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ABSTRACT

The purpose of this investigation was to establish a
method to determine settlement in compacted unsaturated soil
(with special reference to embankments) by using cedometexr
test results.

A review of the behaviour and the principle of effective
stress in unsaturated soil is given. The conclusion is
reached that consolidation in unsaturated soil is largely
controlled by the dissipation of excess pore-alr pressure.

Methods are described to determine the soil parameters
that are required to estimate pore-air pressures in
unsaturated soil from oedometer tests.

A computer program is described to estimate pore-air
pressures in embankments at the end of construction and at
specified time intervals after completion.

A case study on the Mita Hills dam in Zambia is reported
and calculated settlements of this embankment are compared

with observed settlements.
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PREFACE

i Estimating settlement of embankments requires an
understanding of the volume change behaviour of unsaturated

soil.

At the time when the Mita Hills dam in Zambla was
designed (1956) knowledge of the behaviour of unsaturated
soil was limited. It was noticed when the settlement of
the crest of the dam was estimated that the oedometer curves
for the unsaturated compacted soil consisted of two porticns:

{i) Instantaneous compression

(ii) Consclidation compression

INSTANTAUEGUS
COMPAESSION

COMPRESSION

 CONSOLIDATION
COMPRESSION

R e g =

VITHE

Thi:z led to the conclusion that the total settlement
curve on the e:log P graph could be subdivided into an

immediate and a consolidation settlement cuxve.
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Immediate settlement occurs instantaneously as load
is added, while comnsolidation settlement is time dependent
as it is a function of the dissipation of excess pore-
pressure.

Settlement of the crest of Mita Hills dam was estimated
at the time by using the consolida:ion settlement: curve and
Terzeghi's classical theory for one-dimensional settlement
ol unsaturated soil. The consclidation setilement was
estimated at 1,3 per cent of the maximum structural height
and the actual settlement was 1,4 per cent.

The good correlation between actual and estimated
settlement led to the decision to investigate the settlement
problem by applying current concepts of the volume change

behaviour of unsaturated seil.
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CHAPTER 1

INTRODUCTION

The purpose of this dissertation was to find a method to
estimate settlement in unsaturated soil without resorting to
highly sophisticated laboratory testing techniques and
equipment. An effort was made to evaluate all the required
soil properties from the relatively unsophisticated oedometer
test., The calculation of settlement was further simplified
by using a modified form of the effective stress eguation for
unsaturated soil.

The investigation was limited to the calculation of
settlements of the crests of embankment dams constructed of
unsaturated compacted soil; the dissipation in two dimensions
of excess pore-pressures being considered. 7The methods
employed to estimate settlement in this dissertation can in
principle be applie *o other settlement problems involving
unsaturated soils. '

Calculations of the settlement of soil are closely linked
with the principle of effective stress. Chapter 2 is devoted
to a discussion of effective stress and the complex behaviour
of unsaturated soil.

There are basically four nethods with which settlements
of soil, with special reference tc embankments, can be

calculated,

1.1 Bmpirical Formulae
These usually express settlement as a function af the height

of the dam, eg:
Thomas (1976) presented the formula,
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s = 0,035 (5-13)

where § = settlement at end of construction in metres

B = height of dam in metres

The formulae for settlement at 5 and 10 years after completion

were given as,

log §s = 0,017H-1,35
and log S10= 0,0156H-1,16

The above formulae were based on settlement measurements on a
large number of earthfill dams in Victoria, Australia.
Settlements calculated by means of empirical formulae
should only be considered as a guide to the magnitude of
settlement and should not be relied upon in the final design
of embankments as they do not take account of soil properties,
rates of construction or geometry of the embankment, All

these factors play a role in the settlement of embankments.

1.2 Numerical Evaluation of Analytical Solutions

Before settlements can be calculated using this technigue an
analytical solution to the specific problem under consideration
must be obtained. These solutions are not always available,
which makes the approach unattractive for use in practice.
Analytical solutions to estimate the pore-water pressure
in a completely saturated layer of clay of infinite horizontal
extent which increases in height with time are available
(Gibson, 1958}. These solutions consider only one-dimensional
dissipaticn of pore-water pressures whereas the dissipation of
pore-pressures in embankments is essentially two-dimensional.
Analytical solutions of this type can however be used to

get a rough estimate of effective stresses in the central core




beneath the crest of an embankment.

1.3 Finite Element Technigue
This method is growing in popularity and is now used frequently.

Comparisons between cbserved settlements and settlements
calculated by finite elements can be quite good (Penman et al,

1971 and Duncan, 1972).

1.4 Finite Difference Technigue

Solutions are obtained by writing the differential equation for
consolidation in finite difference form and solving it
numerically.

Gibson {1958) estimated pore-pressures in the Usk embank—
ment dam by solving the finite difference form of the one-
dimensional consolidation equation.

The finite difference form of the two-dimensional
consolidation equation will be used in this dissertation to
estimate pore-pressures in the embankm .c. If the excess
pore-pressures are known it is possik e to estimate both

effective stresses and settlement.

The method use? in this dissertation was as follows:
Literature on the behaviour of and the principle of effective
stress in unsaturated soil were first studied. Hence, certain
conclusions were reached which enabled the effective stress in
unsaturated soil to be simply approximated.

These conclusions were applied to the settlement curves
obtained from ocedometer tests to obtain a better understanding
of the behaviour of compacted unsaturated soil in the ocedometer
and it was found that certain scil properties required to
calculate pore-pressures in unsaturated scil can be estimated

from oedometer test results.
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A finite difference computer program was then developed
which can be used to calculate excess pore-pressures in
embankments at the end of construction and at various time
intervals thereafter. The effective stress in the central
core beneath the crest of the embankment can be evaluated
if the excess pore-pressures are known. The settlement of
the crest can then be calculated from the effective stress.

Jettlements were calculated for the Mita Hills dam in

Zambia and compared with observed settlements.




CHAPTER 2

VOLUME CHANGE IN UNSATURATED SOILS

2.1 Introduction
In this chapter a brief review of the principle of effective
stress will be given, especially as it applies to volume
change in unsaturated soils. Considerable contxroversy exists
in literature on the applicability of the efifective stress
principle to volume change in unsaturated soils (see eg,
Burland, 1965 znd Blight, 1965). An attempt will be made to

present the main schools of thought on this subject.

Terzaghi {1943) proposed the principle of effective stress

for saturated soils and defined it as that stress which causes
measurable changes in volume and shear strength in soils., It
is a function of the total stress ¢ and the pore-pressure u.
The effective stress in saturated soils was formulated by

Terzaghi as

g =g ~-u ... (2.1)

vhere o' = effective stress

The opinion is often expressed that the success experienced

in applying this equation to predict the behaviour {ie volume
change and strength) of saturated soils actually led to the
birth of the science of soil mechanics.

Ag many of the scils that engineers have to deal with are
unsaturated, a series of attempts have been made to formulate

a similar equation that will apply to unsaturated soils.
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CHAPTER 2

VOLUME CHANGE IN UNSATURATED SOILS

2.1 Introduction
In this chapter a brief review of the principle of effective
stress will be given, especially as it applies to volume
change in unsaturated solls. Considerable controversy exists
in literature on the applicability of the effective stress
principle to volume change in unsaturated soils (see eg,
Burland, 1965 and Blight, 1965). An attempt will be made to
present the main schools of thought on this subject.

Terzaghi (1943) proposed the principle of effective stress
for saturated soils and defined it as that stress which causes
measurable changes in volume and shear strength in soils. It
is a function of the total stress ¢ and the pore-pressure u.
The effective stress in saturated soils was formulated by

Terzaghi as
o' =g -u Lea 2.1
vhere o' = effective stress

The opinion is often expressed that the success experienced
in applying this equation to predict the behaviour (ie volume
change and strength) of saturated soils actually led to the
birth of the science of soll mechanics.

As many of the soils that engineers have to deal with are
unsaturated, a series of attempts have been made to formulate

a similar equation that will apply to unsaturated soils.
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2.2 Qualitative Description of the Behaviour of

Unsaturated Soils

Before an attempt is made to qualitatively describe the
behaviour of unsaturated soils, one should first investigate
the nature of these materials.
Unsaturated soil is a multi-phase continuum, consisting
of four phases, ie
(i) Mineral grains
(ii} Porewater
(iii) Pore-air
(iv} Contractile skin, ie the interface between the air

and water phases.

MINERAL GRAIN
CONTRACTILE SKiN
PORE-AIR

PORE-WATER

FOUR PHASES OF UNSATURATED SOM.

S e g

Figure 2.1

The mechanisms of volume change in soils will be discussed

qualitatively before discussing the role of effective stress.

There are basically four mechanisms of volume change

{see eg Lambe and Whitman, 1969).




2.2.1 Elastic deformation of the mineral grains

FORCE P
GRAIN-FHAPE BEFORE
ELASTIC DEFORMATION
MINERAL GRAIN
P
Figure 2.2

The elastic deformations of grains are very small and

have only a minor effect on volume change.

2.2.2 Elastic bending of clay particles

mmmm———CLAY PARTICLE

N\

Figure 2.3




2.2.3 Slip of grains due to exceeding the frictional

resistance of surfaces between grains.

Figure 2.4

The slip of grains provides the major contribution to volume
change in granular soils and explains why the rebound in soils
when load is removed is so small. During loading the grains
move to more stable, lower energy states, and will not move
back to their previous positions when the load is removed as

this will require additional energy which i not available.

2.2.4 gyeliing
When clay particles absorb water they swell. Swelling is
infliuenced by the chemical properties of the clay particles and
pore fluid. %This phenomenon can have a considerable effect on

volume change in soils.

oo
==
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SATURATED PARTICLES

Figure 2.5



The effect of the air, water and contractile skin phases

on the behaviour of unsaturated soils will now be discussed:

S
Figure 2.6 \P.

Consider two particles of soil in contact and acted upon

by external forces P; (Figure 2.6). The forces P; need not

be normal to the contact surfaces between the two particles and
will conseguently have two force components T and P which are
tangent and normal to the contact surface respectively.
Congider the angle between the force P; and the normal to the

contact surface between the particles to be o (Figure 2.7).

