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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 oedometer 

test results.

A  review of the behaviour and the principle of effective 

stress in unsaturated soil is g i ven. The conclusion is 

reached that consolidation in unsaturated soil is largely 

controlled by the dissipation of excess pore-air 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 Mtta Hills dam In Zambia is reported 

and calculated settlements of this embankment are compared 

W it h  observed settlements.
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PREFACE

Estimating settlement of embankments requires an 

understanding of the volume change behaviour of unsaturated

At the time when the Mtta Hills dam in Zambia 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 portions:

(i) Instantaneous compression

(ii) Consolidation compression

Thj 3 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 curve.



Immediate settlement, occurs instantaneously as load 

is added, while consolidation 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 consolidation settlement curve and 

torsaqhi's classic?! theory for one-dimensional settlement 

oi‘ unsaturated soil. The consolidation settlement was 

estimates 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 s oil.



CONTENTS Page

Declaration

Abstract iii

Dedication iv

Acknowledgements v

Preface vi

1. INTRODUCTION 1

1.1 Empirical Formulae 1

1.2 Numerical Evaluation of Analytical Solutions 2

1.3 Finite Element Technique 3

1.4 Finite Difference Technique 3

2. VOLUME CHANGE IN UNSATURATED SOIL 5

2.1 Introduction 5

2.2 Qualitative Description of the Behaviour
of Unsaturated Soil 6

2.2.1 Elastic deformation of mineral grains 7

2.2.2 Elastic bending of clay particles 7

2.2.3 Slip of grains due to exceeding the 
frictional resistance of surfaces
between grains 8

2.2.4 Swelling 8

2.3 The Effective Stress Equation for Volume
Change in Unsaturated Soil 13

2.4 Conclusion 19

3. SETTLEMENT OF EMBANKMENTS CONSTRUCTED OF

UNSATURATED COMPACTED SOILS 20

3.1 Introduction 20

3.2 Estimating Pore-air Pressures in Unsaturated
Soils 20

3.3 Estimating End of Construction Pore-air
pressures in Earth Embankments 26

3.3.1 Construction Rate 26



Pas®
3.3.2 Properties of Soil 26

3.3.3 Geometry of Embankments 27

3.4 The Coefficient of Consolidation c for
Unsaturated Soil 32

3.5 Settlement of Embankments Constructed
of Unsaturated Soil 35

3.6 Conclusion 39

4. DEVELOPMENT OF COMPUTER PROGRAM 41

4.1 Introduction 41

4.2 Derivation of Finite Difference Equation 41

4.3 Calculation of Pore-Air Pressures 43

4.4 Flow Chart for Computer Program 48

5. RESULTS 70

5.1 Introduction 70

5.2 Description of Embankment 70

5.3 Finite Difference Grid and Constants 73

5.3.1 Finite Difference Grid 7 3

5.3.2 Sensitivity of Constants 7 3

5.3.3 Choice of Constants 77

5.3.3.1 Density of soil y 77

5.3.3.2 Coefficient of Consolidation 78

5.3.3.3 Pore-pressure Coefficient 78

5.3.3.4 Construction time t 83

5.3.3.5 Summary of Constants 83

5.3.4 Initial Pore-air Pressures 84

5.4 Settlements 87

5.5 Discussion of Settlement Results 90

6. REVIEW AND CONCLUSIONS 99

REFERENCES 103



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 equation 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. The methods 

employed to estimate settlement in this dissertation can in 

principle be applie other settlement problems involving 

unsaturated soils.

Calculations of thu 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 methods with which settlements 

of soil, with special reference to embankments, can be 

calculated.

1.1 Empirical Formulae 

These usually express settlement as a function of the height 

of the dam, eg:

Thomas (1976) presented the formula,
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S = 0 , 0 3 5 (H-13)

where S = settlement at end of construction in metres 

H = height of dam in metres

The formulae for settlement at 5 and 10 years after completion 

were given as,

log S 5 = 0,017H-1,35 

and log Sio= 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 technique 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 

dissipation 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 Technique

This method is growing in popularity and is now used frequently. 

