10 days while that for the diaphragm type
is less than 15 minutes. It should be remembered, however, that the
Geonor type is a lot cheaper, rugged and less complicated to operate

and requires no time consuming laboratory calibration.
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5.3.5 1Installation of Piezometers

Before field installation, both types of plezometers were
de-aired following the method suggested by the manufacturers and
brought to the site in containers filled with distilled water, For
open piezometers a detailed step by step procedure for installation
in clay soils is given by Bozozuk (1960). After looking at different
possible elevatidns the depths below the bottom of the raft shown in
Figure 5.3.5.1 were chosen. In order to éompare the response to a |
known load by the two types of piezometers, (P-4) and (P-5) were in-
stalled at about the same depth, P-5 is a Gloetzl (péeumatic) while
P-4 is a Geonor open type. It was originally planned to install all

o

the piezometers; especially the pneumatic ones, before the raft was

poured in order to get the pore pressure response to the known weight

of the foundation. However, because of shipping delays and also pro-
blems encountered during laboratory calibrations, the Gloetzl's were

not ready until after the concrete was poured.

All four Geonor piezometers were.installed manually by
pressing down on the E-rods using pipe wrenches as lever arms
(Figure 5.3.5.2). The pneumatic piezometers were pressed down using
the "Borros' rack jack previously shown in Figure 5.2.2.3(b), using
the readily available metal sleeves as anchors. The E-rods for the
Geonor piezometers have threaded capé to protect the inner tubing.
Moreover, all the six piezometers are further protected with (5 cm)

(2 in) diameter threaded capped CPVS plastic tubing.
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FIGURE 5.3.5.2 GEONOR PIEZOMETER BEING PUSHED DOWN USING PIPE
WRENCHES. THE CLAY OFFERED VERY LITTLE
RESISTANCE DURING THE MANUAL INSTALLATION.
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5.4 Settlement Gauges
5.4.1 Spiral Auger Deep Settlement Gauges and Deep Seated Bench Mark

As the name implies these settlement éaugés measure the com-
pression of the soil at different depths below the raft by means of
precise dial gauges. The method is illustrated by Figure~5.4.l.l.
Here the bracing auger bit welded at the end of a 6.4 mm (1/4 in) steel
pipe is 1owered.fhrough a 25.4 mm (1 in) steel casing already in the
ground. Then by turning on the inner pPipe the auger bit is advanced
further in the soil to the required elevation. The top end of the
6.4 mn (1/4 in) inner tube is machined level, and is. provided with a
small nylon plug. The head of this plug is made just slightly smaller
than the inner éiameter of the 'brass gauge seat' so that the inner
pipe screw-anchored at the bottom can freely move at top in the ver-

tical direction.

The deep bench mark was installed according to the recommen-
daéions given by Bozozuk et al (1962), and has the same detail as the
settlement gauges at the top end. The difference between any two dial
readings on thehbench mark gives the total settlement of the raft.

On the other hand, for the other settlement gauges this difference
gives the compression of the soil layer between the bottom of the raft
and the location of the ‘auger point only. In order to get a fairly
good distribution of settlement with depth, the auger points were
installed at the depths shown in Figure 5.3.5.1. These depths approxi-
matély correspond to those of the four piezometers so that some kind

of pore water pressure change with variation of settlement can be

observed.
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The elevation of the deep bench mark was established using
a precise lével (WILD N3) and a‘temporary bench mark which was in-
stalled at the beginning of the construction period.. This temporary
reference datum was made of a 3 m (10 ft) number 9 reinforcing rod
and was arbitrarily assigned an elevation of 30.48781 m (100.0000 ft)
from which the elevation of the deep bench mark was established at
31L.36799 m (102.8870 ft). The locationf and other details of the

temporary bench mark: are found in Figures 5.4.1.2(a) and (b).

5.4.2 1Installation of Settlement Gauges and Bench Mark

e The main requirement during installation of the deep settle-~
ment gauges to’gnsure satisfactory performance,is to keep the casing
as clean as possible from any dirt that might interfere with the
verticai movement of the inner rod. The following technique was
employed successfully: A thin nylon cup (aerosol cover), about the
size of the casing is fitted to one end using electrical tape. Then
using the 'Borros' rack jack (Figure 5.2.2.3(b)) the casing is pushed
through the sleeves down to the required elevation; adding extensions
as they are required. To help the nylon cup from being punctured

some oil was poured down the casing to apply a downward hydrostatic
pressure. Once the required level is reached the inner pipe with
the auger bit attached ié lowered until it touches the nylon cup. Then
using a small wrench, the inner pipe is augered down through the thin
nylon cup to the predetermined elevation of the settlement point.

Finally, the top piece of the inner tube with the nylon plug, and the
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'brass gauge seat' are installed.

The 'brass gauge seat' is fastened by means of two fetainer
screws to the pipe sleeve cast in the raft. (see Figure 5.4.1.1).
After each reading, the dial gauge is removed and the brass seat is
protected with a threaded pipe cap. The protective threaded caps for
the settlement ga@ges and the deep bench mark are showﬁ in Figure

5.2.2.3().

5.4.3 Raft Deflection Indicators

There are 24 levelling points, two per radius, located at
distances of 4.12 m (13.5 ft) and 6.71 m (22 £t) from the centre at
30 degree intéf%als around the raft (Figure 5.2.2.1). These are
2.54 cm (1 in) long concrete nails, and their purpose is to give an
iﬁdication of the raft's distortion. The nails were manually installed

with an ordinary hammer to a depth of approximately 2 cm (7/8 in).

5.5 Observations

This section deals with the data collected to the present

time and with the accuracy of the instruments used.

The data reported in this thesis are related only to the
behaviour of the tower silo during its first loadingvcycle. It is
hoped, however, that in the future the project will generate more
valuable information about the long term performance of foundations
in Leda\glay subjected to a slow cyclic loading such as this. The

building of the new silo was completed on June 21, 1976 about 9 months
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after the collapse of the old one (Figure 4.1.2).

At the beginning, instruments were read very frequently in
accordance with the construction and loading activity at the site.
After the last load was put in, which was around the end of summer,
field trips were still made but on a less frequent Easis uptii
February 4,ll977 when the raft heaved up by 3.15 mm (.125 in) above °
its en@eof-constrﬁction elevation due to frost action. Most of the °
load cells gave readings of zero pressure and some even gave minor
negative values. The negative reading has no significance. It can
be attributed to a slight change in the prestress since installation
or it can also be due to slight error in the initial measurement of
the prestress.. “Moreover, tensile forces normal to the cells due to
adfreezing are also suspected. Because of this, the data colléction
for the thesis was discontinued; although a few more trips were made

to check the integrity of the structure.

Other important data that were gathered but not mentioned in
the ‘previous sections are: weighing of the haylage, and making of
concrete cylinders from the foundation comcrete to determine its density
and strength parameters. Most of the weighing was done at a nearby
quarry owned by Diblee Construction Ltd. and the remaining was carried
out using portable scales borrowed from the Ministry of Transportation
and Communications of Onfario. The load data together with the moisture
content of the haylage is given in Appendix B. Imn all 21 wagonldads
were weighed.

Twelve concrete cylinders were collected, each representing

a different batch. To simulate field curing conditions the cylinders
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were left in a small pit next to the raft (seé photograpﬁ in Appendix B).
In the labératory, compressive.tests were carried out at 7, 14 and 28
days of curing time. On the 28th day, in addition to the compressive
strength, splitting tests to determine the tensile strength were also
performed. All these data including the calculation of Youné's

modulus using the ACI (1971) method are given in Appendix B.

Estimated ranges of accuracy for the instrumentation are:

1. Gloetzl piezometer gauges | *+1.0 kPa €£0.14 psi)
2. Gloetzl load cells +0.7 kPa: (+0.10 psi)
3. Open piezometers #1.3 cm (£0.5 in)
. (£.13 kPa)
4% Deep sertlement gauges 0,03 mm (.001 in)
- 5. Levelling points 0.5 mm (+0.02 in)

In.the case of the levelling points, the accuracy of the
instrument used, which is the Wild N3, is in the order of 0.0lzmm
under very ideal conditions and using an invar rdd. However, because
of levelling errors due to the use of an ordinary levelling rod and
also since som; of the points were damaged by tractor tires and other
activity, it is believed the accuracy cannot be better than 0.5 mm.

The accuracies cited for instruments 1 to 4 are those of
the reading devices used in this project. Thé absolute value of the
accuracy was estimated as being half the smallest division on the
particular reading device, except in the case of the deep settlement
gauge, whose accuracy was simply taken as being the smallest division

on the dial.
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CHAPTER 6

PRESENTATION OF RESULTS

6.1 Loading Procedure

Within twenty-five days after construction, the structure

was subjected to 76 percent of its design bearing pressure of 87.5

kPa (1750 psf).  The loading was discontinued for about 30 days until
more haylage became available. Then the silo was completely filled;
and the pressure estimated from the load cells was 72.5 kPa (1450 psf)
which corresponds to 83 percent of the design bearing pressure. This
maximum pressure was maintained for a relatively short period only,

since gradual unloading for feeding purposes had begun a few déys

- later. The complete loading pattern including the negative pressure

due to excavation is illustrated in Figure 6.1.1.

6.2 Contact Pressures

Vertical contact stresses were méasured at the locations
shown in Figure 5.2.2.1. Since all readings were taken with thé read-
out instrument on top of the raft, corrections for the hydrostatic
effect became necessary. The hydrostatic pressure that is added to
the gauge readings is equal to the height of the centre of the gauge
above the load cells multiplied by the unit weight of the oil. The
distance between the cells and the pressure gauge is equal to 1.24 m
(4;07 ft), (see Figure 5.2.2.5). The specific gravity of the oil

was determined in the laboratory and the average of three tests gave
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a value of 0.8l. According to the manufacturer of the load cells, ;;t?

temperature effects in applications such as this are negligible and

therefore no corrections for temperature were applied.

Variation of the contact pressures of the individual cells
with time is illustrated in Figure 6.2.1. It is seen from these
curves that all the load cells portray a similar pressure increase
with time. There'is also a close similarity between these curves and

that illustrated in Figure 6.1.1 for the average contact pressure.

6.2.1 Observed Vertical Contact Stress Distributions

In order to show the vertical contact stress distribution

-

across the raft, the corrected pressure readings are plotted below each

~cellsand straight line variations assumed between them. These dis-

. tributions are given in Figures 6.2.1.1 and 6.2.,1.2. The figures were

drawn by assuming that the load cells on any two rows or strings lie
on a common line. The plots are presented for six average applied
pressures. It is easily noticed that there is a variation in stress
distribution a;ross each row of load cells. The probable reason for
this variation as well as comparison with theoretical and experimental
work reported in the geotechnical literature will be dealt with in
Chapter 7. 1In this sec;ion it is only intended to present the raw

data in an understandable format.

6.2.2 Estimation of Silo Load from Load Cell Readings
Total loads from pressure cells were calculated by dividing

the footing into five annulie and a small circle at the centre, and

-~




"ARIL SA TUNSSANL  1DUINOD  TuwWaoN 129  3un91d
«Shep, : IWIL QFSIVIT - .

2261 SLbi

| N ] o] s | v J £ ] =

- 139 -

Q
St oot Si2 052 soe w2 sk ost st 90! Sl 0G S

TS avaT  SSUNFAL  LWISME NE NMOHS  SHIEWON
3N

S @ b e
S
3
)

/@ /@

0081

LD

: JHNSST !

Sl

&x

ooviqoL




W7

NUMBERS ON FACH CURVE

65 1300
INDICATE  AVERAGE  APPLIED
PRESSURE  ( Kpa)

75 | 1500

&5 | 1700

FIGURE: 6.2.1.1.  DISTRIBUTION OF NORMAL CONTACT PRESSURE
ACROSS CEUS 1,2347 A 8




15

35

45

65

o

o

- 141 -

PSF Lﬁ

300

500

900

ueo

1300

1700

flGURE 6.2._1.2.