/PARALLEL J0 CONTACT SURFACE
S S ala

Figure 2.7

It can then be said that,
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T = Py sin o )

and P =P COS O
Lee(2.2)
and also,

T =P tan o

When a reaches its maximum value, ie just before the
particles slip relative to each other, the value of
tan Snax is called the interparticle coefficient of £xriction

'™
Bo=tan o Le-02.3)
The maximum shear force T that can be sustaiued between
the particles would thus he,
T = Py
From the sbove it can be concluded that slip failure

will not oceour if,

Sy e (2.4)

L]

Additional forxces are caused by the menisci between the
two particles which form at the contact point. The radius of
a meniscus depends on the pressure @ifference between .he air
and the water phases and vice versa. The air is always at a
higher pressure than the water and the resulting shape of the
menigcus will be as shown in Pigure 2.6. The higher the
difference in air and water pressure the smallexr will be the
radius of the meniscus #nd the larger the tangential forces Ti.
The force P' is the resultant effect of the tangential forces
T; in the contractile skin and acts essentially normal to the

contact surface. If one now makes the assumption that the
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T = P, sin a

and P =P, cos a
-l (2.2)
and also,

T =P tan ¢

When o reaches its maximum value, ie just before the
particles slip relative to each other, the value of
tan o is called the interparticle coefficient of friction

u,

W= tan o Lo (2.3)

The maximum shear force T that can be sustained between
the particles would thus be,
T = Py
From the above it can be concluded that slip failure
will not occur if,

Sy e (2.4)

ol

Additional forces are caused by the menisci between the
two particles which form at the contact point. The radius of
a meniscus depends on the pressure difference between the air
and the water phases and vice versa. The air is always at a
higher pressure than the water and the resulting shape of the
meniscus will be as shown in Piqure 2.6. The higher the
difference in air and water pressure the smaller will be the
radiuns of the meniscus and the larger the tangential forces Ty.
The force P' is the resultant effect of the tangential forces
T; in the contractile skin and acts essentially normal to the

contact surface. If one now makes the assumption that the
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force P' does act normal to the contact surface it can be
appreciated that this force does not have a shear component
like the forces Pi.

By adding the force P' to P in equation (2.4) the ratio
between the shear and normal forces will be decreased even

more and (2.4) will become,
T S Y 2.5

The practical significance of this is that the stability
of the two grains will increase. This increased stability
between the grains will cause the soil structure to act mora
rigidly, leading to lower compressibility of unsaturated soils
as compared to saturated soils. Blight (18%65) actually showed
experimentally that this is true by using a clayey loess type
soil.

If the force P, is inc?eased the value of the shear force
T and the normal force P will both increase (equations (2.2))
which will lead to an increased value of the ratio in equation
{2.5). The assumption is made that P' remains constant., If
P, is increased continuously a stage will be reached where

slip is imminent and then,

T;g%TT R e (2.6)

If the soil is now wetted so that the value of the
tangential forces in the contractile skin (T;) decrease with
a subsequent decrease in the value of P', a stage will be
reached where

T

Tk R

with failure occurring, leading to a sudden reduction in

e
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volume, This phenomenon does actually occur when collapsing
sands which are subject to shearing stresses are wetted (see
eg Elight, 1965 and Jennings and Burland, 1962).

If clay soils are dessicated considerably they disintegrate
into clay packets which can easily be mistaken for individual
grains when examining the soil (Burland, 1961 and Brackley,
1975) .

The forces between the packets would he similar to those

acting between the grains of a partly saturated granular soil.

when the soil is wected two things happen. The frictional
resistance betweer the particles may be exceeded with a
subsequent decrease in the volume of the soil and secondly the
clay packets take up water and swell (Brackley, 1975). The
end result, ie whether the soil will increase or decrease in
voluame will depend on the magnitude of the applied load and
on the properties of the soil., If the force developed in the
clay due to swelling is greater than the applied load the soil
will increase in volume and vice versa (Burland, 19635).

B partly saturated soil consisting of clay packets will
be less rigid than an eguivalent granular soil with the same
pore water suction. The reason for this is that the
inu.vidual packets are more plastic and will deform more
readily under applied load than would solid soil particles,
Blight (1965) compared compression curves for a partly
saturated and saturated clay and from his results it can be

ren that the slope of the two curves are very similar,

indicating that the ¢fference in compressibility is small,



i
i
|
i
i

12

volume. This phenomenon does actually occur when collapsing
sands which are subject to sheasring stresses are wetied (see
eg Blight, 1965 and Jennings and Burland, 1962).

If clay soils are dessicated considerably they disintegrate
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individual packets are more plastic and will deform more
readily under applied load than would solid soil particles.
Blight (1965) compared compression curves for a partly
saturated and saturated clay and from his results it can be
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indicating that the difference in compressibility is small.
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2.3 The Effective Stress Bguation for Volume Change

in Unsaturated Soil

It is not the intention to present and discuss all the proposed
effective stress equations in literature. The Author is of
the opinion that these have been well documented (eg Buriand,
1961 and Fredlund and Morgenstern, 1977} and will only discuss
the equation proposed by Bishop which seems to be widely
accepted.

Bishop's effective stress equation is based on the
assumption that the effective stress principle does apply to

unsaturated soil and is given as,

o' =0 -u, + xli-u) ... (2.8)
where g¢' = effective stress
o = total stress
w, = pore-air pressure
u, = porewater pressure
X = effective stress parameter

The effectiveness parameter X is a function of the degree
of saturation of the soil, the soil structure, the cycle of
wetting, drying and stress change leading to a particular
degree of saturation and is alsc dependent on the value of
(u,~u ) (Bishop and Blight, 1963).

Bishop and Donald (1%61) conducted an experimental study
to prove the validity of equation (2.8) and found that if the
value of the isotropic stress ¢ and the values of u, and u,
in a triaxial test were changed in such a way that the values
of (o—ua) and (ua-uw) remained constant, there was no change in
the volume of the soil. If the values of ¢, u, and u, were

changed such that the values of (o-u,) and (u -u ) varied, a
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change of volume resulted. From this study Bishop and Donald
1 concluded that the form of eguation (2.8} wmust be correck and
that the behaviour of the soil was independent of the absolute
values of u , u, and o.

Jennings and Burland (1962) expressed the opinion that
- the tests conducted by Bishop and Donald (1961) only proved that
equation (2.8) is statically correct but did not demonstrate
the validity of the principle of effective stress in unsaturated
soil. They presented results of experiments which showed that
certain soils behaved contrary to the predictiocns of the '
g principle of effective stress. Soils investiyated by Jennings
and Burland suffered a reduction in volume when soaked under
a constant load. This is contrary to equation (2.8) which
indicates that as the value of X(ua*uw) diminishes during

wetting up, the effective stress actually decreases which

should lead to an increase in volume,

Bishop and Blight (1963) discussed the volume change
behaviour of unsaturated soils both at constant water content
and when subjected to saturation. They concluded that the
volume change behaviour of an unsaturated soil is highly
dependent upon the stress path which it follows. This
behaviour is best explained with the aid of Figure 2.8,

The behaviour of unsaturated soil is plotted in three-
dimensional space with axes (u—ua), (ua—uw) and void ratio e.

Consider point A. If the sample becomes saturated with
o-u, = O it will increase in volume and swell to D. On the
othexr hand, if it is soaked at constant volume an increase in

stress (o-u )} will be reguired for the sample to move ta A'.
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- consrant
WATER CONTENT

Figure 2.8 {After Bishop & Blight, 1963)

If the sample moves from B to B' when saturated (no
volume change) a decrease in the value of (o-u ) will be
required and if it is saturated under constant load there
will be a decrease in volume when it moves to E.

The position in three~dimensional space where the
behaviour of the unsaturated soil sample changes from swelling
to collapsing when saturated must be determined in the
laboratory for each particular soil.

The object of this dissertation is to study the settlement
of embankments constructed of unsaturated, compacted soil at a
conatant motsture conteat by using informatjon obtained from
cedometer tests. It is thus necessary to study the application
of Figure 2.8 to this problem.

It will be noticed that changes in void ratio e and

suction (ua~uw) of curve ABC {constant moisture content} in
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Figure 2.8 are dependent on changes in the value of (u~ua) .
An increase in {o-u ) leads to decreases in both the void
ratio and suction. It ca. thus be concluded that at constant
water content (o-u ) is the independent variable and (e, -uy)

the dependent variable of the effective stress equation,
o' = {g-u ) + x(a,uy

This conclusion is supported by experimental results obtained
by Blight (1961). In these tests Blight first varied the
values of o, u, and u_in the triaxial cell in such a way
that (ﬂ—ua) and (ua—uw) remained constant within the soil
specimen. Only the value of the isotropic stress ¢ was then
increased. This change caused an increase in the value of u,
with the overall effect of an increase in (9-u ) and a
decrease in (ua—uw) . Change in voliuiz of the soil was
measured throughout the whole test. Blight found that the
change in volume for constant values of (a—ua) and (ua—uw) was
negligible while a sudden decrease in volume occurred when
(a—ua) was increased (see Figure 2.%2).

The void ratioc:effective stress curve cbtained from an
ocedometer test on an unsaturated soil can be viewed as a
projection of cuxve ABC on the void ratio: (G_“a) plane in
Pigure 2.8. Changes in the suction (ua-uw) are thus indirectly
taken into account by the shape of the void ratio:effective
stress curve obtained from cedometer tests as changes in this
parameter are dependent on changes in (a~ua) .

Blight (1961) also found that the flow of air through
soil is similar to the flow of water through this medium but
that the permeability of soil to air is higher. He

presented consolidation:log time graphs from consolidation
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tests on completely dry powdered kaolin which had a similar
shape to the classical consolidation curve.

It should thus be possible to estimate settlements in
embankments constructed of unsaturated soil by using soil
properties obtained from cedometer tests on samples of the
compacted unsaturated soil and by making use of the independent
variables of the effective stress equation, viz ¢’ and (c~ua)

in an approximatz form of the effective stress equation,

of =0 - u .. (2.9)
2

This equation would be valid for constant water content

conditions until the soil becomes saturated by compression at

which stage u, = u,, (3,~3,) = O and the equation vecan®finat

ey
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for a saturated soil, viz,

vl (2.10)

Until the soil becomes saturated by compression, only a;r
will escape during the consolidation procass. The pore-air
pressure will always exceed the porewater pressure (see, eg
Figure 3,1). As the pore-air pressure dissipates to
atmospheric pressure, the porewater pressure in the vicinity of
a drainage surface will always be below atmospheric pressure
and, therefore, no porewater will drain from the soil unless
the soil becomes saturated by compression.

It will thus be necessary to have a method to calculate
excess pore-air pressures set up in the embankment during
construction as well as a way to estimate dissipation of
these excess pore-air pressures after completion.

The two conditions for this method to be successful are that
the same stress path must be followed in the embankment and
oedometer test and that the moisture content of the soil in
the embankment remains unchanged.

Stress conditions in the oedometer and the embankments in
terms of three-dimensional stress are of course not similar
but are closely approximated in the centre core of the
embankment which plays the major role in the settlement of
the crest. The basic loading procedure in the sample and
embankment is the same as both are first compacted and then
subjected (at constant water content) to a continuous increase
in loading until completion.

The moisture content in the main part of the embankment
can be kept virtually constant even after the end of

construction by installing filters in such a way as to
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intercent water seeping through the embankment during and

after reservoir filling,

2.4 Conclugion

The fact that changes in effective stress (and thus volume
changes) at constant water content are dependent on the value
of (a»ua) allows the use of soil properties cbtained from

oedometer tests in conjunction with the approximate effective

stress equatien,

to estimate settlements of embankments. The shape of the

oedometer curve indirectly takes account of the changes in
suction (u_-u ).
a w
It is important that the stress path in the enbankment

be similar to that in the ocedometer test and that the water

content remains constant.
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CHAPTER 3

SETTLEMENT OF EMBANKMENTS CONSTRUCTED OF UNSATURATED

COMPACTED SOILS

3.1 Introduction

In the previous chapter the consolidation of unsaturated soil
was discussed gualitatively.