Comparisons between observed settlements and settlements 

calculated by finite elements can be quite good (Penman et at , 

1971 and Duncan, 197 2).

1.4 Finite Difference Technique

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 oy 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 embanks .e. If the excess 

pore-pressures are known it is p o s s i b e  to estimate both 

effective stresses and settlement.

The method used in this dissertation was as follows: 

Literature on the behaviour of and the principle of effective 

stress in uns&turated 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 oedometer tests to obtain a better understanding 

of the behaviour of compacted unsaturated soil in the oedometer 

and it was found that certain soil properties required to 

calculate pore-pressures in unsaturated soil can be estimated 

from oedometer test results.



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 k n own. The settlement of 

the crest can then be calculated from the effective stress.

Settlements 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 g i ven, especially as it applies to volume 

change in unsaturated soils. Considerable controversy exists 

in literature on the applicability of the effective stress 

principle to volume change in unsaturated soils (see eg,

Burland, 1965 snd 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 strass which causes 

measurable changes in volume and shear strength in soils. It 

is a function of the total stress a and the pore-pressure u.

The effective stress in saturated soils was formulated by

Terzaghi as

o • = cr - u ...(2.1)

where a ' = 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.

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 ski n , ie the interface between the air 

and water phases.

FOUR PHASES OF UNSATURATED SOIL

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

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

Figure 2.3



2.2.3 Slip of grains due to exceeding the frictional 

resistance of surfaces between grains.

•BEFORE SLIP

■ MINERAL 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 is not available.

2.2.4 Swelling 

When clay particles absorb water they swell. Swelling is 

influenced by the chemical properties of the clay particles and 

pore fluid. This phenomenon can have a considerable effect on 

volume change in soils.

DRY PARTICLES

SATURATED PARTICLES

Figure 2.5



The effect of the a i r , water and contractile skin phases 

on the behaviour of unsaturated soils will now be discussed:

Consider two particles of soil in contact and acted upon 

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

be n o m a l  to the contact surfaces between the two particles and 

will consequently have two force components T and P which are 

tangent and normal to the contact surface respectively.

Consider the angle between the force Pi and the normal to the 

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

-COXTHACmE SKIN

-MIN6AAL GRAIN

■PARALLEL 70 CONTACT SURFACE

Figure 2.7

It can then be said that.



T = Pi sin a

and P = Pi cos a.

and also,

T = P tan a

When a reaches its maximum value, ie just before the 

particles slip relative to each other, the value of 

tan a is called the incerparticle coefficient of friction

The maximum shear force T  that can be sustained between 

the particles would thus be,

From the above it can be concluded that slip failure 

will not occur if,

^  - y ...(2.4)

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 .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 

meniscus will bo as shown in Figure 2.6. The higher the 

difference in air and water pressure the smaller 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 

Tj 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 1 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 i n  equation (2.4) the ratio 

between the shear and normal forces will be decreased even 

more and (2.4) will become,

(P+P-) < y ... (2.5)

The practical significance of rhis is that the stability 

of -the two grains will increase. This increased stability 

between the grains will cause the soil structure to act mors 

rigidly, leading to lower compressibility of unsaturated soils 

as compared to saturated soils. Blight (1965) actually showed 

experimentally that this is true by using a clayey loess type

If the force Pi is increased the value of the shear force 

T and the normal force 1? 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 

Pi is increased continuously a stage will be reached where 

slip is imminent and then,

(P+P') 1= li ...(2.6)

If the soil is now wetted so that the value of the 

tangential forces in the contractile skin (Ti) decrease with 

a subsequent decrease in the value of P', a stage will be 

reached where

... (2.7)

with failure occurring, leading to a sudden reduction in



volume. This phenomenon does actually occur when collapsing 

sands which are subject to shearing stresses are wetted (see 

eg Blight, J.965 and Jennings and Borland, 1962).