NOTE: NUMSERS ON [EACH CURYE
INDICRTE  AVERAGE APPLIED
PRESWRE (Kpa)

DISTRIBUTION. OF NORMAL CONTACT PRESSURE
ACRO3S CELLY 5,6,%,74 8

W7

o T1-0

0725




- 142 -

by assuming uniform pressure distribution acfoss each anﬁulus and
the centrai disk. The width of the annulus is taken to be the mid-
point distance between successive load cells along any radius,
Figure 6.2.2.1. For the outer ring, the average pressure readings
of load cells 1, 6 and 8 are used. The values of total silo.loads
estimated by thisﬁmethod are plotted in Figure 6.2.2.2 against known
loads. This plot serves as a field calibration of the cells, so
that future 1oéd estimates can easily be made from pressure cell
readings and tﬁe calibration curve. It is found that the load cells
underestimate the actual load with an error of approximately 12.3
percent. The field calibration curve (Figure 6.2.2;2) was plotted
by assuming thgt the dead and live loads are accurately known? which
is reasonable, since a good number of the wagon loads were weighed.
Moreover, the dead weight due to the foundation and the structure are
also known with even greater accuracy. The loading record is found

in Appendix B.

6.3 Pore-Water Pressure

As mentioned in Section 5.3.5, measurement of pore pressures
were carried out with six piezometers installed at different depths,
In general thé response of the piezometers was not as significant as
that of the other instrﬁments. This could be attributed partly to the
silty nature of the clay which tends to allow fairly rapid drainage
and also to the magnitude of the loads which were considerably smaller

than the preconsclidation pressure especially in the crustal zone,
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6.3.1 Variation with Load

The variation of pore-water pressure with average applied
stress is best shown by referring to Figure 6.3.1.1 which is basically
a plot of measured poré—water pressure versus elapsed time. In this
graph, the distribution of the average applied pressure with time is
also given. The_éame data is found replotted in the form of excess
pore-water pressure against average applied pressure in Figure 6.3.1.2.
Excess pore-water pressures are calculated by taking the original
ground water level indicated in Figure 6.3.1.1 as a zero datum. TFor
the purpose of clarity, above 60 kPa of applied preésure, only the
excess pore-water pressures at the end of the constant loads are

“

plotted.

Although'the patterns are somewhat erratic, it can be seen
that initially all the piezometers indicate a rise in pore-water
pressure with increase in the applied load. It is also noticeable
from the above two figures that this initial pore"pressure'increase
is relatively’rapid. However, in all cases the maximum pore pressure
increase corresponding to a rise in the applied pressure of about 63

e era el
kPa is only in the order of a meter of water orgid'kPa oflhater pressure.
This maximum was registered by the pneumatic piezometer, P5 located

at a depth of 8.48 m and not by P2 which is installed at a shallower

depth of 2.32 m as would be expected from theory.

Theoretically the soil at a shallower depth experiences a
greater vertical and horizontal stress increase due to an applied load

at the foundation level, than that at a greater depth. Since increase
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in pore-wéter pressure is a function of these‘stresses (ékempton, 1954),
under ideal conditions the pieéometers close to the bottom of the
foundation should register highe; pore-water pressures. However, since
the measured difference is so small and also since at other applied
pressure levels P2 indicates higher pressures than P5, the initial be-

haviour should not be considered as a contradiction to the theory.

It is interesting to note that when the applied pressure is
held constant, all piezometer readings drop to lower values. Although
the magnitudes of the pressure drops are small, being about 30 cm on
the average, they, however indicate that the silty élay drains rather
fast., Even thqugh, there is no measured evidence about radial drainage,
it is expected:radial as well as vertical drainages are taking placé.

In fact it is probably this additional drainage in the radial direction

which is responsible for the low pressure readings by the piezometers.

Calculations of the Skempton's (1954) pore water pressure
coefficient from isotropically consolidated undrained (CIU) tests
carried out at the NRC, DBR laboratory, show that the coefficient A
has a negative value. The coefficient is calculated at sample‘failure

stresses and therefore designated A For the calculation, the co-

£
efficient B in Equation 3.6.1 is assumed to be 1, which is valid for
a saturated clay. The result of the calculation is shown plotted in
Figure 6.3.1.3. From the curve it can be seen that the average Af for
the crust (crust extends® to*a depth’ of:about” 4% 5'm)iis 2024 and that

for the soft layer is -0.30. These negative values, even though they

are calculated at high stress levels, would also cause the pore
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pressures to be relatively lower than in the case 6f a normally con-

solidated clay, thus giving rise to low piezometric readings.,

6.3.2 Variation with Time

It is important to observe the magnitude and the rate of
pPore pressure chahges with time to obtain an understanding of the
consolidation process. When the magnitude of the applied load varies
with time, the Ehange in pore pressure also varies somewhat in phase
with the load. This tendency is seen in Figure 6.3.1.1, however, for
the purpose of analyzing consolidation settlement, what is more im~
portant is the dissipation of the pore pressure undér a constant load.
As mentioned i& the previous section one notes from the figurg a
gradual drop of pore presure with time when the applied pressure is
maintained at 63 kPa. This tendency is repeated when the applied load
is increased to an equivalent pressure of about 70 kPa and held
constant. However, since none of the loads was heid constant for any
significant length of time and the pore pressure changes are so small,
it is not poséible to analyze the pore pressure changes due to con-

solidation.

6.3.3 Variation with Depth

Because of thé small difference in pressure readings between
the piezometers at different levels, no attempt waé made to make a
plot of this variation with depth. A table in Figure 6.3.1.1 lists
each piezometer ana its depth below the bottom of the raft foundation.

From this table and the curves and neglecting piezometers one and
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three, i; is seen that the pore pressure chaﬁge decrease; with depth
as is expected from theoreticai considerations. Piezometer one always
indicates the lowest preésure; this could be due to the high co-
efficient of permeability afforded by the desiccated and fissured

clay layer which allows a quick pressure dissipation path.

6.4 Settlement |

Compfession of the soil layer directly below the footing
was measured with an accuracy of .03 mm (.001 in) by means of a dial
gauge and the spiral bit augers installed at four different depths.
These instruments were discussed in Chapter 5. Alljgauges functioned
properly excep% for number 3, whose readipg needed some minor adjust-

ment. The applied correction will be discussed in Section 6.4.3.

6.4.1 Variation with Load

In order to study the relationship between applied load and
settlement, the total raft displacement and the net pressure are
plotted on a common timg axis. This plot (Figure 6.4.1.1) shows that
up to a pressure of about 55 kPa (1100 psf), the relationship is
approximately linear. In fact this linear variation is seen to be
more pronounced when the data is replotted with vertical displacement
versus net applied preséure and is presented with increased vertical
scale as shown in Figure 6.4.1.2. Here in addition to the behaviour
of'the total compressible layer, the setklement of the soil below each
settlement gauge is élso presented. It is interesting to note the

small creep indicated by all gauges under a constant pressure of about
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55 kPa (1lOQ psf) which was maintained for roughly 30 days. This be-
haviour will be discussed in Chapter 7 where consolidation setflement

is dealt with. The linearity of net pressure versus settlement improves
with increasing depth of measuring. This is to be expected since the
stress in the soil due to the applied external pressure deéreases with

depth.

6.4.2 Variation with Time

One method of separating elastic from consolidation settle-
ment is by observing for a reasonable period of time fhe changes in
settlement of the structure under a constant pressure. The required
length of timelégr making the distinction would of course depend not
only on the intensity of the applied pressure but also on the co-
efficient of ﬁermeability and the preconsolidatiqn pressure of.the
soil. 1In the case of the type of structure this thesis deals with, a
constant load is only maintained for a vefy small length of time and
therefore continuous observation under constant pressure is not
possible. The Qariation of settlement with time for the raft founda-
tion was previously given in Figure 6.4.1.1, in this section a more
detailed plot for all the sublayers is presented in Figure 6.4.2,1.
The only difference between these two figures is the vertical scale.
In order to show the settlement of the soil below the deep settlement
gauges the displacement scale had to be doubled, otherwise all the
data shown’in’ Fipure:6.4.2:17 could have-been.inéludéd:iniFipure 6.4.1.1.

It is seen that in all cases, initially the settlement increases
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rapidly with time. This is because the correéponding préssure increase
is also reiatively fast. Once-the maximum load is reached which is
about 60 kPa (1200 psf), the settlement increase in all cases is very
gentle, however, the trend continues even after unloading had started
on day 150 shown in Figure 6.4.1.1. All the six curves can éasily be
approximated with bi-linear graphs having different slopes (rate of

settlement).

6.4.3 Variation with Depth

For the purpose of making the discussion more understandable,
the distribution of settlement with depth is given piotted in Figure
6.4.3.1. The plots are made for only six loads which had a significant

variation in magnitude. Since all gauge readings were made relative to

the bench mark, which is assumed to be fixed, it can be seen that the

deformation of the soil decays somewhere between the depth of.fhe
deepest settlement gauges (Nos. 4 and 5) and the bench mark. A method
of estimating this critical depth is to extrapolate the curves until
they intersect the relative depth axis as shown in Figure 6.4.3.1

When this is done the approximate critieal depth is found to be about
2.5 R. 1In reality this depth would vary with the magnitude of the net
applied pressure, but for the analysis of most practical problems such
as this, the error invoived in assuming one depth for all pressures is
very negligible. This argument is also supported by the fact that
about 90 percent of the total settlement takes place in the soil above
the deepest settlement gauges which are located at a depth of 1.94 R.

Hence, since only 10 percent of the total settlement comes from the
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deeper soil, any rational method of estimating the critical depth is
likely to give a satisfactory result. The knowledge of the critical
depth is important when making calculations to determine the elastic

modulus of the soil, which is dealt with in Chapter 7.

Referring to Figure 6.4.3.1 once more, it is easily noticed
that the curves fér each applied pressure differ slightly. The dif-
ference in the_shape of the graphs for the minimum and maximum applied
pressure is mainly in the top shallow layer extending to a depth of
about 0.22R. With increase in the magnitude of the applied load, this
layer tends to contribute proportionately more to tﬁe total settlement.
This is uSuélly an indication that the crust has a ratio of anisotropy
greater than ﬁ;ity. This property which was discussed in Chapter 3,
gives the soil a relatively large load spreading capacity at a depth
close to the'fOundation. However, laboratory vane tests carried out
at NRC, DBR laboratory show the ratio at anisotropy to be ver? close
to one (see Section 6.6.3). Hence, an alternate explanation Ffor the
above settlement behaviour could be the closing of fissures. The
greater the aﬁplied pressure the more tﬁe number of fissures that get
closed and therefore the more the contribution to settlement by this

layer. Bauer et al (1973). <

In some of the plots, gauge number 3 gave settlement values
close to or even greater than that indicated by gauge number 2, re-
quiring some kind of adjustment. Corrections were made while plotting
Figure 6.4.3.1. This is indicated by some plotted points at a depth

of 1.28 R, which were not used in the drawing of the graphs.
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6.5 Relative Curling of Raft

Upward curling or dishing of the raft foundation was detected
by means of precise levelling on 24 concrete nails placed around two
circumferences on the raft foundation (Figure 5.2.2.1). Since the
central portion of the raft can be assumed to be perfectl& rigid, be-
cause of its thiqkness of approximately 2 m, the -curling of the raft
is just a measure of the upward deflection of the outer 3 m of the
raft. This quantity is the difference in elevation changes between
the outer and inner settlement points located on a common radius. Under
ideal conditions this difference was measured to an:accuracy of 0.5 mm.
The reasons for this rather low degree of accuracy are given in Section

5.4,

Siﬁce the magnitude of these differences is very small no
attempt was made to present the data in any kind of graphical form.
Instead, the differences between the elevation changes of the outer
and inner settlement points for the twelve pairs ds presented in
Table 6.5.1. It is seen from this table that even under the most
severe condition’ which is probably February 11, 1977, after the raft
had heaved up by 3.15 mm (.124 in) above its end of construction
elevation, the average curl was only 0.98 mm (.039 in). Average nega-
tive values should in theory indicate a downward deflection of the
outer edge of the raft which is very unlikely. It can be concluded
that since the raft is relatively rigid, the deflections are believed

to be too small to be detected with the levelling technique employed.