In this chapter a method will be developed with which
settlement of embankment dams can be predicted by using
standard laboratory egquipment (the oedometer) a.nd procedures
to datermine soil properties and then using these to estimate
pore-pressures in embankments.

In the previcus chapter it was concluded that a modified
f: > of the effective stress equation can be used to estimate

57 :zlems=ts ak constant moisture content of embankments

1struzr.ied of unsaturated seil. The approximate effective

stress gguation that will be used is given by,

(3.1

where ’ = effective stress
N = total stress

T~ = execess pore-alr prestare

3.2 Estimating Pore-air Pressures in Unsaturated Soils

When a load is applied to a soil part of it is carxied by the
s0il structure and part by the pore-Fluid. Aan applied load
would thus temporarily increase the pore-pressure. The amount
with which the pore-pressure will increase will depend on the
relative compressibilities of the pore-fluid and the soil
structure., If the compressibility of the pore-fluid is much

larger than that of the soil structure most the load increment

e o e
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settlements at constant moisture content of embankments
constructed of unsaturated soil. The approximate effective

stress equation that will be used is given by,

o' =6 - u ..-(3.1)
a
where ¢' = effective stress
o = total stress
u, = excess pore-air pressure

a

3.2 Estimating Pore-air Pressures in Unsaturated Soils

When a load is applied to a soll part of it is carried by the
soil structure and part by the pore-fluid. An applied load
would thus temporarily increase the pore-pressure. The amount
with which the pore-pressure will increase will depend on the
relative compressibilities of the pore-fluid and the soil
structure. If the compressibility of the pore-fiuid is much

larger than that of the soil structure most the load increment
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will be transferred directly to the soil structure and the
increase in pore-pressure {the excess pore-pressure) will be
relatively small.

The dissipation of the excess pore-pressure is responsible
for the time-dependent volume change in soils and the degree
of consolidation of an embankment is a measure of the
dissipation of the excess pore-pressure.

One way of estimating the initial excess pore-pressure
set up when load is app.ied to an unsaturated soll is to make
use of the pore-pressure coefficients A and B proposed by
Skempton (1354).

In defining the pore-pressure coefficient B Skempton
first subjected a sample of soil in a triaxial apparatus to
an increase in cell pressure Ac; and measured the corresponding

increase in pore-pressure Au;. B was then defined as,

>

_ Auy
B = e .. (3.2)

|

Py

Keeping the cell pressure constant and increasing the
deviator stress by {Ac;-Ac;) resulted in an increase of pore-

pressure Au, and Skempton showed that
Au, = B.A(Aoy-Ags) 301

The total increase in pore-pressure is asu = suytdu,

and by combining (3.2) and (3.3):
su = B[Auaﬂ\(AU)—AGa) cee(3.4)

Bishop {1954) defined a pore-pressure coefficient B which

he proposed to be used in the design of earth embankment dams,

B i, - g

= & . {3.5)

where K = effective stress ratio = 3
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for the time-dependent volume change in soils and the degree
of consolidation of an embankment is a measure of the
dissipation of the excess pore-pressure,

One way of estimating the initial excess pore-pressure
set up when load is applied to an unsaturated soil is to make
use of the pore-pressure coefficients A and B proposed by
Skempton {1954).

In defining the pore-pressure coefficient B Skempton
£irst subjected a sample of soil in a triaxial apparatus to
an increase in cell pressure Ao, and measured the corresponding

increase in pore-pressure Au;. B was then defined as,
B = 2os ... {3.2)
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pressure Au, and Skempton showed that
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The total increase in pore-pressure is Au = Aui+iup

and by combining (3.2) and {3.3):
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Bishop (1954) defined a pore-pressure coefficient B which

he proposed to be used in the design of earth embankment Qams,

5 sy ) (1-R)
B oo A% Re ] ...{3.5)

where KX = effective stress ratio = §§17
1
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The value of Kk for embankment dams will lie somewhere
between the effective stress ratio K, for soils at rest and
Kf for soils whexre failure is imminent (Bishop, 1954).

The extreme values of B can be determined in the triaxial
test by choosing appropriate values for Ko and Kf. The major
principal stress ¢; and the minor principal stress o, are then

changed simultaneously in the triaxial machine in such a way that
by = K, .b0%
or Aoy = K.80.

depending on the choice of effective stress ratio. By wmeasuring

the pore-pressure the value of B can be determined from:

5 - e
{Bishop and Henkel, 1962},
By knowing the extreme values a reasonable estimate of B
can be made to calculate pore-pressures in embankments.
The pore-pressure coefficients described above assume the
existence of a single compressible fluid in the pore space
and the effect of changes in suction are ignored.
Bishop and Henkel (1962) proposed pore~pressure coefficients

for the air and water phases of an unsaturated soil,

Au
B, = -2
2 Ao
» ... (3.56)
u
and B = —X
w Aa

Pore-air pressure is always higher than pore-water pressure
in an unsaturated soil (Bishop and Henkel, 1962) and Blight (1961)
found that the pore-air pressure set up in unsaturated soil

during compaction could he above atmospheric pressure. Undex
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increasing load the suction (ua—uw) decreases and the pore-

air and pore-water pressures converge (Figure 3.1).

/

AIR PRESSURE

WATER PRESSURE

toraL stREsS
au,

aw

Figure 3.1

During this process the values of B, and Ew both increase
and tend towards one. AL the point of convergence the soil

becomes saturated and,
B =B =B =1 (neglecting the effect of shear)

At this point all the excess pore-pressure is set up in
the pore-water. This doss not invalidate the assumption that

effective stress in an unsaturated soil can be approximated by
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t'=g-u
4 a a

as v, becomes u, at the point of saturation.

In unsaturated soil the effective stress is dependent
on (o-u ) (see Chapter 2) and the pore-pressure cosfficient
of interest in this case 1s B .

To estimate values of B, from cedometer test results it
is necessary to know the change in pore~air pressure for a
corresponding change in total stress. Conventional cedometers
have no facility to measure pore-ailr pressure and a way must
thus be found to estimate 1t.

Hilf {(1948) and Bishop (1957) combined Boyle's and
Henry's laws to estimate pore-air pressures in an unsaturated
soil. The change in pore .ir pressure Aua corresponding to a
change in volume AV is given by,

oo
v

Au_ = u NS - RS — L 3T
a ao AV
\7; + no(l—So+HSD)

where u, = initial absolute air pressure in the pore space

v = initial total volume of soil

£l
]

initial porosity of soil

s = initial degree of saturation

£
]

Henry's coefficient of solubility which is
approximately 0,02 volumes of air per unit

volume of water at normal temperatures.

Tt ig important to note that a decrease in volume
corresponds to & negative value for AV which will give a
positive value for the pore—air pressure in equation (3.7).

Egquation (3.7) is valid as long as there is air present
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in the sample of soil. As socon as the change in pore-alxr
pressure exceeds,
(1-s )

Au, = u o ... {3.8)
a ao 5,8

the sample is saturated and an increase in pore pressure will

be equal to the increase in total applied stress (ie B, = B=1).
To estimate the value of B, from oedometer tests it is

! necessary to know the relationship between (U—ua) and volume

chamge. This curve can be obtained by making the normal

assumption that all the excess pore pressure in the cedometer
has dissipated when the 24h volume change reading for a

N specific applied stress is taken. The total stress for an
undrained condition can then be estimated by adding the excess
pore-air pressure, as calculated from equation {3.7} for a

specific value of ‘AI_V + to the corresponding value of (c—ua) B

o
as indicated in Figure 3.2 .

stresy

/

4 —
o1 -
e TOVAL STRESS CURVE

{9 ~U3) curve

Pigure 3.2
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The value of B, is given by,

au
B, = —= Lo l3.9)
2 ba
To calculate the value of Au_ in equation {3.7) the value

of Ry must be estimated. This value is usually assumed to be
atmospheric pressure although there is evidence to show that
this is not necessarily so in compacted soils (Blight, 1961).
This should be kept in mind when estimating values of Aua

and the sensitivity of Ba to various valuesof LI should be

Increased values of o, will result in higher

estimated.
a

values for B .

3.3 Estimating Bnd of Constructjon Pore-air Pressures

in Barth Emhankments
Before discussing methods to estimate e¢xd of construction pore—
air pressures in embankments, some of the factors affecting

these pressures will be listed:

2.3.1 Congtruction rate
If the rate of construction of an embankment is high the end
of construction pore-ailr pressures may be high. If the pore-
air pressures are allowed to dissipate during construction by
decreasing the construction rakte these pressures would

obviously be lower.

3.3.2 Properties of the soil

The properties of the soil which would most likely influence the
end of construction pore-air pressures are the degrse of
saturation immediately after placing, permeability, compress—
ibility and density.

{i) By increasing the degree of saturation in equation

(3.7) the value of Aua will alsc be increased, leading




(ii)

{iii)

(iv)

{v)
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to a higher value of Ea which in turn will be
responsible for the development of higher pore-air
pressures in the embankment.

The permeability of the soil will affect the amount
af dissipation of excess pore-air pressure that will
oceur during the construction periocd. The higher the
permeability the lower would be end of construction
pore~air pressure.

The compressibility of the soil structure will
control the fraction of total applied stress that
will be transferred to the pore-air for a given
degree of saturation. The higher the compressibility
of the soil structure the higher will be the initial
excess pore-air pressure.

The coefficient of consolidation ey will be used as
an alternative to the two properties menticned above
as it is a function of both the permeability and
compressibility of the soil.

The density of the s0il determines the magnitude of
the total stress increase with the addition of each
layer during construction, The higher the demsity
the higher will be the excess pore-alr pressure (all

other factors remaining constant.)

3.3.3 Geometry of Embankments

The geometry of the embankment will affect the dissipation

process.

If the embankment is low and extends for a considerable

distance in the horizontal plane the dissipation of excess pore-

air pressure would be essentially one-dimensional. On the other

hand if the ewbankmeat has steep sides two-dimensional dissipa-—

tion will occur {(assuming that the embankment extends for a
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considerable distance in the third dimension and that
dissipation in this direction is negligible.)

Hilf (1948) and Bishop (1957) proposed methods to
estimate end of construction pore-air pressure in embankment
dams. These methods were based on the following assumptions:

(1) No dissipation of excess pore-air pressure occurs

during construction

(ii) The change in major principal stress (Ac)) could

be approximated by the weight of a vertical column
of soil directly above the point under consideration

(i11) The pore-pressure coefficient B, is known or can be
calculated.

In essence the pore-~air pressure is estimated at a certain
point by calculating the total stress caused by a column of
soil directly above it and then this value is multiplied by
the pore-pressure coefficient B, to give the pore-air pressure.