If clay soils are dessicated considerably they disintegrate 

into clay packets which can easily be mistaken for individual 

grains when examining the soil (Borland, 1961 and Brackley,

1975) .

The forces between the packets would be similar to those 

acting between the grains of a partly saturated granular soil.

When the soil is wanted 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 

volume 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, 1965).

A partly saturated soil consisting of clay packets will 

be less rigid than an equivalent 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 

-en that the slope of the two curves are very similar, 

indicating that the (“ fference in compressibility is small.
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2.3 The Effective Stress Equation 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 Burland, 

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' = a - u a + x(u^-u^) ...(2.8)

where o' = effective stress

a — total stress

u = pore-air pressure

— porewater pressure 

X = effective stress parameter

The effectiveness parameter x i ^ a  function of the degree 

of saturation of the s oil, the soil structure, the cycle of 

wetting, drying and stress change leading to a particular 

degree of saturation and is also dependent on the value of 

(ua-uw ) (Bishop and Blight, 1963).

Bishop and Donald (1961) conducted an experimental study 

to prove the validity of equation (2.8) and found that if the 

value of the isotropic stress o and the values of u^ and uw 

in a triaxial test were changed in such a way that the values 

of (a-ua) and (u -u ) remained constant, there was no change in

the volume of the soil. If the values of <r, u and u were

changed such that the values of (o-u ) and (u -u ) varied, a



change of volume resulted. From this study Bishop and Donald 

concluded that the form of equation (2 .8) must be correct aud 

that the behaviour of the soil was independent of the absolute 

values of u , u and ex.

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 unsafcurated 

soil. They presented results of experiments which showed that 

certain soils behaved contrary to the predictions of the 

principle of effective stress. Soils investigated 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(u a_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 (a-u ), (u -u ) and void ratio e.

Consider point A. If the sample becomes saturated with

0-ua = 0 ^  will increase in volume and swell to D. On the 

other h and, if it is soaked at constant volume an increase in 

stress (a-ua) will be required for the sample to move to A'.



Figure 2.8 (After Bishop a Blight, 1963)

If the sample moves from B to B 1 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, aompaated soil at a 

coni'tant moisture content by using information obtained from 

oedometer 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



Figure 2.8 are dependent on changes in the value of (a-ua) .

An increase in (cr-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 (ua-uw) 

the dependent variable of the effective stress equation,

o' = {a-ua) + X (ua-u w)

This conclusion is supported by experimental results obtained 

by Blight (1961). In these tests Blight first varied the 

values of a, u and u in the triaxial cell in such a way 

that (a-ua) and (uq-uw) remained constant within the soil 

specimen. Only the value of the isotropic stress a was then 

increased. This change caused an increase in the value of u 

with the overall effect of an increase in (o-u ) and a 

decrease in (u^-u^) . Change in volu-.id of the soil was 

measured throughout the whole test. Blight found that the 

change in volume for constant values of (o-u^) and (u^-u ) was 

negligible while a sudden decrease in volume occurred when 

(o-ua) was increased (see Figure 2.9).

The void ratio-.effective stress curve obtained from an 

oedometer test on an unsaturated soil can be viewed as a 

projection of curve ABC on the void ratio: (cr-u ) plane in 

Figure 2.8. Changes in the suction (u -u ) are thus indirectly 

taken into account by the shape of the void ratio:effective 

stress curve obtained from oedometer tests as changes in this 

parameter are dependent on changes in (o-u ).