IFTY 3O UOTIIDTISQ SATIBTSY UO BIBQ T°G'9 TIQVI

*UOTIRADTE UOTIONIISUOD-FO-PUD SIT DAOQR (*uUT $ZT°) Wt gT°¢ £q dn paseay 33ea ‘Y3TT Aienaqeg ug :930N
86" 8LT"* 9%z yHT’ €¢I  0¢€0° GE0°~ €€0°~ 6S0°-  LOT® [TAN 0°09 IT 931
. - LL6T
80°- : ¢TI0 6T0°~ 690°- O0TO'- €T0° [441 L00°- %00°~- €TO* L£00°- IR AA LT -dsg
01"~ T€0*~ L%0° 0€0* 860~ 6T0° ¢0T*~ 900°'- €90° R AA Lz
%0° 800° €90°'- 600°- 000° OTT® %00'~ 800°'~ 600° <CT0° c00° 900°*- zoO® 9°99 LT °3ny
i oy* 8%0° 810° €00°* ¢0T"  T€0° %00° ¥%0° €%0° veo* Lz0*~  9z0° mﬂm. 999 o€
! S0°- L20° T00°~ 0€0°- 100°- 600° ¢I0°—~ 200° [20'- €00°~ <STO* 9°99 €T
r.nmw_ ST*- ¢50° - £60°~ 000 ¢e0" TEO'-~ €o00° G00°'- 0°€9 9T
! 9€° 9TT* [80° €10° 6G0°- 060" 820" £00° 000°_  800° 990° 0709 6
LT® £0°- c00°* €00°* Nqow ceo’ Lg0"  G80° €20° 10"~ £70s 9 r"infg
10°~ 9¢0° £00°~ omoM. SS0°- 6%0°- 00—~ €0~ gTo* [ANA/ g¢ -unp
9/61
w.  wo 22 0z 8T 9T .. 4T T or 8 9 ¥ 2 e e
oy €2 T 6T LT ST €T II 6 L s ¢ T eBezeny
o8eioay
(wo) snypey uoumo) y
” uo sagne) jo ireq usemiag UOTIOBTIA(U 9ATIBRTIY




- 161 -

6.6 Tests Carried Out at the Laboratory of the National Research
Council, Division of Building Research

Some of the test results performed both in the field and in
the laboratory have already been mentioned in the various chapters.
In this section a brief description of the results bf isotxopically
consolidated undrained (CIU) triaxial tests and oedometer test results
will be given. fﬁese tests were performed so that estimates of un-
drained and consolidation settlements can be made using available

theories; and to compare these results with field measurements.

6.6.1 Consolidated Undrained Triaxial Tests (CIU)

Thirteen piston samples collected from a depth of 1.73 m
(5.67 ft) to 9.76 m (32 ft) were tested uﬁder confining stressés
equivalent to 75 percent of the effective overburden pressures. This
value of Ko = 0.75 was believed to be representative for the deposit.
The samples were loaded to failure under a strain rate of 1 percent
per hour. Plots of applied pressure versus strain are found in
Appendix B. Variation of the pore water pressurs are also plotted on
the same sheets with the load versus strain curves. In almost ;11
tests the pore pressure continued to increase after the maximum
deviatoric stress occurred, agreeing with Crawford's (1960) observa-
tion for the same type of soil. 'The strain at failure ranges from
5.0 percent for the sample from a depth of 1.73 m (5.67 ft) to 0.6
percent for one from a depth of 4.47 m (14.67 £t). Although the strain
atlfailure fluctuates with depth, there is a strong indication that

the crust is less brittle than the underlying firm clay. Secant
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moduli calculated at a third and half failure-stress levéis gave an
average modulus of 19,900 kPa (2900 psi) and 16,700 kPa (2400 psi)
respectively. There 1s some scatter in the modulus values with depth

as indicated in a tabulated form, also in Appendix B. Calculations

" of Skempton's (1954) pore water pressure coefficient from the CIU

data have previously been given in Figure 6.3.1.3.

6.6.2 Standard Oedometer Tests

One way of evaluating the compressibility of a clay deposit
is by determining its in situ stress history. This is normally done
by conducting a series of consolidation tests. Thernumber of tests
that is requiréa for a given project would depend on the thickness of
the compressible layer, its consistency with depth and the imﬁortance
of the project. TFor most engineering jobs, Leonards (1976) recommends
a minimum of one test for each 3 m (10 ft) layer. For this pfoject 12
standard oedometer tests were performed from which the pregonsolidation
pressures were determined. The spacing of the samples within the depth
equal to one diameter is less than that recommended by Leonardg (1976).
In all tests the average load increment ratio (LIR) is in the order of
0.50, even though there are slight variations. All of the pertinent
data including the consolidation curves are given in Appendix B. These

consolidation curves have been corrected for machine deflection.

The logarithm of pressures are plotted against strain instead
of -void ratios as is commonly done. Brumund et al (1976), recommended
the wuse of average strain rather than void ratio for the following

reasons:

-
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1. Strains are easier to compute than véid ratios.J

2. Differences in initiai void ratio may cause samples to
exhibit quite different plots of void ratio versus stress
but almost identical plots of strain versus stress}

3. Settlements are directly porportional to strain,\bué use
of Ae data also requires a knowledge of (l+eo) which
introduées 2 variables, Ae and (l+eo); and

4. Straiﬁ plots are easier to standardize than void ratio

plots.

The distribution of the maximum, minimum and the most probable pre-
consolidation pressure was previously shown in Figure 4.1.4.1. The
latest recommended method in obtaining these wvalues is well explained

in the paper by Brumund, Jonas and Ladd (1976).

6.7 Stress Increase due to Applied Pressure

Incremental stresses due to the net maximum applied pressure
(60.5 kPa) are given in Table 6.7.1. In the calculation both
Boussinesq's aﬁd Westergaard's stress distributions were considered.
The stresses are given below r/R = 0.67, which is the radial location
of the settlement gauges from the centre of the raft., It is seen that
the stress increase using Boussinesq's method decreases less gradually
with depth than that given by Westergaard's. The difference in the
two stress distributions is due to the difference assumptions inherent
in the two theories. Boussinesq assumed a perfectly homogeneous

elastic mass; whereas Westergaard considered the homogenegus elastic
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mass to be reinforced by thin, non-yielding, horizontal sheets of
negligible thickness. This later assumption was made in an effort
to simulate the stratification of real soils.
Table 6.7.1 also gives the effective in situ pressure Pé,

the probable preconsolidation pressure P  and the ratio

' c
(P'+A0 )

o z

P

100. The last stress ratio gives an indication on how close
c
the incremental stress brings the field stress to the preconsolidation
pressure. The same information is indicated on each strain versus
log pressure curve in Appendix B as well as in Figure 4.1.4.1,

Even though, in some cases, the field stress due to the in-
cremental load exceeds the probable preconsolidation:stress, the dif-
ferences which are not very significant, are more likely due to errors

in the'estimation of Pc' Because if indeed Pc was exceeded the resulting

settlement would have been much larger.

6.8 Shear Strength Anisotropy Test

Since most elastic theories assume the soil to be isotropic,
some kind of measurements are useful to see if indeed the assumption is
valid, from at'least a practical point of view. Such tests were done
at NRC, DBR laboratory at various depths and the results are given in
Figure 6.8.1. The tests were done using the Wykeham-Farrance
12.7 x 12.7 mm (0.5 x 0.5 in) laboratory vane and the apparatus shown
in Figure 6.8.2. This apparatus is used for holding the sample and
measuring the test angles. A zero degree corresponds when the test
is done directly through the axis of the 53.98 mm (2-1/8 in) sample
and 90 degrees is when the vane is inserted along the side of the

sample. Between these limits, tests at any desired angle can be made
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in a similar manner. The plot shows that the élay can be'considered
isotropic for all practical purposes since both at the upper and

lower limits the ratios Su inclined to Su vertical are close to one.
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CHAPTER 7

ANALYSIS AND INTERPRETATION OF RESULTS

7.1 Contact Préssures

7.1.1 Measurements

In Chapter 6, the measured contact pressures were plotted by

assuming two rows of load cells to lie on a common diameter (Figures
6.2.1.1 and 6.2.1;é). Comparison of the pressure distribution along
each row shows that they are all different. For example, load cells 1,
6 and 8 all located at the same distance away from the centre of the
raft, give pressures that vary by relatively large margins. One ex-
planation for this could be the relative upward deflection of the raft
at these locations. It was hoped that the.settlement points inétalled
on ‘the surface of tﬁe raft would indicate these relative displacements,
however, as can be seen from Table 6.5.1, this is not clearly indicated

due to perhaps levelling errors as the deflections are very small.

Another reason that comes to mind is the effect of wind
pressures, especially on such a tall structure, which might tend to
tilt it to one side, thus giving rise to uneven pressures on the
measuring cells. At the site the strongest wind always blows from
the west which is the prevailing direction and where there is no
obstruction in its path.' Hence, if it had any significant effect*, it

would be to increase the stresses in cells 1 and 6 and decrease this

*Wind pressure calculation based on NBC, 1975 (part 4) indicated the
maximum increase in contact pressure due to wind to be only about 3 kPa.
The reference velocity pressure, q = 0.4  kPa has a level of probability
of being exceeded in any one year of 1 in 30. This is equivalent to a
pressure generated by a reference wind velocity of 86 km/hr.
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in cell 8 (see Figure 5.2.2.1). But field readings give substantially

higher values for load cell number 8 than the other two.

During the installation of the load cells, it was observed
that the clay surface at the bottom of the excavation was relatively
soft at some places and very hard at others, due to exposure to rain
and the sun. As #he raft would tend to bridge over the load cells that
are installed in the wet zones, and thereby cause a reduction in pres-
sure readings in these cells, this condition could be the reason for

the different values.

In Chapter 2, it was shown that for an ideal elastic soil,
the contact pressure distribution is parabolic with stresses increasing

from 50 percent of the average pressure at the centre to a maximum at

. the edges. If a smooth curve was to be drawn connecting the contact

pressures for load cells 8, 7 and 4 (Figure 6.2.1.1), the resulting
curve would almost be a parabola. Moreover, it is also intere;ting to .
note (Figures 6.2.1.1 and 6.2.1.2) that in almost all cases, the con-
tact pressure readings of load cell number 4 which is very close to

the centre of the raft are about 50 percent of the average applied
pressure. However, the pressure distribution along the other rows of

load cells show very little resemblance to the theory.

7.1.2 Distributions

Since the maximum number of cells per row is only four, any
malfunction in any one of them can easily distort the true shape of

the contact pressure distribution curve. In fact even if all four
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work properly, they do not provide enough poiﬁts to definé the expected
elasto—plasﬁic curve. A more séientific approach to this problem is

to make use of the probability theory to determine the minimum number of
cells required to define the curve. A discussion of thisitechnique is
given in a recent paper by Phal (1977). Phal finds that for ﬁost prac-—
tical cases the number of cells required is in excess of 20, all in-—

‘'stalled along one radius.

Unfortunately, in this project because of cost, a total of
only 8 load cells were used. Although, these cells were installed
along 3 radii, an improvement to the sample size repfesenting the
infinite population (all possible points that make up the theoretical
curve) is poséiéle by plotting the curves .assuming that all 8 cells
lie on the same radius. Such plots are shown for 3 applied average
pressures in.Figure 7.1.2.1. Again, no attempt was made to trace
smooth curves through the pressure readings, because of the lafge number
of possibilities. It is the author's opinion that with limited data
such as this, drawing smooth continuous curves would serve very little
purpose besideé hiding the actual data. Mirror images of each dis-
tribution are also plotted so that complete contact pressure distribu-
tions across the raft are obtained. Distribution curves as prédicted
by two theories are also traced for the maximum average applied pressure.
Based on each method two plots are shown. In the case of Zeevaert's
method a second plot incorporating the actual measured edge stress
(curve A) was calculated, since the theory based on Equation 2.3.1.6

underestimates the edge stress, resulting in'a uniform contact pressure
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(curve B). Using the method derived on the basis of Schultze's (1961)
hypothesis;'one curve at the actual factor of safety against bearing
‘capacity, which is 3.6, and another at a factor of safety of 3 are
shown. These two curves are similar to curve A based on Zeevaerts
method.

There is a large difference between the shapes of the theore-

tical and actual curves. This is to be expected because of the following

reasons: a) as meétioned earlier the number of cells is inadequate,
b) both theoretical methods assume a perfectly elastic soil medium,- -
c) the condition of perfect rigidity cannot be satisfied and d) the
beds for the cells were not uniform.