Figure 3.3 illustrates the above.

IS

HEIGHT OF SOIL ABOVE A

o

* DENSITY OF SOIL

ToTAL STRESS AT A ¢ Bk

PonE-FLUID PRESSURG AT A f 8 Fh

Figure 3.3

The effect of dissipation of pore-pressure during
construction can also be studied in this way as was done by
Bishop (1957} for the Usk dam. This dam was built in

sections over three seasons with the bulk of the dissipation
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occurring at the end of each season. After a section had been
completed a drainage blanket was laid before proceeding to
construct the next section. It was found that the decreased
compressibility of the soil due to dissipation and
consolidation during the shutdown periods gave rise to lower
values of the pore-pressure coefficient with a consequent

lower rate of excess pore-pressure build-up during subsequent
construction. The pore-pressure coefficient which was used to
estimate the pore pressure in the second and third construction
periods was obtained by allowing a certain percentage of
dissipation in the undrained triaxial test before proceeding to
simulate the loading for these periods.

The major principal stress ¢1 in an earth embankment is not
vertical except on an axis of zero shear stress (Bishop, 1954).
It is however reasonable to assume thator is vertical
especially in the core under the crest of an embankment having
an almost symmetrical cross-section.

Pore-alir pressures at the end of construction, taking
dissipation during the construction period intc account can be
estimated if it is assumed that although dissipation occurs in
two dimensions, settlement occurs only in one. The theory
developed here is an extension of the method used by Gibson
{1958) to estimate pore-pressures in the Usk dam. BAll the
assumptions normally made in sottlement theory are also
applicable here (see eq Terzaghi, 1943).

The equation governing two-dimensional dissipation of

excess pore~air pressures is:
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30
3u
— ... (3.10)
3t
where u, 2 = excess pore-air pressure
t = time
¢, = coefficient of consolidation
%,y = coordinates of peint under consideration ‘

By applying the effective stress law it can be said for

constant total stress that,

u ?g_ !
—2 = -3 ... (3.11)
ot 3t

where ay‘ = effective stress in y-direction lie by

considecing settlement in the y-direction only)

Equation {3.10} can be written as,

30 1 3%u 3%u
-1 =, —2 £ ... {3.12)
3t ax ay?

The behaviour of an element in a satuvated soil which
increases in height with time will first be considered before
proceeding to the behaviocur of unsaturated soil.

Consider an element of soil at constant distance y from

the base (Figure 3.4)

TOP OF SOIL INGAEASING IN HEIGHT WITH TIME

T

Figure 3.4
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In Figure 3.4 h{t) is the height of the layer of soil
expressed as a function of time.
The total stress in the y-direction at the element at
any time can be written as,
Ty = y {h-y) e (3.13)
where o'y = total stress in y-direction
y = density of the soil
By applying the effective stress principle,
ay = cy' + u = y(h~y) (2 = excess pore-water pressure)
or ny‘ = y{h-y) - u e (3.24)

Substituting equation (3.24) into (3.12) (for saturated soil),

2
oL, {a—“+ + y.2R ©..13.15)

3t ax?  3y?

From equation {3,15) it can be concluded that the pore-

pressure at any time is dependent on:

(i) The dissipation that has already occurred

3%u 2%y
[CV Gz + 5;7)

and (ii) The increase in pore-pressure caused by the increase

in height of the embankment {y 2—‘;)

Tf an unsaturated soil is used to construct an embankment,
instead of a saturated soil, the increase in pore~pressure sach
time the embankment height is increased will be a fraction of
that for a saturated soil due to the fact that the compressibility

of the air is relatively higher than that of the soil structure.

e
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The increase in pore-alr pressure in an unsaturated soil can
thus be written as Ba.y.%%. Equation {(3.15) for an

unsaturated soil can be rewritten as,

3u 3%y 3% ah
R e (2 2 4 By, — .. {3.18)
3t MY 2y? 2t

3.4 The Coefficient of Consolidation €y for Unsaturated
Soil

So far all the constants required to calculate pore-pressure by
using equation (3.16) are eithar known or can be estimated,
wxcept for the value of 2y The determination of the
coefficient of consalidation (c ) for unsaturated soil from
ocedometer tests will now be dealt with.

To explain the determination of <y for unsaturated soil,
the typical curve for saturated soil will First be discussed.
By plotting compression vs the square root of time for such

compression to occur a typical curve as appears in Figure

3.5 usually results.

COMPRESSION {PERCENT}

c

32

N

/o0 THE —>

Figure 3.5
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Three distinct stages can be identified from the curve:

{1)

(ii)

(1ii)

AB, the initial settlement which results mainly due
to imperfections in the apparatus such as bedding
down of the loading plate and possibly compression
of small occludad bubbles of air in the saturated
soil.

BD, the primary settlemenu which results from the
slow transfer of load from the pore-water to the
soil skeleton due to the dissipution of excess
pore~water pressure during drainage.

DE, the secondary compression which occurs
independently from any changes in effective stress
and may be the result of changes in the electrical

forces betwesen the particles (see eg Burland, 1961).

A straight line (BF) drawn tangent to the primary

consolidation curve intersects the ordinate axis at B. This

point is called the corrected zero.

Figure 3.6 indicates the typical shape of a settlement

curve for an unsaturated soil. It is similar to the curve for

a saturated soil (Figure 3.5), except for a change in scale.

The curve for an unsaturated soil can also be divided into

three sections:

(i)

(11)

AB, the initial settlement whick is caused by the

same factors as gilven for saturated solls with the
additional effect of the larger difference between
the compressibilities of the pore-fluid and the

soil-structure, This t will be disc: d

in more detail further on.
BD, the primary settlement which results from the
transfer of load from the pore-~air to the soil-

structure,
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{iii) DE, the secondary compression
A

0

100

w
s
g

OIAL GAUGE READING

s00 S
S
2 \'\'\\Lc
sao
3
JWE {/ViwuEs )
Figure 3.6

The main reason for the large difference between the
initial settlements of the saturated and unsaturated soils
can be attributed to the larger air content of the wnsaturated
s0il.

Assure that the value of Ba is known for the soil being
tested. If a load P is applied to the sample the excess pore-

air pressure would increase by
bu, =B .P - (317

The change in effective stress in the soll at the instant

of load application would be

bo' = P-B_.P

or Aot = (l—Ba).P ... {3.18)

This sudden increase in effective stress would result
in an instantaneous settlement, presented by AB in Figure 3.6.

The root-time method used to calculate ¢, for saturated
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soil is based on the theoretical shape of the settlement
curve. The shape of the primary settlement part of the
settlement curves in Figures 3.5 and 3.6 (sections BCD) are
both determined by the dissipation of excess pores-pressure.
The excess pore~pressure in an unsaturated soll is smaller
than the excess pore~pressure in a saturated soil under
similar load and the former also dissipates faster due to the
higher permeability of the soil to air. The shape of the
primary settlement curve for an unsaturated soil will however
be similar to the classical theoretical shape of this part
of the curve for a saturated soil (Blight, 1961).

It can thus be concluded that the excess pore—pressures
in the two soils will dissipate in a similar way and the
shape of the theoretical settlement curves for these parts
of the actual gettlement curves (sections BCD) would thus be
similar. The position of %0% consolidation for unsaturated
s0il would thus be determined in exactly the same way as
that for saturated soil by drawing line BC in Figure 3.6 in
such a way that its abscissa is 1,15 times that of UF. The
only difference in the determination of c  for an unsaturated
soil is that the distance AB (the initial settlement) is much
larger. To predict the value of e, for unsaturated soil as
accurately as possible it is important to identify tha
corrected zero (that is the position of B) correctly. After
the time for 30% consolidation is determined by drawing lines
BF and BC from B the value of c, can be estimated in the

conventional way (see eg Taylor, 1548).

3.5 Settlement of Bmbankments Constructed of

Unsaturated Soil

The ultimate settlement of the crest of an embankment can be

"

et e et
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given as,
§ =8, + ¢ ... (3.19)
i <
where Gi = immediate settlement during construction
8, = consolidation settlement after completion.
The immediate settlement consists of three parts,
6y = 8 * Snae T Sooms
where Ee = settlement of the crest caused by shear
deformation in the embankment
8 ns¢ © instantaneous settlement due to the immediate
increase in effective stress caused by the
higher compressibility of the pore-air
relative to the soil structure.
Scans = consolidation settlement that occurs during

construction due to the dissipation of excess

pore=-alr pressure during this period.

In this dissertation the assumption will be made that the
effect of shear deformation on the settlement of the crest
(6,) is negligibly small as compared to the instantaneous
and consolidation settlement during construction. The equation

for immediate settlement will thus be,

6, =6 + 8 2ae (3.20)

i inst cons

To be able to estimate immediate settlement of an
unsaturated soil a method is required to estimate the
instantaneous increase in effective stress in the soil at
load transfer as well as the dissipation of excess pore-aixr
pressure during construction. This is provided by equation

(3.16) .
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3h .
After completion of the embankment the term Ba.y. 3¢ in

equation (3,.16) falls away and settlem.nt ~f the crest will

be determined by,

—_2 -2 L0302

z 2, )
su - [3 , 3%u
vV | ax? ay?

at

The pore-air pressure in an embankment can thus be
estimated at the end of construction by using equation (3.16)
and with the aid of equation (3.21) the time-settlement curve
can be estimated after completion.

To facilitate the calculation of settlement the central
core can be divided into a number of horizontal layers as

indicated in Figure 3.7

CENYRAL CORE DEVILED NTO

¥
HORIZONTAL LAYERS

SECTION [MROUGH EMBANKMENT

Figure 3.7

The average effective stress in cach horizontal layer can
be estimated by determininy the average total slress and the
average excess pore-air pressure for each horizontal layer.

The average total stress in each layer will be,
o= v.h LJ043.22)

where h = distance from the crest to the centre of the

horizontal layer.
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The average pore-air pressure \_za is the average value
of the pore-air pressures at different positions in each layer
as calculated with equations (3.16) and (3.21).

The average effective stress in each layer will thus be,

=g -u ... (3.23)

The change in void ratio Ae can be determined for each
layer from the e: log P curve for the soil used to construct

the embankment (see Figure 3.8).

voID RATI0, &

iog P

Pigure 3.8

The total settlement at any time for any layer can be

caloeulatod as,
6t = o, H eea (3,24}
where e = initial void ratio
H = thickness of the layer of soil

The total settlement of the crest at any time is the sum

of the settlements of the horizontal layers at the same time.
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The immediate settlement &; is the settlement of the
crest that has already occurred at the end of construction
and the consolidation settlement 5cis the @ifference between

the vltimate settlement § and the immediate gettlement,
8 =8 - 8, .o (3.25)

The ultimate settlement (all excess pore-pressure has
dissipated) can be calculated by using the e:log P curve

a" 1 eguating the effective stress to the total stress.

3.6 Conglusion

R method to estimate the pors-pressure coefficient B, from
oedometer test resulis has been presented.