Blight (1961) also found that thr 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



CONTROLLED

TTT

Figure 2.9 (After Blight, 1961)

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 oedometer tests on samples of the 

compacted unsaturated soil and by making use of the independent 

variables of the effective stress equation, vis a' and (o-u^) 

in an approximate form of the effective stress equation,

o' = a - u ...(2.9)

This equation would be valid for constant water content 

conditions until the soil becomes saturated by compression at



for a saturated soil, v i z ,

0 1 = o — u ..,(2.10)

Until the soil becomes saturated by compression, only air 

will escape during the consolidation process. 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 

a nd, 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 tho 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



intercept water seeping through the embankment during and 

after reservoir filling,

2.4 Conclusion 

The fact that changes in effective stress (and thus volume 

chancres) at constant water content are dependent on the value 

of (a-ua ) allows the use of soil properties obtained from 

oedometer tests in conjunction with the approximate effective 

stress equation,

to estimate settlements of embankments. The shape of the 

oedometer curve indirectly takes account of the changes in 

suction (ua-uw ) .

It is important that the stress path in the embankment 

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

content remains constant.



intercept water seeping through the embankment during and 

after reservoir filling.

2.4 Conclusion 

T..e fact that changes in effective stress (and thus volume 

changes)at constant water content are dependent on the value 

of (o-u ) allows the use of soil properties obtained from 

oedoraeter tests in conjunction with the approximate effective 

stress equation,

to estimate settlements of embankments. The shape of the 

oedometer curve Indirectly takes account of the changes in 

suction (u -u ).

It is important that the stress path in the embankment 

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

content remains constant.



CHAPTER 3

SETTLEMENT OF EMBANKMENTS CONSTRUCTED OF UNSATURATED 

COMPACTED SOILS

3.1 Introduction

In the previous chapter the consolidation of unsaturated soil 

was discussed qualitatively.

In this chapter a method will be developed with which 

settlement of embankment dams can be predicted by using 

standard laboratory equipment {the oedometor) aad procedures 

to determine soil properties and then using these to estimate 

pore-pressures in embankments.

In the previous chapter it was concluded that a modified 

f m  of the effective stress equation can be used to estimate 

s :rleme-ts at constant moisture content of embankments 

c:-:struzted of unsaturated soil. The approximate effective 

stress equation that will be used is given by,

j 1 = - — u ...{3.1)

where ' = affective stress 

= total stress 

• = excess pore-air preiii^ure

3.2 Estimating Poro-air Pressures in Unsaturated Soils 

When a load is applied to n soil part of it is carried by the 

soil structure and part by the pore-fluid. An applied load 

would thus temporarily increase the pore-prcssure. 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
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where a ' - effective stress

a = total stress

ua = excess pore-air pressure

3.2 Estimating Pore-air Pressures in Unsaturated Soils 

When a load is applied to a soil 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-fluid is much 

larger than that of the soil structure most the load increment



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 soil 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 Aa 3 and measured the corresponding 

increase In pore-pressure Au t. B was then defined as,

B - ...(3.2)

Keeping the cell pressure constant and Increasing the 

deviator stress by {Aci-Aa 3) resulted In an increase of pore- 

pressure Auj and Skempton showed that

The total increase in pore-pressure is au = Aui+Au2 

and by combining (3.2) and (3.3):

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

he proposed to be used in the design of earth embankment d a m s ,

Au2 = B.A(Aoi-Ac 3) (3.3)

&u = B Aa 3 +A (Acj i -Aaj) (3.4)

(3.5)

where K = effective stress ratio = ,
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The total increase in pore-pressure is Au = Aui+£u2 

and by combining (3.2) and (3.3):

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

he proposed to be used in the design of earth embankment d a m s ,

Au2 = B.AC&c^-AO})

(3.4)

l-(l-A)(1-K)
l-B(l-A)(1-K) ..(3.5)

where K effective stress ratio =



The value of K for embankment dams will lie somewhere 

between the effective stress ratio Kq for soils at rest and 

Kj, for soils where failure is imminent (Bishop, 1954) .