Degree of rigidity calcula;iqn using Equation 2.2.2 gives a
stiffness value, K = 0.59 which when entered in Figure 2.1.1.1 shows
‘that the fouqdatioﬁ is close to but not perfectly rigid. If the re-
inforcement as well as the thicker central portion are taken into
consideration a larger K value is possible but not enough to make the
-raft perfectly rigid. Elastic quantities used in the stiffness cal-
culations are: Poisson's ratios of .15 to .5 for the raft and soil
respectively, average secant modulus from the CIU test results cor-
responding to 0.33 and 0.5 failure deviatoric stresses (see Section
6.6.1) and elastic modulus for concrete derived from the 28th day

concrete cylinder tests -(Appendix B).

7.1.3 Total Load
One method of checking the accuracy of contact pressure

distribution, besides comparing it with the theory is to integrate
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the curve over the area of the footing and to compare this with the
applied verfical load. If the distribution is correct, the condition
of statical equilibrium should be satisfied. Such calculations were
made for the three distribution curves plotted in Figure 7.1.2.1 and
the results show that the average error is in the ofder of412.percent.
The errors tend to increase with increasing average applied pressure.
In all cases the ioad estimated from the distribution curves is

smaller than the actual (see Figure 6.2.2.2).

7.1.4 Comparisons in Literature

The amount of available data from the engineering literature
on contact preséure distribution, and especially in Leda Clay is almost
non-existent. There have been few measurements done such as tﬁat re-
ported by Gaumy (1970) and Eden et al (1973), (see Section_2.5). How~-
ever, because of the limited number of cells used, the authors of

these references were not able to conclude on the shape of the contact

pressure distribution curves. They have nonetheless measured edge

pressures that are about 2 to 3 times higher than the central pressure.
This is also the general trend in this project, except near the very
edge of the raft where possibly plastic yielding has reduced the con-

tact stresses.

Another very interesting field measurement is that reported
by Takanaka (1971). As described in Section 2.5, contact pressures
were measured under a small circular footing of 2 m (6.5 ft) in dia-

meter in a marine clay of high plasticity, high natural water content
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and also high liquid limit (Figure 2.5.4). Coﬁparison beéween‘
Figures 7.1;2tl and 2.5.4 show that there is a striking similarity
between ‘the two measurements. The fact that the.two marine clays
have different properties should not have a very large effect. Al-
though, the agreement between the above two results is notAenéugh to
confirm the shape of the pressure distribution, it however makes it
safe to conclude €hat one should not expect to obtain curves similar
to those predicﬁed by elastic theory. It appears that sensitive clay
soils have a unique contact pressure response, which can only be con-
firmed by performing a sufficient number of detailed field measure-

ments,

On the other hand, for most design applications, the modified

elastic theories such as Zeevaert's (1972) or that derived in Chapter 2

based on Schultze's (1961) hypothesis can be used as good approximation.
In the case of Zeevaert's method, however, care should be taken in

making an estimate of the edge stress using Equation 2.3.1.6.

One qf the important differences between"the~two.methods, lies in
the estimation of the edge stress. The edge stress of 71.5 kPa esti-
mated from Equation 2.3.1.6 as proposed by Zeevaert is even smaller
than the average stress of 72.5 kPa and therefore cannot be right.
Moreover, since the edge stress esfimated by Equation 2.3.1.6 is very
low, Zeevaert's method resulted in a uniform pressure distribution
(see Figure 7.1.2.1), which is contrary to the trend shownm by the load
cells. The actual edge stress based on the average readings of cells
5, 6 and 8, is 84.5 kPa, which is 15 percent higher than that estimated

by Equation 2.3.1.6.
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The second method which is based on Schultze's (1961) hypo-
thesis appeérs to approximate the trend of the contact pressure dis-
tribution better. Examination of Figure 7.1.2.1 shows that the edge
and central stresses estimated by this method are approximately close

to the actual.

Sample calculations to illustrate on how to obtain normal
contact pressure distributions using the above two.-methods follow.
The example calculations will be for two of the. theoretical curves shown

in Figure 7.1.2.1.

7.1.5 Theoretical Calculations

The purpose of this sub-section is to show the calculations

for obtaining theoretical contact pressure distributions.

PROBLEM: to find the theoretical normal contact pressure curves.

Foundation = circular silo raft
Diamter of raft = 13.72 m

Average pressure = 72.5 kPa

hence, total load = Siéjzglz-x I x 72.5

1.07 x 104 kN (kilo Newtons)

SOLUTIONS
Method 1(a) Zeevaert's (1972)

a) Calculate edge stress qep; Zeevaert recommends that for precom-

pressed sensitive clay the minimum value between the average Pc
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and that given by Equation 2.3.1.6 should be selected.

q = 3/2 s+ v, 2.3.1.6

ep D

Assigning 0.41 —kg = 40.2 kPa for s, (based on vane shear

. ecm
strength profile),

2
—1860£g-2-x0.6lmx—9-4-8—w-e—c—

Ogp = YD = 1000
cm
= 11.2 kPa
fooqg, = (1.5 x 40.2 + 11.2) kea

71.5 kPa, this is selected according to Zeevaert's method

because it is smaller than the average PC which is about 139 kPa.

b) Calculate'fi

i and Co
_72.5 _
4./, = 775 = 1-01

From Figure 2.3.1.1 for qa/qep =1.01, & =0

From which ry = 0, hence the distribution is uniform with

p(r) = 72.5 kPa.
Therefore for our particular soil properties Zeevaert's
method gives a uniform distribution and does not appear to be appli-
cable to shallow foundations in a soil of low shear strength such as

the Leda Clay.

Method 1(b) Zeevaert's (1972) - Using Measured Edge Stresses
Zethoa 1\b) g

In order to show the technique for obtaining elasto-plastic

contact pressure distribution, calculation will be carried out using
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the actual edge stress (neglecting cell No. l) obtained from the
average of cells 5, 6 and 8 at applied pressure level of 72.5 kPa.

Referring to Figures 6.2.1.1 and 6.2.1.2, the average is:
q =-§ (87, + 8L.4 + 91.5)kPa = 84.5 kPa.

€p

This actual edge stress is 15 percent higher than the

theoretical Zeevaert's value.
a) qa/qep = $5.5 0.86
From Figure 2.3.1.2 with qa/qep = 0.86, El = 0,775

1
Entering Figure 2.3.1.2 with £, we get C_ = 0.73 .

From which r, = 0.775R = 0.775 x 6.86 m = 5.32 m.

b) Distributions

C q ,
Elastic (0 < £ < 0.73): p(r) = —2 = .73 x 72.5 (kPa)
/1-g2 1-¢2

Plastic (0.73 £ £ <1.0): p(x) = 84.5 kPa

The distyibution is found in Table 7.1.5.1 and the same data is

also plotted in Figure 7.1.2.1.
c) Check Integration

r R
1 rdgr
—_—— qu(ZH) f r dr

Total load = C 2Iiq f
o ta 9
o / l—(%) r

1
" Performing the integration we obtain:

Total load = 2C°anR[—¢ R?'—rz]g'32 + qup[6.862 - 5.322]
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After substituting for known quantities:

4

Total load 4+ 0.50 x 104) kN

(0.58 x 10

1.08 x 10* KN which is very close to the actual.

‘Method 2: Derived by author on the basis of Schultze's (1961) hypothesis.

a)

Calculate constants Cl and C, using Equations 2.3.2.4(b) and

2.3.2.4(c) respectively.

i 2
Cp = (K ON_ + ;DN TR

3
, = 4IR CATLN

C
For @ = 0 condition (saturated and undrained clay), NY = 0,

hence C2 = 0.

Since the bearing pressure is less than the ultimate,Cl should
be calculated at some factor of safety. In this example the

actual factor of safety of the structure will be used.

q
u 3(87.5 kPa)
F.S., = —2 . - 2A8LD XFd) _ 3 ¢
9Uetual 72.5kPa

C = 40 kPa (average shear strength below raft within a depth of

2/3D)

v, = 1860 2B (see Figure 4.1.4.1)
m

D = 0.61l m (depth of foundation)

N =1.0

d bearing capacity facters =~ = i
N =5.14 “.;,. o Bl T ALY WAL TITE, 8NEDE pan) s €

C Vo

. -

1.2 shape factor, circular footing




b)

c)
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hence,
_ , 1.2 x40 x 5.14 9.8 2
Cl = ( 7€ + 1860 x 0.6l x 1 x 1000) R
2 . 2 4
C; = 79.7 TR™ (kilo Newtons) = 79.7 x Il x (6.86)° = 1.18 x 10' kN

At this point we note that since N& = 0, the plastic stress at

C
the edge is simply _if = 79.7 kPa (see Equation 2.3.2.2)
IR

Calculate 51’ Pl and ri

Equation 2.3.2,6 gives the total load as: Q = 2[Clﬂfcl (gl)

But total load, Q = 1.07 x 104 kN (see beginning: of problem)

1.07 x 10% = 2.36 x 10% £6, (&)

By making a few trials using Figure 2.3.2.2, El’ which satisfies

the above equilibrium condition is = 0.72.

From Equation 2.3.2.5 Pl = 2 Cl/ l-gi

2 x1.18 x_lO4 ¢1-0.722 = 1.64 x lO4 kN

4,94 m.

also, ¥y ="0.72 x 6.86 m

Distributions

Py

ZHRZV 1-52

79.7 kPa (constant)

Elastic (0 £ £ £ 0.72): p(x)

Plastic (0 £ £ < 1.00): p(r)

For calculation results see Table 7.1.,5.1 and Figure 7.1.2.1.
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Contact Pressure p(r) kPa

: Method 1 Method. 2
0 53.0 55.5

0.22 54.3 56.9
0.44 58.9 61.8
0.54 62.9 65.9
0.64 68.9 72.2
0.68 72.2 75.7
0.72 76.3 79.9
0.78 84.5 79.9
Method ry Author

1. 0.78 Zeevaert (1972)

2 0.72 Derived in this thesis

TABLE 7.1.5.1

based on Schultze's (1961)
hypothesis

Theoretical Normal Contact
Pressure Distribution
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d) Check Integration
b5
o 2HR2¢ 1—52

Using the result of Equation 2.3.2.3 to integrate the first

Pl(ZHr dr)

R
Total load = + J 79.7 (2Hr drx)

rp

term, we obtain:

Total load = 2y [1 - / 1-£%12"%% + 79.7n06.867 - 4.947]
Substituting for known quantities:

4

Total load = (0.50 x 10" + 0.57 x 104) = 1.07 x 104 kN, which

is exactly the same as the actual.

7.2 Settlement Estimates from Laboratory'Test Results

In_Chaptérs 2 and 3, the theory of immediate (elastic) and
consolidation settlements were summarized. In this section these
theories are used t6 calculate both the short and long term settle-
ments. The results of these calculations'are discussed in‘the light
of the settlement field measurements. Sinée the settlement gauges
below the raft are installed aé r/R = .67, and not at the centré,
theoretical calculations were made below this point. Calculations are
made for two average pressures only since the objective is to show
the application of theltheories using laboratory data and not to
examine the dependency of these calculations on the pressure intensity.
The choice of:the:average pressures for!the settlement:studies-are

discussed under each subsection.
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7.2.1 Immediate Settlement from CIU Triaxial Test Data

Calculations are made using the CIU plots in Appendix B for
3 Poisson's ratios and assuming the settlement to be contained within
the critical depth, which is 2.5 times the radius of the raft‘(Section
6.4.3). Secant moduli are evaluated at the actual stress levels, which
are estimated usipé Giroud's (1972) tables. Average net pressures of
55 kPa (1100 spf) 'and 60.5 kPa (1210 psf) are selected; because the
first corresponds to the end of what looks like a true undrained
settlement (Figure 6.4.1.2) and the second, which is the maximum net
applied pressure, was chosen arbitrarily. Although fhe secant moduli
were evaluated for every sample tested, in the settlement calculations

larger spacings using the average modulus within the layers were used.

Since the lowest sample tested was from a depth of 1.32 R, the soil

below this dépth is also assumed to be represented by this sample.

The calculations are presented in Tables 7.2.1.1 to 7.2.1.3
inclusive. 1Inspite of the care taken in sampling, laboratory testing
and also in making the calculations, the estimated quantities are con-

siderably larger than actually measured.