The equation,

—3 = ¢

E 3% 3%u ) 3h
a s
3t v

a
+ -_;—1 + By, —

ox? Ay 3t

can be used to estimate pore-air pressures in embankments at
the end of construction. This equation takes account of the
factors affecting pore-air prossures in embankments at the

end of construction which are construction rate, soil properties
(cv, B, and y) and embankment geometry.

Time-settlement curves for oedometer tests on unsaturated
soil have larger initial settlements than similar curves for
saturated soil. Care must be taken to correctly determine the
position of the corrected zero before proceeding to estimate
the value of Gy

The ultimate settlement of an embankment consists of two
components which are the immediate settlewment &i which ceccurs
during construction and the consolidation settlement éc which

occurs after completion of the structure,
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The settlement of the crest of an embankment can be
calculated at any given time with the aid of the principle

of effective stress and the relevant e:log P curve.

»
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CHAPTER 4

DEVELOPMENT OF COMPUTER PROGRAM

4.1 Introduction

To apply the differential eguation derived in the previous
section in a computer program it must be written in finite
difference form. This chapter will deal with the derivation
of the finite difference eguation and the basic philosophy of
calculating pore-pressures in an eartl 2mbapkment by using
this equation. A flow chart of the developed program will
also be presented. Only the calculation of pore-pressures

in homogeneous embankments with filters will be considered.

4.2 Deriva .on of Finite Difference Equation

As mentioned in the previous chapter only dissipation of pore-
aix pressures in two dimensions will be taken into account.
Consider part of a finits difference grid with equal grid
dimensions in the horizontal and vertical directions as

indicated in Figure 4.1

ay=ax

Figure 4,1



i

42

A finite difference equaticn will be derived to calculate
the value of the pore-air pressure at node O one time step

further. Equation (3.16) can be rewritten for convenience:

su a%u 3%u
—E=c [ Ly 2+ 8
v a

at ax? 3y?

Let 3x = Ax = distance between the nodes
9y = Ay = distance between the nodes
3t = At = time step

#h = Ah = increase in height per time step

3%u
2 can be written in finite difference form as,
3x
32ua wj -2ugtu;
ax? (ax)*
aZua Uy ~2Ug Uy
and B e
ay? {ax)?
where up, ui, ... etc are the pore-air pressures at the

different nodes at a specified time.

Set the value of the pore-air pressure at node O one time step

later = u_ .
ot

Equation (3.16) becomes,

Uy, U 1 Ah
e = o e {uytugtugtuy -y ) + ¥.B . —
at (ax)? At
c,-At
or u, = (wrtuztus+uy~4ug) + ug + v.B AR e (4.1

(ax}?
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4.3 caleulation of Pore-Air Pressures

The calculation of pore-air pressure in an embankment under
construction can be viewed as a calculation in three-dimensional

space with axes x, y and t (Figure 4.2)

FINITE DIFFERENCE GRID

at

Figure 4,2

The most convenient way to calculate pore-air pressure
which is set up during constructlion in the embankment is to
let the increase in heitht for each time-step be equal to
: the vertical grid dimension (ie Ah = Ay). Figure 4.2 chows
the change in embankment height for one small time-step 4t.

T. calculate the pore~air pressures at each node on the
finite difference grid at time (t + At) by using equation (4.1)
it ls necessary to have a knowledge of the values of the pore-
air pressures at <ich node at time-step t. It is thus
necessar, to initialise the values of the nodes in the first
few layers when the calculation is commenced. If a fiie grid
is used insccuracies in these initial values will not have a

big influence on the ultimate values of the pore-ailx pressures




44

at the end of construction. It is Lowever desirable to have

initial values that are as accu. :s possible. To achieve

this one could employ rigorous .mathematical solutions of

similar problems.

1 . h
m-
3 . < HEIGHT OF SOIL AT TIME 1
! (588 Fio.3.4)
R B U, - EXCESS+ HYDRO-STATIC
N ; 3

y
’ A *® r’} PORE-PRESSURE

s \ Uy~Excess poRE-PRESSURE

\ on

\‘ \' . 7‘ ’ )‘s e r-'x,
11

whe

° R o a4 e s
Yw
LY Th
IMPERKEABLE BASE PERMEABLE BASE

PORE PRESSURES I A SATURATED CLAY LAYER (CAEASING f¥ HEIGHT WITH TIME AT
A CONSTANT AATE

(AFTER GiBSON,1950)

Figure 4.3

Gibson (1958) published results of a rigorous mathematical
solution of the differential eguation for consolidation of a
saturated layer of soil which increases in thickness with time
at a constant rate. These solutions can be applied to layers
of soil where the horizontal dimension is much larger than the
vertical dimension and could thus be used to estimate pore-air
pressures during the initial stages of construction of an
earth embankment. These values must however be modified for
unsaturated soil by multiplying them by B . To facilitate in
estimating these pressures the results were presented in
graphical form as indicated in Figure 4.2. A sample
calculation demonstrating the use of these graphs is presented

in Chapter 5.
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To calculate the values of pore-air pressures at
different time-intervals during construction there are
basically two procedures to follow (also see Figure 4.4):

(1) In the centre part of the embankment load is added

while dissipation occurs simultaneously and the
complete equation must be used in this section (A),
ie

¢ .0t

v
(ax) 2

e (U tuztuztus~dug) + up + Ba.v‘Ah

{ii) In the sections beneath the sloping sides (B) no
additional load is added and only dissipation occurs,
consequently only part of the finite difference
equation must be used here,

cv,At

L (uy+uz+ustus-4ug) + ug ... (4.2)

(ax) 2

FINAL BROFILE

PRESENT MEIGHT OF

*SECTICN & 3 LOAD (S ADDEG AND DISSIPATION OCCURS SIMILTANEOUSLY
“SECTIONS B ONLY 2ISSIPATION OCCURS

Figure 4.4

It is common practice to installpressure relief filters
in embankments when high pore-pressures are expected. The
pore-pressures at these filters remain zero at all times with
a resultant effect on the pore-air pressures at the nodes on
the finite difference grid surrounding them. The filter nodes

should be identified in the finite difference program and kept
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at zero pore-air pressure at all times.

In the program developed in this dissertation the base of
the embankment is assumed to be horizontal. Two drainage
conditions are possible at the base which can be either
permeable or impermeable.

If the base is permeable the excess pore~air pressures at
the base will be zero at all times. These nodes can thus be
treated as if they were filters.

Estimating pore-air pressures on an impermeable base
presents a problem. Figure 4.5 indicates the nodes that should
be considered when calculating pore-air pressures at node O

on an impermeable base.

IMPERNEABLE BASE
3 lo . /

7 7

Figqure 4.5

All the pore-air pressures required to calculate from

u
ot
equation (4.1) or {4.2} are known except the pressure at node 4.
By making the assumption that the pressure difference betwesn
nodes 1 and 3 is negligible, which is a reasonable assumption

when a fine finite difference grid is used, it can be said that,
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o
=

f

= 0 PR}

o)
<

at the impermeable boundary.

Write equation (4.3) in finite difference form,

-y

24y

or Uy = uy ... (404)

Bll the values of the nodes within the impermeable base
(the so-called ghost nodes) can thus be set egqual to the
values of the nodes on the opposite side of the base boundary

and the value of u , calculated by using either equation (4.1}

B
or (4.2) depending on circumstances.

The pore—air pressures at the free boundaries of the earth
embankment will remain zero at all times and need not be
recalculated.

The recalculation of pore-aix pressures during construction
in the row of nodes just below the moving top boundary of the
embankment also require special consideration. If the finite
difference equation is considered for the nodes in the top
row, ie the moving boundary, at time t just before the new

load is added then,

Y.B,.6h = O
and u, =0

The finite difference equation then bhecowes,

¢ .At
Frand (uy+ugtugtuy~duy) + uy = O ... {4.5)
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Nodes 0, 1 and 3 are on the top boundary and the value of
pore-air pressure at these nodes is zero., Equation (4.5) thus

becomes,
Uy = -uy ... (4.6)

The value of the ghost node (node 2) is thus known.
The pore-air pressure at node O at time t + At can be

calculated as,

cv.At
LI {o1-wy tus+uy—dug) + wg + B,.Y.bR
° ax)?
= Bs.y.Ah {ur=uz=u,=0)

It can thus be concluded that the values of pore-air
pressure at the nodes in the row just below the top moving

boundary at time t + At are given by

- 4
ug, B, .y.bh o a)

4.4 Flow Chart for Computer Program

Before presenting the flow chart, the basic calculating
procedure will be discussed. The ewbankment to bhe analysed
must first be placed into a coordinate system (or finite
difference grid). The coordinate system that was chosen to
be used in this program consists of horizontal rows with a
numbering system that changes a thousand at a time. The
vertical columns were numbered in normal sequence (see Figure
4.6). In a system like this each node has a specific number,
eg the number of node A in Figure 4.6 is 3003.

The procedure followed in the computer program was to
recalculate the pore-air pressure at each node for a new time-

step in a row by row seguence. By following a sequence like
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this it is only necessary to have a knowledge of the first and

1 last node numbers in each row as well as the number of the
I last row to define the geometry of the embankment.
I

8000
1000
!
6000
5000
<000
'
1 A
1 2000
2000
A 1000
2 3 e s 6 1 8 s 1w m
) s 000
i 000
i
, 7000 Row
5 8000 L
x N
ud N,
5000 AL
- e
N OF EMBARKMENT
A
<000 N
i- p
s
| gl
3000 £ TOP ROW FROM
WHERE CALCy—
. UATioN SO
2000 &) i3
[ ——mimia ceome-
TAY OF EMBANK-
voon L4l e mewy
2 [ TR R

Figure 4.7
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To be able to commence the calculation initial values of
pore-air pressures in the first few constructed rows must also
be known. These values are obtained by making use of Figure 4.3.
The row number of the top row where analysis commences must be

known. See Figure 4.7 for clarity.

It shouid be noted here that if row numbers are used to

define geometry, the actual number of the row is used, ie

1 instead of 1 000, 2 instead of 2 000 etc. The numbeiring .
! system progpused in Figure 4.6 refers only to the numbers of the

! nodes. |
; Referring to Figure 4.7 tht initial data required to

define the initial and final geometry of the embankment would

be:
» Number of final row (M): 7 ;
Number of vow from where calculation commences {IS): 3 I
. Wode numbers to define free boundary of embankment: '
H Row First Node Last Node
|
; 1 1002 1015
@ 2 2003 2014
i 3 3004 3013
i 4 4005 4012 '
: 3 5006 5011
i 6 6007 6010
. 7 7008 7009
|
i The initial values of pore~air prasvires for nodes
1001, through 1OLS
! 2001 through 2015
i 3001 through 3015
I are also required. (Note that the initial pore-pressure value

of node 2002 for example will be zero).
The calculation is now continued by calculating new values
for pore-air pressures at each node after an additional layer

has been added.
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When row 7 has been reached the pore-air pressures can
be calculated for an undetermined time by allowing dissipation
of pore~air pressures only. This calculation enables one to
predict a settlement curve for the embankment.