The extreme values of B can be determined in the triaxial 

test by choosing appropriate values for Kq  and Kf . The major 

principal stress ai and the minor principal stress cr8 are then 

changed simultaneously in the triaxial machine in such a way that

60 ) = 60 a

or Aci = Kf ,Ao<

depending on the choice of effective stress ratio. By measuring

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

a - B r
(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,

Aua 
a Ao

...(3.6)
Auw

Bw Ao

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 be above atmospheric pressure. Under



increasing load the suction (u^-u ) decreases and the pore- 

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

During this process the values of B fl and B both increase 

and tend towards o n e . At the point of convergence the soil 

becomes saturated a n d ,

B a = Bw = B = 1 (neglecting the effect of shear)

At this point all the excess pore-pressure is set up in 

the pore-water. This does not invalidate the assumption that 

effective stress in an unsaturated soil can be approximated by



as u & becomes uy at the point of saturation.

In unsaturated soil the effective stress is dependent 

on (a-u ) (see Chapter 2) and the pore-pressure coefficient 

of interest in this case is Bfl.

To estimate values of B from oedometer test results it 

is necessary to know the change in pore-air pressure for a 

corresponding change in total stress. Conventional oedometers 

have no facility to measure pore-air pressure and a way must 

thus be found to estimate it.

Hilf (1948) and Bishop (1957) combined Boyle's and 

Henry's laws to estimate pore-air pressures in an unsaturated 

soil. The change in port . ir pressure Au corresponding to a 

change in volume AV is given by,

_ AV

^  + no < l - V H S o )

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

V = initial total volume of soil 

n o =  initial porosity of soil

S = initial degree of saturation

H = Henry's coefficient of solubility which is

approximately 0,02 volumes of air per unit

volume of water at normal temperatures.

It is important, to note that a decrease in volume 

corresponds to a negative value for AV which will give a 

positive value for the pore-air pressure in equation (3.7). 

Equation (3.7) is valid as long as there is air present



in the sample of soil. As soon as the change in pore-air 

pressure exceeds,

(1-S )
Au — u • —   ■.-(3.8)

s."
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 Ba from oedometer tests it is 

necessary to know the relationship between (cr-u ) and volume 

charge. This curve can be obtained by making the normal 

assumption that all the excess pore pressure in the oedometer 

has dissipated when the 24h volume change reading for a 

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 ^  , to the corresponding value of (c-u^), 

as indicated in Figure 3.2 .



The value of is given by,

B = a~  ...<3.9)
a ba

To calculate the value of in equation (3.7) the value 

of u ao 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 Aufi 

and the sensitivity of B to various values of u should be 

estimated. Increased values of u aQ will result in higher 

values for B .

3.3 Estimating End of Construction Pore-Air Pressures 

in Earth Embankments 

Before discussing methods to estimate eid of construction pore- 

air pressures in embankments, seme of the factors affecting 

these pressures will be listed:

3.3.1 Construction rate

If the rate of construction of an embankment is high the end 

of construction pore-air pressures may be high. If the pore- 

air pressures are allowed to dissipate during construction by 

decreasing the construction rate 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 degree of 

saturation immediately after placing, permeability, compress­

ibility and density.

(1) By increasing the degree of saturation in equation

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



to a higher value of Ba which in turn will be 

responsible for the development of higher pore-air 

pressures in the embankment.

(ii) The permeability of the soil will affect the amount 

of dissipation of excess pore-air pressure that will 

occur during the construction period. The higher the 

permeability the lower would be end of construction 

pore-air pressure.

(iii) 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.

(iv) The coefficient of consolidation cy will be used as 

an alternative to the two properties mentioned above 

as it is a function of both the permeability and 

compressibility of the soil.

(v) The density of the soil determines the magnitude of 

the total stress increase with the addition of each 

layer during construction. The higher the density 

the higher will bo the excess pore-air 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 embankment has steep sides two-dimensional dissipa­

tion will occur (assuming that the embankment extends for a



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:

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

during construction

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

be approximated by the weight of a vertical column 

of soil directly above the point under consideration 

(ill) The pore-pressure coefficient 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.

: DENSITY

TOTAL STRESS »T A : ifth 

PORE-FLUID PAESSUFIG AT A = Qe' /  h

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



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 Oi in an earth embankment is not 

vertical except on an axis of zero shear stress (Bishop, 1954). 