Since one of the major source of errors is the assumption
that the soil has an infinite thickness, some means of correcting for
a finite depth becomes necessary. In order to do this the estimated
depth of 30 m (100 ft), (Chapter 4) was assumed to be reliable. Using
this depth, using Figure 3.3.2 and assuming a linear relationship be-
tweén layer thicknesses and total elastic settlement, the correction

factors shown in Table 7.2.1.3 were deduced. These factors show that
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Average net Average net
pressure = 55 kPa pressure = 60.5 kPa
Depth Ao Ao
Below z 2 k z 9 Kk
Sample Footing kg/cm e% EC—gEO kg/cm e% EQ—g§9
No z/R cm : cm
197-1-3 15 .40 ,55 72,77 .45 .65 69.0
197-1-12 .22 . .40 .45 88.9 b .55 80.0
197-2-2 .28 . .40 .25 160.0 W44 .30 146.6
197-2-11 .35 .39 .20 195.0 .43 .20 215.0
197-3-2 41 .38 .50 76.0 41 .51 80.4
197-3-11 .49 .35 .25 140.0 .39 .30 130.0
197-4-2 .55 .35 .15 233.3 .38 .15 253.3
197-4-11 .62 .32 .10 320.0 .36 .10 360.0
197-5-2 ,68 .31 .20 155.0 .34 .20 170.0
197-5-11 .75 .29 .20 145.0- .32 .20 .160.0
197-6-1 .80 . .25 .15 166.7 .27 .15 180.0
197-7-3 1.04 24 .55 160.0 .27 .15 180.0
197-8-10 1.32 .20 .15 133.3 .22 .15 -1146.7
*¥1.91 12 .15 80.0 14 .15 93.3

*
Assuming sample 197-8-10 applies for z/R > 1.32

TABLE 7.2.1.1 Secant moduli calculated from “CIU" plots
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larger stress concentrations are created close to the foundation due
to the existence of a rigid base. The distribution of this settle-

ment is discussed in Section 7.2.3.

The following calculation shows how these correction factors
were obtained. Referring to Figure 3.3.2, the settlement influence
factors for the infinite case (r/H=0) and those for the actual case

(r/B=0.23) are: -

Influence Factors

Correction
Poisson's Ratio r/H= 0 r/H=.23 Factor
0.33 1.36 1.15 0.85
0.4 1.32 1.04 0.79
0.5 1.17 0.90 0.77

Then the required correction factor for a given Poisson's ratio is
simply the ratio of the influence factor for the rigid case to that
forrthe-infinitecone, ... ;x » =,

When these factors are applied to the calculated values,
the settlements improve by as much as 23 percent in the case of
v = 0.5 (Tablé 7.2.1.3). Even with these corrections, the calculated
settlements are still larger than the actual probably due to the low
modulii values calculated from the CIU triaxial tests. Since field
measurements showed drainage occurred during loading of the silo, the
moduli from consolidated drained triaxial (CID) tests might simulate

the field condition better than the CIU tests done for the project.
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7.2.2 Recompression Settlement from Oedometer Test Results

In Chapter 6, piezome£er readings showed that the excess
pore water pressure increase due to the maximum applied load was too
small for any noticeable amount of consolidation settlement to take
place in the future. This is because the stress increases~dué to the
maximum applied pyéssure are within the recompression range of the ¢
log P curves (see-eg log P curves, Appendix B). Mbreéver, since this
structure is not likely to be subjected to a constant load for any
significant length of time, a relatively large additional settlement
due to consolidation is not expected. However, since the results of
the oedometer tests are available, calculations of cénsolidation
settlements aréqmade below, mainly to show the standard method.of cal-

culation and also to study the shape of the settlement distribution

curves.

Settlement calculations using Westergaard's and Bouséinesq's
stress distributions were carried out (see Table 7.2.2.1). Since the
log pressures are plotted against strain, the calculation of settle-
ment is simple and can be followed by examining Table 7.2.2.1. ' Once

again the stresses were calculated below r/R = 0.67,

Normally, one should make a graphical adjustment on all the
consolidation plots to estimate the field strain versus log pressure
curve. The purpose of performing such a construction is to correct
the test results for possible sample disturbance. One such graphical
cofrection known as Schmertmann's method is well explained in Terzaghi

and Peck (1967).
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‘Based on the above principle a siméie correctioh to account
for sample ﬁisturbance was carfied out by taking the slope of the
unloading curve between Pé and Pé + Acz, for the settlement calculation.
It is seen from Table 7.2,2.1 that the total settlements of over 40 mm
are very large, especially when this is added to the elastic éettle—

ment previously calculated as suggested by Skempton (1954). A multi-

'plying correction factor of 0.90 for 3-dimensionalieffect.obtained.

from Figure 3.6.1 reduces the estimated settlements by 10 percent.
But in spite of this correction the wvalues are still far too high.
The correction is obtained by entering Figure 3.6.1 with an average

OCR = 2.5.

TheA;;ttlement estimate based on Boussinesq's stress dis-
tribution theory gives a better value when both theories incorporate
the critical‘depth. This is because in the shallower layer close to
the footing, Westergaard's method gives a much higher stress cohcentra—
tion than tﬁat of Boussinesq. Moreover, it should be borne in mind
that Westergaard's method assumes a flexible footing. Comments on

the distribution of these calculated settlements are made below.

7.2.3 Distribution of Settlement from CIU and Oedometer Test Results

For the purpose of comparison, the calculations given in
Tables 7.2.1.3 and 7.2.2.1 are plotted in Figure 7.2.3.1 together with
the actual distribution, all at the maximum net applied pressure. In
the case of the oedometer test results to a depth of z/D = 0.75
Westergaard's theory indicates larger compression in this layer than

that given by Boussinesq. The reason for this has already been
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explained in the previous section. However, éll the threé curves
based on calculations,overestiméte the contribution of the lower layer
to the total settlement than is the case. One can safely conclude
that none of the elastic theories should be expected to give the same
distribution as the actual even though in this case the oedométer
results appear to approximate the actual distribution better. How-
ever, this could just be a coincidence since there is always some
subjective judgément involved in correcting the & log P curves for
sample disturbance. The distribution obtained from the CIU test
results has very little similarity with the actual case. As pointed
out in Section 7.2.1, CID triaxial tests might have been more

appropriate.

" 7.3 Distribution of Settlement with Depth

In this section the distribution of percent settlement with
depth is calculated for various applied pressures and the result com-
pared to similar calculations done for the plate and square footing
settlement data from another site introduced in Section 3.8. Ey per-
cent settlement it is meant that the compression of the soil below
each deep settlement gauge is expressed as a fraction of the total

settlement measured.

To eliminate the dimensional variable, R the percent settle-
ments are plotted against z/R. Further, since the distribution will
be plotted for various applied average pressures, to make the com-

parison easier, the pressures are expressed as multiples of the
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weighted ayexage vane shear strength, SW belo& each footiﬁg or plate;
thus making all the parameters.independent of R and Sw' The calculation
of the weighted shear strength values, Sw’ for the square footings, the
test plates and for the large circular raft are given in Tables 7.3.1(a)
to 7.3.1(d) inclusive. For the circular raft and the square footings
the shear strengtﬁ from the foundation to bedrock is considered since
this depth is always less than 6R; however, for the small test plates
the calculationlis done for a layer of only about 6 times the radius

of the plates since their influence is limited to this depth. However,
in all cases when a reference is made to q/SW ratios, it should be

noted that the pressure q refers to the net applied pressure.

The weighted wvane shear strength decreases as the elevation

of a footing or a plate decreases. This is due to the influence of

the higher shear strength in the upper layers. The SW for the silo
raft is the lowest, since the layer is much thicker and therefore the

influence of the desiccated crust is small.

7.3.1 Percent Settlement with Depth for Circular Raft

To avoid any influence due to creep with time, calculations
are done for pressure intensities below 55 kPa (1100 psf). At this
pressure there was only a small creep or consolidation settlement as

shown in Figure 6.4.1.2.

The curves given in Figure 7.3.1.1 for the four pressure
intensities considered have similar shapes under all q/SW ratios. As

mentioned in Section 6.4.3 gauge number 3 located at z/D = .64 had
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to be corrected or neglected since it gives Iarger settlements than
indicated By the gauge located at z/D = «32, which is not possible.
In this case since there were enough other points it was easier to
neglect these points while drawing the curves. The plots show that
as q/SW increases the individual curves shift to tﬁé left‘in&icating
a decrease in the settlement contribution by the lower layers. In
other woxrds as qkSw increases the shallow layer close to the raft
contributes prdportionately more to the total settlement. Once again
the critical depth which corresponds to zero percent settlement is
seen to be around 1.25 D. To facilitate comparison'with other similar
data and because the curves for all prssure intemsities are fairly
close togetherﬁ the average curve for all q/SW values is plotted in

Figure 7.3.1.2.

7.3.2 Percent Settlement with Depth for Test Plates and Square
Footings

The original load settlement data for four test plates, a
square test:footing and five building footings all in Leda Clay were
introduced in Section 3.8. In this section the percent settlement

with depth for these foundations is presented.

7.3.2.1 Percent Settlement with Depth for Test Plates

Here only settlements which are thought to be elastic are
considered. TFor all the four plates an attempt was made to obtain
curves for at least four pressure intensities, but in some cases the

settlements at low pressure levels were found to be very small and.
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erratic. Therefore, as shown in Figures A6 t6 A9, excepg for plate
V3/2 all the plots have curves'for only three pressures. A quick
examination of the distributions would indicate  that the curves do not
fall in a similar pattern as the silo raft curves as q/SW varies.
However, the settlement distributions for the different preséure
intensities all lie fairly close together. Therefore, to simplify
comparison the average curve for each plate test is plotted in

Figure 7.3.2.1.1.

The settlement distribution for all the plates are very
similar, although the curve for V3/2 is slightly different. The
eritical depth_corresponding to zero percent settleﬁent is seen to
vary within a ;arrow margin of 1.7D to 2.2D with an average of about
2D. As mentioned 'in Section 3.8, the settlement gagues were not be-
low the cenfre of the plates but at a distance of r/R = 0.5 from

the centre.

7.3.2.2 Percent Settlement with Depth for Square Footings

For’all footings, settlements were measured near the: centre
and at the very edge of the footing. Initial calculations showed that
the settlement data for the test footing at the edge were somewhat
erratic and hence for ;his footing only the settlements beneath the
centre were considered. However, for the actual building footings,
since the two sets of settlement data for each footing are similar,
the average of these are considered. The location of the settlement

gauges as well as the load settlement curves are given in Section 3.8.




FIGURE 7.3.2.1.1 AVERAGE SETTLEMENT DISTRIBUTIONS FOR FLATES. '
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For the test footing the linear portion of tﬁe settlemeﬁt data up to a
pressure level of 250 kPa (5060 psf) is used. Similarly, for the
interior footings, only the load settlement curves to the end of con-
struction (prior to the occupation of the building) are considered.
The effects of consolidation or creep with time are therefofe not in-

cluded in the analysis.

The percent settlement distribution curves for all the above
mentioned footings are presented in Figures AlO to Al5. Again, since
all of the six footings showed little difference in settlement distri-
bution as q/SW varied, it was thought preferable to:plot the average
distribution curve for each footing for comparison. Such calculations
were carried.;;t and the results are found plotted in Figure 7.3.2.2.1.
It can be seen that the distributions follow a very similar pattern
except for footing EE-7 which is at the same elevation as GG8. This
behaviour in EE-7 can only be attributed to error in the settiement
gauge reading at a depth equal to z/B = 1.14. Neglecting EE-7 the
critical depth for all the square footings appears:to®liehbetween 1.75 B
to 2.20 B giv&ng an average value of about 2B. This is in agreement |

with the range of critical depth for most soils reported by Shvets

and Kulchitski (1970), which varies from 1.5 to 2.0 D.

7.3.3 Comparison of Settlement Distribution of Different Sized
Foundations

The comparison to be made is between the average distributions
for the large circular raft, the square footings and the test plates.

Further, these actual measured distributions are compared to theoretical
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curves. 'The main purpose*forgthe comparison.is to examiﬁe if the éize
of footing has a significant effect on the behaviour of the soil. Pre-~
viously it was found out that the magnitude of q/Sw‘does not have a
very noticeable effect on the shape of the percent settlement with

depth distributions for all the foundation sizes.