Two arrays are used in the calculation of pore-—pre’ssures.
Array P is used for the pore~pressure values in time-step t
and array B for those in time-step (t + At). After all the
pore-pressures in a new time-step have been recalculated the
values of array B are placed into array P and the procedure
repeated.

The following f£low chart symbols will be used,

FLOW CHART SYMBOL COMMENTS

READING OF DATA

WRITE

PECISION STATEMENT

EXECUTABLE STATEMENT
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FLOW CHART FCR CALCULATING PORE-AIR PRESSURES

IN AN EARTH EMBANKMENT

Flow Chart Comments

N,IS,T,Y

(K(1),L(I),
I=1,N)

N = Total number of rows

15 = Number of top Trow
whea calc commences

T = time-step
¥ = grid dimension

K(I),L{I) = first and
last nodes of each row

L1=L(1)-1pp@
K1=K(1)-1¢9¢

DO 1§ Il=1,IS

Read in values of
K1=K1+1¢g4d initial pore-pressures
L1=L1 #1066 in first few layers

(ie 1 to Is)

in a row by row sequence

P(I),I=K1,L1

~T|LPCONTINUE




M = IS+1

F_»Do 26 12-M,N

¢ P(I)=p

CV1,BBARL,
GaMMAL

FIL”ERS IN EMBANKMENT

53

Initialize all the
pore~pressure
values of the
non-constructed
nodes
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IF=Number of filters

TF,IFIL(J), in embankment

=1, IF

IFLL{J)=Node numbers
of filters

MM=N -1

DO 314 I-1s,My v__@

N
BASE PERMEABLE? “”"@

[1o 278 xeee. NG

R=X (K1) +1
K=L{K1}-1

DO 274 J=KK,LK «‘._@




IS NODE IN CENTRE CORE

18 NODRE I¥ RQUW
JUST BELOW TOP ROW?

NO

B(I)=GVLAT/ (Y42} %
(P{I+100P)+B (I-1005)
+P(I+1)+P(I~1)~4*P(I) +P (I}
GAMMAI¥BEARL*Y

BLI)=CVLI*T/ (Y*%2)*
0 (J+100¢) +P (I-1000) +
PI+14P{I-1)=5*B (1P (J)

]

B(I)=CAMMALK
BBARL¥Y

G

27¢ CONTINUE 4_<::)

55

Recaleulate pore—
pressures in
permeable based
embankment {central
core)

Recalewlate pore-—
pressures in sides

Recalculate pore~
pressures in row
juse belew top
row




e T

X5-K (1)+108¢
L5=L (1) *1p¢8

:

~—>1 D0 18§ J=K5,L>

1 .

J3=3 2080

be—— 139 pID=2(D

Do 21¢ K2=1,1

KK=K{K2)+1
LK=L{K2}-1

DO 21P I=KK,LK

56

Give values to
Ghost * nodes in
impermeable base

e e R T Y e T Y T G R e




TS NODE IN CENTRE CORE|

1S NODE IN ROW JUST
BELOW TOP ROW?

B(IY=CVLAT/ (Y*%2)%

(B {J+100¢)+P (I-1008) +P (J+1)
P{I-1)-4*P (1)) +R(I)+
CAMALRBBARI*Y

E——C)
214 CONTINUE ——@

B(J)=CVINT/ (Y#=2)*
(P (I+1p80) +B (I-
196@)+P (I+1)+2 (3
-4 P(IP()

B(J) =GAMMAL*
BBAR1¥Y

57

Recalculate pore-pressures
in impermeable based
embankment (central core)

Recalculate pore-pressures
in sides

Recalculate pore-pressures
in row just below top row
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D0 289 L8=2,I

KK=K(L8}+1
1 LK=L(L8)~-1

it Place recalculated

k pore-pressures from

- array B inte array
P for permeable base

—~1D0 286 J=KK,LK

288 R(I3=BI)

T




Rl

Do 3¢¢ L9=1,1

KK=K(L9)+1
LE=L(L9)~1

S

PO 386 JI=KK,LK

T

68 P(I)=B(3)

59

Place recalculated
pore-pressures from
array B into array
P for impermeable
base




FILTERS IN EMBANKMENT?

DO 365 I~1,IF

L

3@5P(IFIL(JI))=0

O

31¢ CONTINUE

60

Set the pore~
pressures at all
Eilcers = §




1=1,8 "NO OF
FILTERS=",TF

"NODE NO'S OF

[FILTERS",IFIL(N),
¥=1,IF "TINESTEP="
r

"GRID DIMENSIONS="
14

ov=t,GVL, "BBAR="
BBARL , "GAMMA
GAMMAL'BASE

12/ PERMEABLE

I'BWP'S AT END OF
CONSTRUCTION™
psp AT, g, 7=,
P (J),J=K (L), L.

PAVERACE PWP
(CENTRE CORL) AT
END OF
LONSTRUCTION

61

Print all relevant
data and pore-pressures
at each node at end of
construction

print heading for
values of average
pore-pressures in
centre core which
will be used to
calculate
sertlement
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(D0 476 L2g=1,N

K28-L26* 1408

I

AV (L28) = (B (R20+168) +
P(K26+169) +2 (K291 18)+
P (k2 111)+B (K2f+112)+
P(x2¢+113))/6

"AVERAGE BWE
FOR LAYER",L2#,
=", AV(L28)

476 CONTINUE

62

Calculate average

pare-pressures im

centre core at end
aof comstruction




M1@,N1¢§

DC 748 L13<1,M19

#

O 8¢9 K13=1,N10

BASE PERMEARLE?

DO Y#B KSg=2,120

1

KK=K (K5¢) +1
LK=L (K5$) -1

|

D0 9¢¢ J=KK,LK

l

9¢ﬂn(l)=cvé*r/vﬂﬂ
2% (P (J+1g0) +p (J-

1PPE) 4B (IHL)4F (3
47D (I )P (1)

63

Calculation of pore-
pressures at
different intervals
after coastructiom
commences here.

Hlg=Number of
intervals where
pore-pressures is
required

Nif = Humber of time—
steps pex interval

Recalculate pore-
pressures at
different time-—
intervals for
permeable base after
completion of
embankment




64

peiD0 928 K51=2 MM

52=R(K51)+1
L5I=L(K51)-1

Place recalculated
pore-pressures into
arvay P from array B

—~po 929 J=K52,152

—

-

92¢ P(J)=B(J)

min e




K14=K(1)+19p¢
L14=L(1)+180¢

|

——iDO5P@ J=K14,L14

ra=J~20¢¢

|

s@d P (IT)=P{I)

&5

Give values to
ghost nodes in
impermeable base
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D0 524 K15=1,M

K=K (K15)+1 Recalculate

LKmT, (K25) ~1 pore-pressures at

i a new time-step

for impermeable base
after construction
is complete

: DO 528 J=KK,LK

526E(3) = q’x*'r/(v**z

[ (p (J+ 10001 +P (3
L—ipg) +p (G+1) 42 (-1
-4%p (3))+E(3)

T

e et o A




DO 522 K17=1,MM

|

18=K{K17)+1

L18=1L(K17)~1

522 J=K18,L14

’“JSZZ P(I)=B(I)

67

Place recalculated
pore-pressures
into P array from
B array



FILTERS IN EMBANKMENT?

DG 525 J=1,IF

e—— 525P (IFIL(J))=4

@ 86$ CONTINUE

AVERAGE EWE'S
IN CENTRE CORE"
L13,"TINE
CYCLES AFTER
COMPLETION"

68

Set pore-pressures
at filters =

Print heading for
values of average
pore-pressures in
centre core at a
certain interval
after completion




DO 681 L16=1,N

16=L16%198¢

L"’“ 6$1 CONTINUE

AV (16)=(P(K16+1¢8)+
P(K16+189)+P (K16+116)+
P(K16+111)+P(K16+112)
+P(K16+113)) /6

“AVERAGE PWP
FOR LAYER",L16),]
"=",AV(L16)

.

\

)

7¢9 CONTINUE f——s

Calculate average
pore-pressures in
central core row
by row and prinmt
results
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CHAPTER 5
RESULTS

5.1 Introduction
In this chapter the results are given of settlement calculations
performed for the Mita Hills dam in Zambia. The calculated

settlements are compared with the measured settlements.

5.2 Description of Emb t Dam

The Mita Hills dam that was used as a case study in this
dissertation is located near Kabwe in Zambia and was built in
1957 to provide augmented hydro-electric power for the Broken
Hill mine.

The Mita Hills embankment has a maximum height of 48,8 m
and a crest length of 366 m., It was built of rolled earthfill
and has a sloping filter as well as twelve pore-pressure
relief drains in the downstream zone. A schematic plan of the
dam and a section at maximum height are given in Figures 5.1
and 5.2.

The sub-tropical climate of Zambia forced construction
of the whole dam to be completed within the dry season which
is between July and December. To place the £ill of approxi-—
mately one and a quarter million cubic metres in six months
required working 22 hours a day for seven days a week.

The high construction rate required sophisticated
quality contrel techniques as there was no time to do any
substandard work. The techniques which were used to control

quality were Qescribed by Blight (1962).
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SCALE

PLAN 0F DAM
(AFTER LEGGE, 1970}

FIGURE 5.4

DIVERSION CANAL

71




o__to _ 10 %0 30 190

SECTION AA OF EMBANKMENT

FIGURE 5,2

1, 4Em ROCKFILL
2. 12m NATURAL GRAVEL
3. 0,9m NATURAL GRAVEL
4. 9,9m COARSE FILTER MATERIAL
5. PORE-PRESSURE RELIEF DAAINS
6. UNIFORM ROLLED FiLt

RoCK

8. AIVER SAND
9. BANK OF DIVERSION CANAL

MAX, NEGHT: 48,8

L
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5.3 Finite Difference Grid and Constants

5.3.1 Finite difference grid

For the purpose of calculating pore-pressures and settlements

in the embankment the assumption was made that the embankment
base was horizontal and straight. This assumption is reasonable
except at the toe on the upstream side of the embankment. A
fine finite difference grid with dimensions of 1,28 m x 1,28 m
was used as a coordinate system as indicated in Figure 5.3

The number system is the same as explained in Chapter 4.