It is however reasonable to assume thatoi is vertical 

especially in the core under the crest of an embankment having 

an almost symmetrical cross-section.

Pore-air pressures at the end of construction, taking 

dissipation during the construction period into 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-pu-essuroti in the Usk dam. All the 

assumptions normally made in settlement theory are also 

applicable here (see eg Terzaqhi, 1943).

The equation governing two-dimensional dissipation of 

excess pore-air pressures is:
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3t [3x 3y J

where u = excess pore-air pressure

t = time

c = coefficient of consolidation

x,y = coordinates of point under consideration

By applying the effective stress law it can be said for 

constant total stress, tha t ,

where <7y 1 = effective stress in y-direction (ie by

considering settlement in the y-direction only)

Equation (3.10) can be written as, 

a<j ' fa!u a’u )

The behaviour of an element in a aatui'atsd soil which 

increases in height with time will first be considered before 

proceeding to the behaviour of unsaturated soil.

Consider an element of soil at constant distance y from 

the base (Figure 3.4)

I---------- TOP OF SOIL INCneASINO IN HEIGHT WITH TIME

Q --------ELEMENT

F  r D,SE

Figure 3.4



In Figure 3.4 h{t) is the height of the layer of soil 

expressed as a function of t ime.

The total stress in the y-direction at the element at 

any time can be written as,

7 y = y ( h - y )  

where <Ty = total stress in y-direction 

Y = density of the soil

...(3.13)

By applying the effective stress principle,

+ u = y(h-y) (u = excess pore-water pressure)

o ' = Y (h-y) - u ...(3.14)

Substituting equation (3.14) into f3.12) (for saturated soil).

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

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

Tf an unsaburated soil is used to construct an embankment, 

instead of a saturated soi l , the increase in pore-pressure nach 

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.

...(3.15)

in height of the embankment (y  yjr)



The increase in pore-air pressure in an unsaturated soil can 

thus be written as B Equation (3.15) for an

unsaturated soil can be rewritten as,

3u h ^ u  3zu  1 3h

at v  (3x2 Dy2 j a at

3.4 The Coefficient of Consolidation c for Unsaturated

So far all the constants required to calculate pore-pressure by 

using equation (3.16) are either known or can be estimated, 

except for the value of z . The determination of the 

coefficient uf consolidation (cv ) for unsaturated soil from 

oedometer tests will now be dealt with.

To explain the determination of cv for ur.saturated soil, 

the typical curve for ssatuvatod soil will first be discussed.

By plotting compression vs the square rout, of time for such 

compression to occur a typical curve as appears in Figure

3.5 usually results.

Figure 3.5



Three distinct stages can be identified from the curve:

(i) 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 occluded bubbles of air in the saturated

(ii) BD, the primary settlumnni. which results from the 

slow transfer of load from the pore-water to the 

soil skeleton due to the dissipaf ion of excess 

pore-water pressure during drainage.

(iii) DE, the secondary compression which occurs

independently from any changes in effective stress 

and may be the result of changes in the electrical 

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

A  straight line (BIT) 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 u m a t u r a b e d  soil. It is similar to the curve for 

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

The curve for an unsaturatod soil can also be divided into 

three sections:

(i) AB, the initial settlement which is caused by the 

same factors as given for saturated soils with the 

additional effoct of the larger difference between 

the compressibilities of the pore-fluid and the 

soil-structure. This component will be discussed 

in more detail further on.

(ii) BD, the primary settlement which results from the 

transfer of load from the pore-air to the soil- 

structure.



<iii) DE, the secondary compression

1

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 unsaturated

Assume that the value o£ B is known for the soil being 

tested. If a load P is applied to the sample the excess pore- 

air pressure would increase by

Aua = Ba .P ... (3.17)

The change in effective stress in the soil at the instant 

of load application would be

Act' = P-Ba .F

or A C  = <1-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 c for saturated



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 pore-pressure. 