In ordér to do this analysis a further averaging of the
curves for all the plates and another for all the square footings was
made. Figure 7.3.3.1 compares the settlement distribution of all the
foundations. The curves for the square footings and the plates are
very identical and intercept the ordinate at the saﬁe critical depth.
The circular raft, however, starts out following a éimilar pattern as
the other twd'éo a depth of about 0.4 D, after which it follows a
different slope until it cuts the ordinate-at a‘shallow depth of 1.25 D.
The shape-of the distributions are, however, similar. One apparent
reason for the slight difference is the relatively low q/SW vélue the
silo raft is subjected to,which is in the order of only 1.2 as com-
pared to 3 to 5.1 for the plates and the footings. The argument is,
that the highér the q/Sw, the higher the applied pressure and there-
fore the deeper the pressure bulb penetrates into the soil, giving
rise to a deeper critical depth. Another possible reason for the
shallow critical depth shown by the silo raft could be due to the
existence of a hard clay layer immediately below depth 1.25 D. The
preconsolidation stress for the oedometer sample obtained at a depth
of . 19.05 m from the original ground or (at 1.38 D below the bottom of

the raft) is 2.67 kg/cmz. This value which is even higher than the




. - 207 -
% SETTLEMENT '
20 40 60 80 100
H
o / / // y Circular Raft
1 E—
- / / // ./_'___ Circular Plates
- / / — Square Footings
o / / / . — — — Finite Elements
A / / e Bler
« / ///. , —+e—— Elastic Theory -5 Infinte
o . / / / _ Layer.) .
N\n / / . . e
w | |
: / / i - SIZE
/ [ -
// / ; Rigid Circular Plates L6 m,
. / - .
// ! Rigid Square Footings(ave) 3,6m.
/° // -/ Rigid Circular Raft 13.7m.
] -
v
4
/ ;
// /
[ /

FIGURE 7.3.3.1 AVERAGE DISTRIBUTIONS OF SETTLZNENT FOR
ALL FOUNDATION ELEMENTS (Plates, Footinss & Raft,)




e e e e

- 208 -~

maximum Pc in the <rust, (1.87 kg/cmz) led the‘writer to bélieve that
the soil below this depth is reiatively incompressible, giving rise

to a shallower critical depth.

The fact that most of the settlement is confined to a shallower
layer could not be due to closing of fissures as concluded by Bauer et al
(1973) since some §f the foundations are below the fissured crust and
yet show the samg'distribution. It cannot be due to crustal anisotropy
either since laboratory vane tests (see Section 6.8) show the soil to
be fairly isotropic. Hence, it can be concluded that the observed
behaviour is a characteristic of the soil and does nof depend on the

size of the footing.

o

As shown in Figure 7.3.1.1, elastic theory based on the
assumption of an infinite layer overestimates the contribution to the

total settlement by the lower layers.

On the other hand the finite element model reported by
Wroth (1977) appears to be somewhat more realistic than the.simple
elastic theory. The finite element analysié was done to simulate a
circular raft having a thickness of 0.91 m (3 ft) and a diametef of
21 m (69 ft) resting on London clay. The concrete was assigned the
properties E = 25 Mpa, v = 0.15 and the soil E = 27 Mpa and v = .49.
All these values except for the diameter of the footing are similar
to the raft on Leda Clay considered in this thesis. Hence, a computer
model employing the finite element analysis seems more reliable than
simﬁle elastic theory although it too overestimates the settlement

at depth.
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In this section it was learned that:

- the shapes of the settlement distribution curves are independent
of q/Sw.

- Size of foundation has very little effect on the distribution
of settlement.

- q/Sw level m;y slightly affect the critical depth; the larger
the q/SW Fhe larger this depth.

- Settlement distributions are different than predicted by elastic
theory because of the non-linear behaviour of the soil.

—~ The similarity in the settlement distributions‘shown by the three
different foundation elements appears to be a characteristic of
the soil}ﬁ

- Figure 7.3.3.1 indicates that for most designs a critical depth
of 2 D would give satisfactory estimates of settlement. This
agrees with the findings of Shvets et al (1970), who considered

a wide range of variable soil types; they found this depth to

vary between 1.5 to 2 D (see Section 3.7).

7.4 TUndrained Modulus from Settlement Data

For the purpose of this discussion, the undrained modulus
is defined as the deformation modulus of the soil when the major part
of settlement is due to undrained_shear deformation only. This
definition does not rule out the possibility of some consolidation
settlement occurring even during the construction and initial loading

of the structure, which was observed in this project. Knowledge of
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the field undrained modulus is very useful since it is more reliable
than laboratory results; assuming that the settlement measurements and

the calculations to obtain these wvalues have been properly made.

For most foundations founded on clay deposits, the working
pressures are kept well below the preconsolidation pressure of the
clay and undréined shear deformation combined with a small amount of
fecompression is responsible for all or a major part of the settlement
of the foundations. The importance to the practicing engineer of
having field measurements of this parameter cannot therefore be over

emphasized.

In th%sfollowing paragraphs, the results of calculations of
the undrained moéulus for various pressure levels and also at different
depths below the foundation are introduced( The field moduli are pre-
sented as multiples of the average shear vane strength, Su for.the
particular sub~layer. Moreover, to eliminate the wvariables q and SW
(which is the weighted average shear strength with z/R = 6 below the

foundation), q is expressed in terms of SW.'

Such a plot for 6 layers is given in Figure 7.4.1 for fhe
silo raft. The moduli at various pressure levels are calculated using
Equation 3.5.1 and these values are divided by the corresponding average
vane shear strength value for the layer. The result is separate
variations of Eu/Su curves for each layer defined by the location of
the settlement gauges. It should be noted that Su is the average
shea? strength for the layer whereas SW is the weighted shear strength

for the whole layer. For sample calculation see Section 7.5.3.
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The figure reveals that there is some overlappiﬁg between
some of the.curves in the lower.layers. It is easily seen that the
points at low values of q/SW are very scattered,.excgpt for the first
layer close to the footing. On the other hand, all the points above
q/SW larger than 1.36 are crowded together, this indicates‘thét if
there were more points between q/Sw = 1.36 and 1.51, the curves would
probably be more ﬁprizontal as in the upper layer. The high and
erratic Eu/Su vaiues indicated by the lower gauges for the lower layers
can be attributed to the very small settlements recorded in these
layers. Since the settlements are small, they tend to be affected by
instrument and reading errors. Since the assumption of an infinite
depth is often-ﬁéed for settlement calcula;ions, a plot of Eu/Su based
on this assumption is also included. It should be noted that éince
thé maximum q'/SW value is oniy 1.51, the silo is not loaded even to

its allowable bearing pressure which should correspond to q/SW = 2.

7.4.1 Variation of Eu/Su with Load

Examination of Figure 7.4.1 shows that for all layers, the
Eu/Su value decreases as q/SW increases. Theoretically, if a material
is perfectly elastic, the elastic modulus should be a constant regard-
less of the magnitude of the applied stress, provided that the apﬁlied
stress is kept below that which would cause plastic deformation. The
stress dependency of the undrained modulus indicates that the soil
possesses a non-linear load settlement behaviour as is the case with

most soils.




- 213 -

7.4.2 Variation of Eu/Su with Depth

Examination of the curves in Figure 7.4.l1 indicates that
with the excéption of the layer between 1.28R and 2.5R, the Eu/Su value
increases with depth at all q/S& levels. Below q/SW_= 1.36, the points
are very erratic due to the small settlements. However, for most
designs, engineers are interested in the range of q/SW = 2, which cor-

responds to an allowable bearing capacity with a factor of safety of 3.

The layer between 1.28 R and 2.5 R appears to be more com~
pressible than the layer above it, even though the vanevshear strength
values do not vary. This sudden drop in the modulus for this particular
layer is also indicated by the secant moduli calculated at 33 and 50
percent of the.m;ximum deviatoric stresses (sample 197-8-10, Appendix B).
This probably indicates the existence of a thin soft sub~layer within

this layer, not detected by the field vane shear results.

The increase in the Eu/Su values with depth shown by the
other layers does not necessarily imply that the lower layef has a
greater stiffness than the one above it, siﬁce all layers are not sub-
jected to similar stress levels. In fact, it is possible that fhe layer
close to the foundation could be stressed beyond its elastic limit,

thus indicating a smaller Eu/Su value than actual.
The analysis in this section has shown that:

a) the ratio Eu/Su appears to decrease with increase in q/SW
and also with depth. However, at low q/SW levels the results

are erratic and therefore cannot be relied upon.




- 214 -

b) the increase in Eu/Su with depth does not imply a stiffer
soil below. This resulted because at lower levels elastic

theory appears to overestimate the stress increases.

7.5 Comparison of Eu/Su Ratios with Other Values for a Similar Clay

In Chapter 3, the results of D'Appolonia's (1971) analysis
and also the detaiied load settlement data at Algbnquin College carried
out by the Geotechnical Group of the University of Ottawa were intro-
duced. In the sub-sections to follow, the results presented in
Section 7.5 will be compared with the above data and some conclusions

reached.

o

7.5.1 Comparison with Information Derived from Test Plates and
Square Footings at the Algonquin College Site

Caléulations of Eu/Su values were carried out for two plate
tests, the test footing and 3 building footings. The analysis for the
other two plates and two building footings are not included since they
have very similar load settlement data to the ones chosen for the
analysis. The two plate tests analyzed are V2/1 and V3/1 and the
building footings include M-17, CC-12 and G-8, all.at different
elevations. The distribution of Eu/Su for each plate and footing
plotted against q/Sw is found in Figures A-16 to A-21. Because of the
relatively high q/Sw values compared to that for the circular raft the

q/SW scale is doubled; but the ordinate remains unchanged.

Examination of these plots show that, they are not all

similar. However, they have a number of common features which are: .
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a) in all cases Eu/Su increases with depth_under a given ;1/8W ratio
except for piate V3/1 where there is some overlapping; b) they all
show a decrease in Eu/Su és the pressure level increases with the
exception of footing CC-12. Since soil is not a perfectly uniform
material, some variation is to be expected even if the footingé were
founded at the same site. This makes a detailed comparison with the results
for the circular réft difficult.‘ Hence, to simplify the analysis, it
was decided to ekamine two additional plots: one for comparing the
Eu/Su distributions when the layer is assumed to be infinite and a
second plot considering the layer extending to a depth 2R. The
reason for selecting a depth of 2R is because in all éases;réircular
raft, square fodiings and the plates, 70 tq 90 percent of the settle-
ment is confined wi;hin this layer, see Figure 7.3.3.1. 1In the'case
of the square'footings,bthe equivalent radius, R.e is calculated using

the equation: (Bauer et al, 1973)

R = Zﬁ(é— ' 7.5.1.1

e

where A = area of the square footing.

In the discussion to follow, R will be used for all footings, raft

and plates.
7.5.1.1 Comparison -of E /Su Values when the Assumption of an
dnfinite Iayer %S‘Made

As mentioned earlier, the assumption of an infinite layer is
often made during settlement calculations. Hence, even if the theory

is not always valid, it can still be used to estimate settlements




- 216 -

reliably provided thaf the modulus to be used is calculated from
accurate fieid measurements. Figure 7.5.1.1.1 shows, the distribution
of Eu/Su for the raft, the four square footings and the test plates.
Because the Eu/Su values for the raft at low pressure levels were
very erratic, they were not included in the plot. Iﬁ order‘to‘accom—
modate all of the cases, the horizontal scale had to be double that
for the raft in Figure 7.4.1, this is why in Figure 7.5.1.1, the curve

for the raft is rather short.

Even though the curves have different shapes it is seen that
the effect of q/SW or the stress level in the infinité case is not
significant. As mentioned previously, most foundatioﬁs are designed
for q/SW of abbé% 2 or less. TFor this pressure level, Eu/Su is‘found
to vary between 500. and 1500 with an average wvalue of 1000. However,
when all the stress levels are considered, the range of Eu/Su is seen
to be between 350 and 1550 with an average of 950. Hence, for'most
elastic settlement calculation in Leda Clay a value of Eu/Su = 1000
appears to be reasonable regardless of the size of the foundation.
For the silo réft, this will give Eu = 411 kg/cm2 (5800 psi) compared
to the values from the CIU test data, which range between 167 to 199
kg/cm2 (2360-2810 psi) (see summary of CIU tests, Appendix B). It
should be borne in mind that the above conclusion holds true only for

stress levels less than the preconsolidation pressure.