5.3.2 Sensitivity of constants
By inspecting the finite difference equation,
Cgr bt

= T - (Wtuptugtug-4ue)  + ue +Y.B .4k
(ax}

Yor

four variable constants for a specified finite difference grid

can be identified,

coefficient of consolidation

o
It

At = time-step

density of the soil

=
[

B_ = pore-pressure coefficient

A sensitivity analysis was carried out to determine the
influence of these constants on the excess pore-alx pressures
in the embankment at the end of conmstruction. This analysis
was done by changing the values of the constants in the finite
difference computer program one at a time. The average pore-air
pressure at the end of construction of all the nodes in column
111l (Figure 5.3) was calculated in each case and plotted
against the values of the corresponding constants in Figure 5.4.
It wes decided to determine the change in average pore-air

pressure in column 111 for #10 per cent changes in the various
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constants to have a common basis to compare their relative

importance (Figure 5.5).

yorn]

AVERAGE PORE PRESSURE

x-10% x xe10%
CONSTANT

Figure 5.5
The results of this investigation are given in Table 5.1:

TABLE 5.1

Percentage Changes in Average Pore-Air
Pressures for & 10 per cent Changes in
Values of Constants

Percentage Change
Constant in Pore-alr Pressure
Ba % 10,0
¢, 5 12
t F 1,3
v + 10,0
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From Table 5.1 1t can be concludad that the pore-air
pressure at the end of construction is very sensitive to
changes in the values of Ea and v, and relatively insensitive

to changes in cy and t.

5.3.3 Choice of co nts

5.3.3.1 Density of z0il v
Considering the fac: thit

ncess pore-air pressures at the
end of construction are very sensitive to changes in the density

of the soil it was decided to vary the density in th. settlement

calculations. AveIigz2 and extreme values of density were
estimated.

Density of tha

il was calculated by using the following

eguation,
v caa15.1)
where srovity I minsral grains
.ontent
e = Tailoritio
Y, = densicy 1f water = 10* M
The val._s of thosa constants were obtained fxom the

laboratory I.port on <i'e s0il which was used to construct

the embankment and wiice,

2,60

W = 0,1143

Two values for the void ratioc e had to be assumed.
The average value of e was assumed to be approximately half
way between the maximum and minimum void ratios on the e:log P

curve {see Figure 5.9) and was,
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e = 0,314

The extreme value of e was taken as,
e = 0,280

The densities calculated were,

average y = 22,1 x 10® N/m?

extreme y = 22,6 x 10° N/m?

5.3.3.2 Coefficient of consolidation

Table 5.1 indicates that the pore-air pressure is not very

sensitive to changes in Sy and it was consequently decided

to use only one value of <, in all the settlement calculations.
The value of ¢ for unsaturated soil was calculated from

ocedometer test results by using the method described in

Chapter 3. It was found that the value of Sy decreased as

the applied pressure in the ocedometer increased (Figure 5.6).

The value of ¢, used in the settlement caloulations was taken

as the average of all these values,
¢, = 10,5 m?/year

5.3.3.3 Pore-pressure coefficient B

The pore-air pressures in the embankment at the end of
construction are sensitive to changes in Ea and it was
consequently decided to vary the value of Ea for different
settlement calculations.

The values of B, were calculated with the equations given

in Chapter 3,

—_——— ——
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AVERAGE C,
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-
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Figure 5.6

The different values of Bn ware estimated by firstly
varying the value of the initial pore-alr pressure {u ) and
secondly by making two different assumptions in calculating
the constant avarage values of B, which were used throughout
the embankment in the different settlement calculations.

The values for LI that were used wexe atmospheric
pressure (100 x 10°N/m? absolute) and a higher pressure which was
assumed as 150 x 10° N/m? (absolute). The assumption that a,

a
is atmospheric is normally used in calculations of this kind
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L— h Avenace ¢
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(@ 0,307 s /m?
Figure 5.6
A
‘,n
aAn = u v B—
2 a0 ° BY
ot B (1= +8 .H)
o
Au
and B = d
2 Ao

The different ve..ues of B, were estimated by firstly
varying the value of the initial pore-air pressure (uao) and
secondly by making two different assumptions in calculating
the constant average values of Ba which were used throughout
the embankment in the different settlement calculations.

The values for u. that were used were atmosphevic
pressure (100 x 10°N/m? ‘“solute) and a higher pressure which was
assumed as 150 x 10° N/m® (absolute). The assu...ion that u,

o
is atmospheric is normally used in calculations of this kird
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(Hilf, 1348 and Bishop, 1957). The assumption of the higher
value of u_  was based on measurements of pore-air pressure in
compacted Mangla shale (Blight, 1961)., The initial absolute

pore-air pressure values were thus assumed to be

u = 100 x 10° N/m?
ao

and u = 150 x 10? N/m?
a0

Results of the calculations of values of Ba are given in Tables
5.2 and 5.3,

TABLE 5.2

Values of B Calculated from Oedometer Results

u = 100 x 10’ N/m?
8,02 100 x 107 N/m?
v Au
—%: Alo-a) du, 1Y I average
(x10% N/m?) (x10® N/m?) (x10° N/m*} 2
00,0117 35,2 42 ¢ 77,6 0,55
0,0197 70,3 98,5 " 168,8 0,58 0,60
0,0297 140,6 230,5 371,1 0,62 4
0,0333 225,0 502,4 727 ,4 Q0,69
0,0361  281,2 * * 1,0 1,00

*The sample had become saturated and the eguation for
Aue was no longer valid

A comparison of Tables 5.2 and 5.3 shows that higher
initial ypore-air pressure in compacted soil leads to higher

values of B .




TABLE 5.3

Values of B Calculated from Cedometer Results

u 150 x 10° N/m?*
8,,=-150 x 107 N/m%
AV o A, -
- 4lo~u) Au, Ao B, "o Avgzage
(x10° N/m?) (x10° N/m?) (x10° N/m?) °
0,0117 35,2 65,9 101,1 0,65
0,0187 70,3 158,7 229,0 0,69 0.73
0,027% 140,6 401,5 542,1 o,74 '
0,0335 225,0 1041,7 1266,7 Q0,82
0,0383 337,0 * * 1,00 1,00

In order to use the assumption that the values of the
constants c, Ea and vy throughout the embankment are fixed
a method must be found to estimate a weighted average value
for Ea‘ Two methods were employed in this dissertation. The
first method is based on the assumption that the average value
of B, is weighted proportionally to the cross-sectional areas
occupied by the different B, values.

The second method is based on the assumption that B, is
weighted proportionally to the height occupied by each Ea value

in a ver’ical column of g£oil in the central core.

A) By

Ai 8

A A
878 Byt A Bej
a-ara)

METHOD ©

Figure 5.7
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Settlements calculated by using the Ea values obtained
from the two methods could be compared with the measured
settlements to determine which method is better.

The following average B, values were estimated:

B _values for u __= 100 x 310' N/m?

Weighted area method:

B

= 0,90 x 0,60 + 0,10 x 1,00 = 0,64

say 0,65

Weighted c¢olumn method:

0,64 % 0,60 + 0,36 x 1,00 = 0,74

say 0,75

B _values for u = 150 x 10° N/m*

Weighted area method:

B, =0,93 x 0,73 + 0,07 x 1,00 = 0,75
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Weighted column method:

B, = 0,69 x 0,73 + 0,31 % 1,00 = 0,81

say ©,80

An extreme value calculation was also performed with
an average value of Ba that would most probably never have

occurred.

B, = 0,90

5.3.3.4 Construction time t

The assumption was made that the rate of construction was
linear. If the schematic plen of the dam in Figure 5.1 is
inspected it can be seen that this assumption should be
reasonable. Even if there were small deviations from the
assumed rate of construction the difference between actual
and estimated pore-air pressures at the end of construction
due to this variable should be negligibly small as can be
seen in Table 5.1.

The embankment was constructed over a period of six
months and the time-step reguired to construct one layer in

the finite difference grid is thus,

= 0,013 year/layer (4,7 days/layer)

5.3.3.5 Summary of constants
Table 5.4 presents a summary of the constants used to calculate

the average and extreme settlements.
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TABLE 5.4
Summary of Constants
E

Constant Average Values vﬁiizﬁe
B, 0,65 0,75 0,80 | 0,%0

¥ (x10% N/m?) 22,1 22,1 22,1 22,6
At {year/layer) 0,013 0,013 0,013 0,013

cv(mz/year) 10,5 10,5 10,5 10,5

5.3.4 1Initial Pore-air pressures

As mentioned previously values of initial pore-air pressures are
required to commence the finite difference calculation of pore~
air pressure in the embankment. It is necessary to estimate
values for the first few constructed layers by means of the
graphs presented by Gibson (1958). These graphs are in terms

of dimensionless parameters {Figure 4.3},

L ana $+K - impermeable base
and Y ana ¢ - crmeable base
h Yh P
vhere Y=y -y, s d5.2)

To estimate pore-pressures in saturated soils a constant
¢ is determined from these graphs and the pore-pressures at

aifferent positions calculated as,

u = c., y'.h+ yw.h - impermeable base

and a = c.y.h ~  permeable base

In unsaturated soil the pore-air pressure is only a
fraction of the pore-pressure in saturated soil and by applying

the pore-pressure coefficient Ea the pore-air pressure in an
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unsaturated seil can be estimated as,

5
i

2 B, le.y'.hty .h) - impermeable base

Ll (5.3)
and u, = B.c.y.h - permeable base

a

It must be kept in mind that the graphs presented by
Gibson (1958} take account of one-dimensional dissipation of
pore-pressure only. It is however reasonable to assume that
this condition exists in the initial stages of construction
when the vertical dimension of the soil layer is small
compared to the horizontal dimension. Even if these estimated
pore-air pressures are pot absolutely correct the error will
be partially phased out each time the finite difference
calculation is repeated and the effect on the final value of
pore-air pressure at the end of construction should bhe
negligible.

In calculating pore—air pressures for the Mita Hills
embankmen: dam the assumption was made that five layers (6,40 m)
hud already been constructed when the finite difference
calgulation commenced.

As can be seen in Figurs 5.2 one section of the dam is
built on an impermeable base and another section on river sand
which is deemed permeable. It was thus necessary to estimate
two sets of initial pore-air pressures by using Gibson's (1958}
graphs and equations (5.3). The values of pore-pressures are
presented in Tables 5.5 and 5.6. WNote that the values in
these tables are pore-pressures for a saturated soil which
were corrected in the computer program by adding a DO-loop

which multiplied them by the appropriate Bn value,
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TABLE 5.5

Pore-Pressures for a Permeable Base

(x10° N/m?)

Pore-Pressure
Position
Average Extreme
o) o [+
1 28,3 28,9
2 56,6 57.9
3 77,8 79,6
4 87,7 89,7
5 o] [e]
2
&L = 50)
v
eAsE
/
TABLE 5.6

Pore-Pressures for an Impermeable Base

(x107 N/m?)

86

Position Excess Pressure Hydrostatic Total Pressure
Average | Extreme Pressure Average | Extreme
o] [+ o ¢} o o
1 15,5 16,1 12,8 28,3 28,9
2 3L,0 32,3 25,6 56,6 57,9
3 46,5 48,4 38,4 84,9 86,8
4 60,4 62,9 51,2 111,6 314,1
5 63,5 66,1 64,0 127,5 130,1
nlt _
(Z— = 60)
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The average and extreme values in Tables 5.5 and 5.6
refer to the average and extreme values assumed for the

density of the soil.