7.5.1.2 Comparison of Eu/S values when the Soil to a Depth
of 2R is Considere

As outlined earlier, it is within the depth 2R below the

foundation that most of the compression in Leda Clay appears to be
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taking place. The distribution of Eu/Su'within é depth 2R éelow the
raft, the footings and plates are.presented in Figure 7.5.1.2.1.

Once again for pressure levels less than the preconsolidation pressure,
the distribution of Eu/Su are more or less horizontal, hence do not
indicate a big dependency on the q/Sw ratio. However, in this éase
both the upper and lbwer bounds of the Eu/Su envelope are very much
smaller than for the infinite case. The range of Ed/Su for Q/SW less
than or equal to 2 is between about 200 and 1050, giving an average

of about 630. A simple explanation for the difference between the

above average Eu/Su and that for the infinite layer case follows.

Examinayion of. Equation 3.2,2 shows that, elastic settle-
ment is directly';roportional to the thickness of the soil considered
and is inversely proportional to the modulus. Then, it is obvious
that back calcﬁlation of Eu from settlement data should yield a higher

value when an infinite layer depth is considered.

7.5.2 Comparison of Eu/Su with Results in the Literature

Perhap; the most detailed work on the correlation of the
undrained modulus to the shear strength is that presented in a paper
by D'Appolonia et al (1971). After examining a number of case records
the authors have found thgt Eu/Su decreases with an increase in the
OCR, the plasticity index and the applied stress ratio (Figure 3.8.3.1).
Because of this dependency on a number of variables, it is difficult to
assign a single value for all clay deposits. However the authors give

a safe range of values for design applications., TFor example, in the




- 219 -
q
. %,
K 1,8 30 4.2 5.4
. ] ; . . . e e,
. S ey i s =
—_— = -———
14001
28004
-2
<\
Lad
4200+ ——.—_ TEST FOOTING
' ————— MA17
—_— - — CC-12
- ——GG-8 .
—————— CIRCULAR RAFT
—————— v2/1
. V3/1
5600
70004

RE 7.5jd2¥LDISTRIBUTION OF Eu/SuWITH q/SwWITHIN THE
DEPTH 2R BELOW THE BOTTOM OF RAFT, FOOTINGS & PLATES.
(For square footings R is the equivalent radius)




F A A0 S U

- 220 -~

case of inorganic clayvof moderate to high sensifivity and %ith PI of
less than 30 fercent, the recommeﬁded range is 1000 to 1200. This

description approximately fits the soil at hand. D'Appolonia et al'sg
(1971) calculations are based on average shear strength values within

a depth equal to the diameter or the width of the footing and also on

 the assumption that elastic solutions for the semi-infinite layer are

applicable. The abéve range with an average of 1100 is in close agree-
mentagitbﬁggygyergge of 1000 found. for, the infinite, layer gaSe>(Section
7.5.1.1). Hence, as mentioned in the previous séction, an average

value of 1000 for the Leda Clay seems very reasonable, when the assump-

tion of infinite layer is made.

7.5.3 Calculation of E /S
. u’ “u

In this section a sample calculation is presented to show

how a typical distribution of Eu/Su for a given layer is obtained.

Problem: to obtain the distribution for the first layer (O to 0.22R)

in Figure 7.4.1

Data: From Figure 6.4.3.1, load settlement data for the layer
extending to a depth of 0.22R below the raft is as follows:

(the loads selected are exact measured loads, Sw = 41 kPa)

q(kPa)  22.6 38,7 59.6  60.5
a’s 0.6 0.9 1.3 1.5

& (mom) 0.2 1.02 2,79 3.61

B =
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56.8 kPa

Average vane strength, Su for the layer

0.58 kg/cm2

From Equation 3.5.1 and Poisson's ratio of 0.5,

_ 1.5R g Mz

E = 5 s R = 686 cm

From Giroud's (1972) table below r/R = 0.67, linear

interpolation gives the following ﬁ; values.

z/R 0 0.22

Fg 0.785 0.762

AMz for layer = 0.785 - 0.762 = 0,023
Then gssigning E to E and substituting for all

known quantities:
"~ oo 4
Eu 24 5 dividing by Su’ then
= g i
Eu/su 41.4 T § should be in (cm)

The calculation results for the above data are:

q/SW 0.6 0.9 1.3 1.5

E /S 477 160 83 71
u u

These are four of the six values plotted in Figure 7.4.1

7.6 Subgrade Modulus

it is still used quite extensively for the design of footings, pavements

Although, the theory of subgrade reaction is not very accurate,
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and even large raft foundations. Since the concépt will still be used
for some time‘to come, it was thoﬁght appropriate to give some range
of values for the Leda Clay in the Ottawa area. As mentioned in
Section 2.5, one of the drawbacks of the method is that it gives a

uniform pressure distribution when applied to rigid footings.

Both Terzéghi's (1955) and Bowles' (1977) methods will be
used to calculate k-for the rigid raft. In the first case, the linear
portion of the net pressure versus settlement curve (Figure 6.4.1.2) is
approximated by a straight line, the slope of which is taken as the
subgrade modulus. In the second method, the empirical'formual
(Equation 2.5.3) which is a function of the allowable Bearing pressure
is used. The résﬁlts of the calculations are:

30 kPa

2.9 mm
10400 3%
m

66 kcf

According to Terzaghi's (1955) method, k =

[

I3
1]

120 (87.5 kPa)

= 10500 Eg
m

67 kef

Using Bowles' (1977) method:

It appears that both methods give similar results. In the next section,
the modulus of subgrade reaction values from other sources are compared

with the above calculated results.

7.6.1 Subgrade Modulus from Other Sources
Subgrade moduli were calculated for the test plates and the

five square footings using Bowles' (1977) method.. This method is

e AT
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chosen since it gives quick results and also takes the shear stréngth

of the soil into consideration. The results of the calculations are

given in Table 7.7.1.1. The values have a range of: 10440 -~ 18960 Lo

3
m
(67 - 121 kef). It is seen that the footings and the plate closer

to the surface have higher subgrade moduli; perhaps due to the effect

" of the crust. Since the result for the tower silo also falls at the

bottom end of the range, it appears that the above range of values of

subgrade modulus can safely be used for most foundation designs in

Leda (lay. Generally, for soft to firm clay most designers assume a
uniform contact pressure, hence there are no published values of sﬁb—
grade modulus available. However, for all clays with ﬁnconfined com-
pressive strengthi 4, < 200 kPa (4 ksf) Bowles (1977) gives a range of
11800 - 23600 E% <75._ 150 kcf). He also points out that the above
rangé is to bemused as a guide only. His values are reasonable compared

to values found here as his are for stiff clay while the Leda Clay is

probably not as stiff.

Fortunately, moments in . rigid isolated footings:subjected
to concentrated éentral loads are not very sensitive to large errors
in the estimation of the subgrade modulus. For example, in the case
of a circular raft, the assumption of uniform pressure underestimates
the moments by 18 percent and for a tigid strip footing this error is
about 27 percent (Zeevaert, 1972). With the high safety factor usually

employed, these errors are not usually significant.

It is appropriate to mention, however, that in the case of

a large raft subjected to several concentrated loads, the difference
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. Foundation
Weighted : depth from
Shear Allowance .
Plate : k=120 q k original
Strength, Bearing a
or S Pressure kN : ground
Footing W 2 (kPa)’ 3 (kef) (m)
(kg/cm™) % m
v2/1 .63 128 15400 98 2.50
v3/1 .59 119 14300 91 3.70
T.F. .78 158 19000 121 0.60
M-17 .71 144 17300 110 0.93
0-19 .71 144 17300 110 0.93
Ccc-12 47 95 11400 73 2.10
GG-8 437 87 10400 67 3.07
Raft 41 87.5 10400 67 0.61
Sample’Caléulation:"* ;5 =

Consider V2/1

q =SN =6.2%0.6358 - 39%__ 330 xpa
u w C 2 2
cm cm
a, 9q,/3 = 382/3 = 128 kPa
from Equation 2.4.3
15400 kPa

k = 120 q, =

TABLE 7.7.1.1 Calculation
Formula

of Subgrade Modulus using Bowles' (1977)
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in shear and bending moments may be important for different assump-
tions of subgrade modulus. Consequently, the foundation structural

analysis and economy may be affected.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 General

This chap;ér summarizes the important findings of the
research project. It also includes important conclusions and recom-
mendations for futﬁre work. The conclusions and recommendations are
based on data derived from this project and from the geotechnical
literature. The main topics dealt with are: normal contact pressures,
settlement distributions and the range of Eu/Su (ratio'of undrained

o

modulus to averagé‘vane shear strength) values for the Leda Clay of

the Ottawa region.

8.2 Summary

As mentioned in Chapter 1, initially the research proposal
was to instrument a standard concrete silo with a ring foundation
having a factor of safety of 3. However, for the reason given in .
Chapter 1, instead of the ring footing, a large rigid circular raft
with a diameter of 45' (14.6 m) was constructed. This led the research
work to the study of the performance of a rigid raft in Leda Clay.

This project was made avaiiable through, the National Research Council,
Division of Building Research, which carried out the field and labora-
tory soil investigation to explore the cause for the overturning of

an older silo. The foundation for the new instrumented silo was con-—
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structed about 6 m away from the disturbed crust caused by the over-

turning of the old silo.

To study the performance, 8 load cells to measure normal
contact pressures, 2 pneumatic and 4 open standpipe piezometers, 5

deep seated settlement gauges, a deep seated bench mark and 24

‘Alevelling points were carefully installed.

The field and laboratory soil investigations as well as
the instrumentation made the following analysis possible:

a) distributions of normal contact pressures under a rigid
circular raft.

b) theoret;cal settlement calculations and distributions from
CIu triéxial and standard oedometer tests,.

c) actual distribution of settlement with depth and the deter—-
mination of the critical depth of settlement.

d) the distribution of Eu/Su ratios.

All these analysis were also compared where possible to theoretical

and other measured values cited in the geotechnical literature.

In particular the settlement data from four plate load fests
and six square footings all in the Leda Clay of Ottawa were analyzed
and the results compared with that for the rigid circular raft. The
data from these plate and footing instrumentations all conducted by
the Geotechnical Group of the University of Ottawa made the study of
the effect of foundation size on the distribution of settlement possible.
The rénge of foundation elements studied covers most foundation sizes

used in practice. This range includes 46 cm diameter plates, square
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footings with average size of 3.6 m and the 1arge circular raft with a

diameter of 14.6 m. The conclusions to follow apply only to pressure

levels less than the preconsolidation pressures,

8.2.1 E /S Values
u' “u

0 8.2.1.1

8.2.1.2

For foundation designs in Leda Clay of the Ottawa area with

a factor of safety of 3 against bearing failure, the following

ranges of Eu/Su values are applicable, for all foundations

within the size range of 0.46 to 13.7 m in diameter:

a)

b)

When the soil below the foundation element to a depth of
6R or bedrock (whichever is the smallest) is considered,
Eu/éu ranges between 500 and 1500 with an average value
of 1000. This agrees closely with an average of 1100
sﬁggested by D'Appolonia et al (1971) for a simila; soil.
Within the depth 2R below the foundation Eu/su varies be-
tween 200 and 1050 with an average of 630. For a square
footing, R is the equivalent radius of a circular footing

having the same area as the square one.

The ratio of Eu/Su appears to decrease with an increase in

q/SW. This applies when the soil below the foundation element

is divided into layers. However, the rate of decrease varies

from one soil layer to another in a rather erratic manner

especially at low q/SW values. In the case where the soil

layer is assumed to be infinite in thickness or when the

layer extending to a depth of 2R is considered, the influence
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of q/SW on the magnitude of Eu/Su for é given foundation

element is very small.

The increase in Eu/Su with depth indicatéd by calculations
for all the foundation elements, should not be taken as an
indication of a stiffer soil below. This calculatéd increase
occurs because at lower levels elastic theory appears-to

overestimate the stress increases.

8.2.2 Distribution of Settlement with Depth

8.2.2.1

8.2.2.2

8.2.2.3

Figure 7.3.3.1 indicates that for most designs a critical
depth othD would give satisfactory estimates of settlement.
This finding agrees with that of Shwvets and Kulchitskii- (1970),
who made load tests in a wide range of variable soil types and

found a critical depth envelope varying from 1.5 to 2D..

The amount of settlement within the soil layer extending to
a depth of 2R is between 70 to 90 percent of the total settle-
ment for all foundation elements considered. Hence for most

foundations within the size range studied here, settlement

calculations assuming that 80 percent of the total is within

this layer, will give reliable results.

Elastic theories when used with CIU triaxial and oedometer

test results underestimate the contribution to the total

settlement by the shallow layer near the footing. However,

when the critical depth is taken into account the oedometer
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calculations give distributions that approximate the actual
somewhat better. For ekample, the component of settlement
in the layer above z/D = 0.5 as a percentage of the total

from the various distributions is as follows (Figure 7.2.3.1):

1) actual for silo raft = 71 percent
2) recompfession settlements from oedometer tests based

on the following stress distribution theories are

a) Westergaard's 63 percent

b) Boussinesq's 67 percent
3) Immediate settlement from CIU triaxial, with Boussinesq's

stress distribution theory = 55 percent

Therefdré, the distribution due to oedometer test recompression
settlement approximates the actual better than that calculated
from CIU triaxial tests. However, this agreement is prpbably
partially due to the method of correcting the oedometer curves

used in the calculations.

Even though the silo raft indicates a shallower critical.depth
of 1.25D, than the other foundation elements which have a
critical depth of 2D, it can be concluded that the shapes of
the distribution curves are identical. These settlement dis-
tributions are therefore independent of the size of the founda-
tion element as well as of the magnitude of the loading. The
shape of the curves from the elastic theories are different

and overestimate the compression of the lower layers. A
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finite element model reported for a similar raft By Wroth
(1977) indicates that this technique can be designed to
simulate the actual distribution better than‘elastic theory.
The difference between the actual distribution and that pre-
dicted by elastic theory is probably mainly due toAthé non-

linear response of the soil to external pressure.

The fact that all foundation elements located both in the
desiccated crust and below it show the same shape of distri-
bution curves, implies that the distribution is a characteris-
tic of the soil. Hence, the relatively larggr compression of
the top layer cannot be due to closing of fissures as sug-
gested‘b§ Bauer et al (1973). Also, it cannot be due to

crustal anisotropy; since laboratory vane tests indicate the

soil to be fairly isotropic.

8.2.3 Total Settlement

8.2.3.1

Settlement readings were taken freqﬁently for 232 days

[June 22, 1976 to February 4, 1977], no additional readings
were taken after February.4 since the raft frost heaved up
by 3.15 mm from its end-of-construction elevation. A few
days earlier, December 22, 1976, piezometer readings in-
dicated an average excess pore water pressure of only about

8 cm (3" in) and therefore it was felt that future settlements
due to consolidation would be very small. The total settle—

ment of 11.2 mm recorded on December 22, 1976 probably

RN —— T
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includes some comsolidation settlement due to the recompres-—
sion of the soil, however the piezometers:showed little pore
pressure build up as the load was applied and therefore the

settlement appears to have been mainly elastic in nature.

8.2.3.2 Calculations based on secant moduli obtained from CIU tri-
axial tests, overestimate the settlement. The best estimate
obtained is that corresponding to Vv ; 0.5, which is 14.04 mm
as opposed to an actual settlement of 11.2 mm. Since in the
calculation, the critical depth and the effect of a rigid
base are accounted for, the main reason for ghe discrepancy
can oan be the low moduli calculated from CIU triaxial tests.
It is ﬁélieved that, for such clays which drain rather . fast
CIU -triaxial test is not:applicable since it does.not simulate
the field condition. CID triaxial tests simulating the

field rate of drainage might be more appropriate.

8.2.3.3 Settlement calculations from oedometer tests due to recom-
pression, even when the critical depth is considered, are
very large and therefore not applicable. The calculated values
after making correction for 3-dimensional effects are 44.9
and 42.8 mm using Westergaard's and Boussinesq's stress

distribution theories respectively.

8.2.4 . Contact Pressure Distribution

8.2.4.1 At the maximum applied pressure of 72.5 kPa, the contact

pressures below the centre and at the edge of the silo raft’
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we;e_35 and 84.5 kPa, respectively. Tﬁe stress a£ the
centre agrees with the frediction of elastic theory, being
about 50 percent 6f the average préssure. Near the edge
elastic theory predicts infinite stress and therefore is

not applicable.

Zeevaert's elasto-plastic theory gnderegtimates;;he;edge;
stress ané shows a uniform contact pressure distribution.
It does not apply to shallow foundations in soils with low
shear strengths such as the Leda Clay studied in this pro-
ject. On the other hand, the theory derived.in this thesis
on the kasis of Schultze's (1961) hypothesis gives 55 and
80 kPa gelow the centre and the edge respectively. These
quanﬁities'are in reasonable agreement with the actual
values. Hence for most rigid foundation designs in Le@a

Clay this later method appears to be applicable.

To make a detailed study of contact pressure distribution

in the field, the minimum number of cells required should
be decided on the basis of probability theory. By this it
is meant that the sample size (number of distinct contact
pPressure measurements) representing the population (infinite
number of points.that define the actual contact pressure
curve) should be determined using statistical theory. A
discussion of this technique dealing particularly with
contact preséure measurements is given in a recent paper by

Phal (1977). According to Phal, for typical clay soils a
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minimum number of at least 20 cells is required; all installed
along one radius. Therefore, the 8 load cells used in this
project were not enough to clearly define the true normal

contact pressure curve.

When installing load cells in Leda Clay, it is impértant
that the soil immediately under each cell has the same con-
sistency,usince the footing will have a tendency to bridge
over cells located in softer areas. This is believed to be
the cause for the low reading given by cell no. 1 which is
installed near the edge of the raft. Possible methods of
providing a uniform bedding under all cells are: (a) by
ensuring that the soil at the bottom of the excavation is
fairly uniform, and (b) immediately after excavation pro-
tecting the locations of the cells from wetting due to-

external water and also from desiccation.

Subgrade Modulus

The subgrade modulus calculated from the load settlement

data for all foundation elements ranges between 10440 to
18960 1‘—1_;% (67 to 121 kef) with a mean value of 14700 <3

m m
(93.6 kcf). The author feels that this mean value can be

safely applied to most isolated footing designs in Leda
Clay. The above range compares reasonably well with that
suggested by Bowles for stiff clays which is 11800 to

E% (75 to 150 kcf) with an average of 17700 E%

m m

23600

. Bma
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(113 kef). It should be borne in mind, however, &he con-
cept of subgrade modulué is not very reliable compared to
actual contact pressure distributions. For example, for
rigid footings, the theory of subgrade modulus gives a

uniform contact pressure and therefore it is incorrect.

Recommendations for further work

Based on the findings in this project and the literature
survey, the author would like to suggest the following tasks

for further research work.

More fqpndations with different stiffness and shape should

be instrumented so that a narrower and therefore more reliable
Eu/Su range for all types of foundations is available. This
can be done without very expensive instrumentation by in-
stalling one simple settlement gauge (similar to those used

in this project) at a depth equal to the width or diameter

of the foundation plus one reliable bench mark. From a number
of such inexpensive, and yet, very valuable instrumentdtions
the Eu/Su values within the depth D or B and also for the
whole deposit can be deduced, since the field vane shear

strength of the soil is usually known.

When making any settlement calculation for footings resting
on a relatively deep deposit of clay, some means of estimating
the depth of the active zone of settlement is required so

that the result of the calculation will be more reliable. 'The
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critical depth for a given deposit caﬁ probably b; deduced
frém the distribution éf the field vane shear strength
values; this, however, can only be confirmed by studying
case histories or by performing further instrumentation

work.

More sophisticated mathematical formulae that consider the

non linear behavior of soils are needed.

A few carefully planned normal contact pressure distribution
measurements are needed. From such detailed work, the author
believes a more reliable elasto-plastic contéct pressure
model-cgn be formulated using numerical methods such as

regression analysis.
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ADDITIONAL ALGEBRAIC STEPS USED IN THE DERIVATION OF CONTACT PRESSURE

DISTRIBUTION FOR A RIGID CIRCULAR FOOTING

From static force equilibrium it is given in the section that,

e Y+ 7T » where V and T are integrals to be evaluated
2 here
v e
Y- I f : %' z dr
2. 2IIR r,2
. /1-E

After making some algebraic substitutions, the integrétion simplifies

to:

M

P r P
1 2,71 1 2 .
= -5 /1-®1° = 5 n- /18 a.l
2 R o 2 1
Similarly
L R + 4R, Y N_(1- £)] 2Mr dar
2 2 1 ¢ 17q 2 2y R
1
In order to perform this integration, the pressure intensities at Ty

and R should be known; and noting these as 9 and 4, respectively

(Figure 2.3.2.1) we can write,

R B
L Y —m(r-
272 f [ql m(r r;)] 2mr dr
1

a,-q
=L 2 is the slope of the trapzoidal distribution.

R -

where 7
1
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Performing the integration we get,

2
q.r 3 2
T _ ' __r r R
5 = I [—— m =3+ mr; 5 ]rl
Ty _
Further operation and substitution of El for R results

2 2 2 2
T_ o {qlr - %2] R (4;~4,) [l - El] .\ R (ql-qz)[g w21}
2 2 ) 1 3 1-£ 2 1 °1

1

Evaluating qq and q, using the Prandtl and Buisman formula (Equation
2.3.2.1) and substituting in the above equation we get after further
algebraic simplification, .

C C
a5 N2 o 3 ) 2

1L

but &=

N

+

I =

By eliminating P1 from Equation a.l (see Equation 2.3.2.5) and adding
the result to Equation a.2 the final result given by a.3 is obtained.

The value of Q/2 as a function of £ is given in Equation 2.3.2.6.

a.2

a.3
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« WATER CONTENT & CLAY SIZE

STRESS , T.S.F. (KG/CM?)
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APPENDIX B

LABORATORY TEST RESULTS
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‘No of Percent Weights (kg)
Date Waéon Cumulative Moisture Wagon
19767 Loads of Hay No Tare + Load
Jun. 23 7 7 46.0 1 5736
24 7 14 45.0 ‘ 4909
25 4 18 44,5 5168
26 6 24 44.0 5282
28 13 37 40.6 4382
29 15 - 52 35.6 4591
30 5 57 *52.2 5341
Jul., 2 1 58 %60.0 4955
5 21 79 30.5
6 19 98 35.3 2 4882
7 18 116 4818
8 4 120 4282
9 14 134 4768
10 10 144 5055
15 13 157 Loading 4818
- " :Stopped
Temporarily 5227
Aug. 17 ' Unloading
27 - 28 Started 3 4909
Sep. 3 2 4350°
4 1 5473
10 6 4182
Oct. 4 S 4 5646
28 33 Silo Full 6736
Average Weights
. Average
NQ. of Tare ....Load .. Remarks
Wagon Times
.. .No..  .Weighed. kg 1bs kg kg
1 8 2113 4650 2880 6335 To find tonnage in silo,
2 7 2136 4700 2700 5939 W from total number of
3 6 2136 4700 3063 6738 wagon loads, N, proceed

as follows:

_ N
W= m(2880}{8‘i'2700}!7+3063x6)
W= 2.87 N (metric tonnes)

TABLE: B-11 Loading Record
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CONGRETE CYLINDERS CURED UNDER SITE CONDITIONS

LABORATORY TEST RESULTS

Compressive Strength

Young's Modulus

Tensile Strength

. si psi psi
Curing TG ) E G £, ED
Time - ¢ Mpa Mpa t "Mpa
(Days) 2 3 1 2 3 1 2 3

7 82900) (2759) (2447) - - Stress units are
20.0° 19.07 ‘16.9 psi and Mpa
14 x 2652, ,2830
(18.3) (19.5) - - -
28 3180 3610 3470 3.42x106 3.64x106 3.57x106 390, ,473 394

(31.90 Gs4l9) G3.9)

2.5 x10% 2.5 x10% 2.5 x10% (.77 (3.3) G 9

Cylinder Size: D = 6", L = 12"

Average u.w., Y = 150 pcf

FIGURE B-39-
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= ——  where P = gplitting load

(ACT 318-71)