5.4 Settlements
The theoretical settlements using the various values of the
soil properties in Table 5,4 were calculated with the pro-
cedures explained in section 3.5,

Before the change in void ratio Ae could be obtained
from the e:log P curve in Figure 5.9 it was necessary to

estimate the approximate effective stress, ie

The average excess pore-air pressure Ga was obtained
from the computer program explained in Chapter 4. This
program produced average excess pore-air pressure in the
central core of the embankment for each row between columns
108 through 113 of the finite difference grid in Figure 5.3
at the end of construction and at thirty two time intervals
after completion. The duration of each time intexval was
approximately two months (ie sixteen time-steps of At =
appioximately half a week each).

As explained in section 3.5, the ultimate setitlement

of the crest is given by,

The immediate settlement 5i was defined as the settlement
that had already occurred by the end of construction. fThis
settlement was estimated from the e:log P curve in Figure 5.9
after using the average excess pore-aliy pressures at the end

of construction (obtained from the computer program) to
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calculate effective stress in the different soll layers in the
central core.

The consolidation settlement §  is the settlement that
occurred after completion and is in excess of the immediate
settlement. This settlement wascalculated by first estimating
the total settlement 6L at a given time and then substracting

the immediate settlement §; from it,

The ultimate settlement of the crest was calculated by
assuming that the excess pore-air pressure in the central core

had completely dissipated ie,

Table 5.7 and Figure 5,10 present a summary of the
calculated ultimate, immediate and consolidation settlements
for the various values of the soil praperties in Table 5.4
and a comparison between actual and calculated consolidation

settlements are given in Figure 5.11.

TABLE 5.7

Calculated Settlements in Embankment Dam

e, = 10,8 n?/fyear

At = 0,013 vear

Y immediate | consolidation ultimate
3 3 k) sattlement settlement settlement
(Lo w/mty | T () ) (m)
22,1 0,65 1,587 0,533 2,120
22,1 0,75 1,441 0,673 2,120
22,1 0,80 1,393 0,727 2,120
22,6 0,90 1,231 0,908 2,139
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5.5 Discussion of Sgttlement Resullbs

The theoretical settlement curves in Figure 5.11 indicate
that higher initial pore-air pressures LI in the compacted
increase the consolidation settlement ac of the embankment
(curves II and III). Congolidation settlements calculated
with pore-pressure coefficients determined by the weighted
column method are also larger than those calculated with

pore~pressure coefficients determined by the weighted area

20

soil

method. Curves I, II and IXI underestimate the consolidation

settlement while curve V which was calculated by using extreme

walves for the soil properties overestimates settlement.
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Not cone of the thecretical settlement curves calculated
with soil properties from Table 5.4 coincides with the measured
settlement curve. It was consequently decided to determine by
trial and error the value of the pore-pressure coefficient Ba
that would make the two curves coincident. The best f£if
between theoretical and actual settlement curves were obtained
for B, = 0,85 (curve IV).

1f the actual settlement curve in Figure 5.11 is studied
in conjunction with the water level curve of the resexvoir in
Figure 5.12 some interesting relationships are noted. The
sudden rises in water level over sections ab and fg were
accompanied by sudden increases in settlement although there
seems to be no significant increase in the rate of settlement
over sections cd and ef where the water level also increased.
If it is assumed that the additional water load had an
effect on the zettlement of the c¢rest an explanation must be
sought for the flatter slopes of sactions cod and ef.

The increase in water level from & tc b was the f£irst
significant additional loading imposed on the embankment. It
would thus be reasonable to assume that the additional settle-~
ment could be calculated from the virgin line of the e:log P
curve. The unloading from b ko ¢ caused a rebound in the
settlement curve with the result that the additional settlement
due to loadine cd was governed by the overconsolidation paxt
of the curve (see Figure 5.13}.

The same argument applies to the unloading from 4 to e
and reloading from e to £. The loading from £ to g was again
on the virgin line of the settiement curve as this lowding
had not occurred previously.

The slope of the e:log P curve over sections ab and fg

is largerthan over sections cd and ef which explains why the
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VIRGIN LINE

AEBOUND EFFECT

< CCIC ] tou P
Figure 3

rate of settlement over sections ab and fg was larger than
over sections cd and ef,

The above postulation will not be checked as the stress
distribution in the central core Que to the increased water
load is unknown. The determination of this stress distribution

is considered to be outside the scope of this dissertation.

It will be noticed that the points a,b,...,f,g do not
occur at exactly the same times on the two graphs. The reason
for this could be that the settlements were not determined at
exactly the same time when the water level was at the
different peaks. This would lead to a distorted cbserved

time-settlement curve.
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The rise in the settlement curve over section hij could
be due to survey errors.

The instantaneous undrained compression due f£o the
additional water load over section ab could have increased
the degree of saturation of the soil which would have led to
a higher value of B,. A possible theoretical reconstruction
of the actual settlement curve may be as presented in Figure

5.14 with the variable values of B, as shown in Table 5.8.

TABLE 5.8

Time {years) Best £it value of B,

o-1 0,65
1o+ 0,85

The maximum error in terms of ultimate settlement
{immediate plus consolidation sattlement) for the various
assumptions used to calculate the curves in Figure 5.11 is
12 per cent. If the maximum error is expressed in terms of
consolidation settlement, which is only a part of the complete
settlement curve, it is found to be 34 per cent,

It is valuable t0 compare the accuracy stated above with
that of other methods used Lo estimate settlements in
embankments. One of the most popular methods used currently
in geotechnical engineering is the finite element technique.

The finite element technique was used to estimate
settlements in Oroville Dam. Duncan (1972} reported comparisons

between actual and predicted ultimate settlemenis published
by Kulhawy and Duncan {1970) and the accuracy was found to be

approximately 25 per cent. Measured settlements were larger




6

£951

056t

6561

9565

b17s 3¥N5I3

R a— S D —

3

QU ANINITLLES




oo

97

than predicted settlements. Duncan (1972) described the
agreement as “quite good”.

buncan (1972) also reported findings of Nobari and
Duncan (1972a,b) who performed a finite element analysis to
determine movements in Oroville Dam caused by filling of the
reservoir. Nobari and Duncan {1972a,b) ignored consolidation
of the embankment due to its own weight in this analysis and
it was found that the calculated vertical settlements were
considerably smaller .aan the measured settlements. Duncan
{1972) was of the opinion that the large difference was due
to the effects of creep, secondary compression and consolida-
tion which was not taken into account in the analysis. It
can be concluded from this that the effect of watler load on
the settlement of the cresk may be small.

Penman et al {1971) also compared observed sstitlements
with settlements predicted by the finite element technigue.
Total settlements were measured at a large number of points
throughout the embankment and errors varied between O per
cent and 38 per cent.

From this comparison and discussion it can be concluded
that the finite difference technique used in khis dissertation
in conjunction with oedometer data is of the same order of
accuracy as other available methods and can confidently be
used to estinate settlements of embankment dams.

The engineer must keep in mind that the water load may
have an effect on the setilement of the crest and that the
initial pore-air pressures in the compacted soil may be
higher than atmospheric pressure. It would be advisable to
measure initial pore-air pressures in compacted soil samples

to enable a reallstic assessment of Ba during the design
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stage to be made. The assumptions made in design can be
checked by installing piezometers in the embankment to

measure actual excess pore~alr pressures during construction.
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CHAPTER 6

REVIEW AND CONCLUSIONS

1.

Bishop's effective stress equation was discussed and the
conclusion was reached that effective stresses for Qolume
change in unsaturated soil subjected to compression at
corstant water content are dependent on (o—uﬂ). The
settlement curves cobtained from oedometer tests for
unsaturated soils are in terms of (g-u,) with u =0

and the suction (ua—uw) and higher permeability of the
s0il to air are indirectly taken into account in the
shape of the time settlement curve, Because u, is
always greater than u, and because u, dissipates to
atmospheric pressure, consolidation in unsaturated soil
is controlled by the dissipation of excess pore-air
pressure, Water will not drain from an unsaturated

soil unless it becomes saturated by compression.

The magnitude of the pore-air pressures in an embankment
at the end of construtvticn are dependent on the
construction rate, soil properties {(c ., y, B} and the
geometry of the embankment, Tt was found that pore-air
prassures at the end of construction are very sensitive
to changes in scil density v and the pore-pressure
coefficient Bu and less sensitive to changes in the
cozxfficient of consolidation e, and the wate of

construction.

The soil properties required to calculate excess pore-air
pressures in unsaturated soil can be determined from

ocedometer test results.
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The initial s :tlement in the consolidation curve for

an unsaturated soil is much larger than that for a
saturated soil. This is due to the higher air content

of the soil and the higher compressibility of air. After
the corrected zero for the unsaturated soil has been
established correctly the root time method can be used

to estimate realistic values of Ty

It is possible to estimate excess pore-air pressures in
unsaturated soil by combining Boyle's and Henry's laws.
These pressures are dependent on the injtial pore-air
pressure set up in the so.l during compaction. With a
knowledge of the excess pore-air pressure under specified
loading conditions it is possible to estimate the pore-
pressure coefficient b". Higher initial pore-air

pressures lead to higher values of Eu‘

With a knowledge of the specific gravity of the soil it
is possible to estimate soil density for different void

ratios and degrees of saturation.

A differential equation was derived to estimate pore-air
pressures in an embankment of unsaturated soil which

increases in height with time,

au, 3%y 8h
-— 'Ba' —
at ay? 3t

This equation takes into account the soil propertins,
additional load added during construction, dissipaiion

of ercess pore-air pressure during construction,

construction rate and y of the t.

By knowing the excess pore-air pressure in the embankment
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it is possible to estimate the independent variable

pertion of the effective stress,

and hence the settlement frcm the e:log P curve

obtained from oedometer tests.

A computer program has been developed to calculate excess
pore-air pressures in embankments using the finite
difference form of the differential eguation given under
4. This program predicts pore-air pressures in embank-
ments at the end of construction and also at certain

time intervals after coaspletion.

These excess pore-air pressures are used to estimate

settlement.

The settlement of embankments constructed of unsaturated

compacted soil is given by,

s, + 8, + 3§
e inst cons

The shear deformatien 60 was ignored in this dissertation.

In the presented case study it was found that the
settlement that oczurred during construction Si was much
larger than the consolidat’on settlement SC that occurred

after completion.

Increased initial pore-air pressures set up in the soil
during construction led to increased consolidation

settlement Sc.
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It was concluded that the water load due to filling of

2ix must have some effect (although of unknown

on the consolidation settlement § . Studies
by Nobari and Duncan (1972a,b) indicate that its
contribution was small in the case of Oroville Dam.’

However, at Mita Hills, water load could have been

responsible for 34 per cent of post-construction settlement.

By comparing observed and calculated settlements for
Mita Hills Dam it was found that the maximum error in
terms of ultimate settlement was 12 per cent. This

accuracy is comparable with other techniques, notably

the finite element technique.

It can thus be concluded that the finite difference
technique presented in this dissertation in conjunction
with scil properties obtained from cedometer test
results can be used in practice to estimate settlements

of the crests of embankments,
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