The excess pore-pressure in an unsaturated soil 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 settlement curves (sections BCD) would thus be 

similar. The position of 90% consolidation for unsaturated 

soil would thus be determined in exactly the same way as 

that for saturated soil by drawing line 80 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 cv for unsatuvated soil as 

accurately as possible it is important to identify the 

corrected zero (that is the position of B) correctly. After 

the time for 30% consolidation is determined by drawing lines 

SF and BC from B the value of c can be estimated in the 

conventional way (see eg Taylor, 1948).

3.5 Settlement of Embankments Constructed _oJ:

Unsaturated Soil 

The ultimate settlement of the crest of an embankment can be



6 = 6. + 6 ... (3.19)

where 6^ = immediate settlement during construction

6e = consolidation settlement after completion.

The immediate settlement consists of three parts,

+ 5 i „ t  + ^ cons 

where 5e = settlement of the crest caused by shear 

deformation in the embankment 

^inst ” instantaneous settlement due to the immediate 

increase in effective stress caused by the 

higher compressibility of the pore-air 

relative to the soil structure.

^cons = consolidation settlement that occurs during

construction due to the dissipation of excess 

pore-air pressure during this period.

In this dissertation the assumption will be made that the 

effect of shear deformation on the settlement of the crest 

(6e ) is negligibly small as compared to the Instantaneous 

and consolidation settlement during construction. The equation 

for immediate settlement will thus be,

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-air 

pressure during construction. This is provided by equation 

(3.16).



After completion of the embankment the term Ba *Y- ||r in 

equation (3.16) falls away and settlement ■,£ the crest will 

be determined by,

3zu 8 zu , )
8x2 3y2 J

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

-CeNTRAl COSE DEV1VSD 
HORIZONTAL LAYERS

iNKMeNT

Figure 3.7

The average effuctive stress in each horizontal layer cai 

be estimated by defcermininy the average total sUreys and the 

average excess pore-air pressure for each horizontal layer. 

The average total stress in each layer will be,

cry =■ Y.h . {3.22!

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

horizontal layer.



The average pore-air pressure u 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.

...(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).

3

Figure 3.8

The total settlement at any time for any layer can be 

caLculaLu't as,

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.



The immediate settlement 6^ is the settlement of the 

crest that has already occurred at the end of construction 

and the consolidation settlement 6 is the difference between 

the ultimate settlement 6 and the immediate settlement,

6c = 6 - 5. ... (3.25)

The ultimate settlement (all excess pore-pressure has 

dissipated) can be calculated by using the e :log P curve 

a'i equating the effective stress to the total stress.

3.6 Conclusion 

K method to estimate the pore-pressure coefficient B from 

oedometer test results hhs been presented.

The equation,

3u f^2u, 9 2u  ) 3h

3t V [dx2 3y2 j a at 

can be used to estimate p o m - a i r  pressures in embankments at 

the end of construction. This equation takes account of the 

factors affecting pore-air pressures in embankments at the 

end of construction which are construction rate, soil properties 

icv , 8a and y) and embankment geometry.

Time-settlemcnt curvu:; for oedometer tests on unsaturated 

soil have larger initial settlements than similar curves for 

saturated soil. Care must bo taken to correctly determine the 

position of the corrected zero before proceeding to estimate 

the value of c .

The ultimate settlement of an embankment consists of two 

components which are the immediate settlement 6. which occurs 

during construction and the consolidation settlement S which 

occurs after completion of the structure,



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.



CHAPTER 4

DEVELOPMENT OF COMPUTER PROGRAM

4.1 Introduction

To apply the differential equation 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 equation and the basic philosophy of 

calculating pore-pressures in an earth embankment 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- 

air pressures in two dimensions will be taken into account. 

Consider part of a finite difference grid with equal grid 

dimensions in ^he horizontal and vertical directions as 

indicated in Figure 4.1

Figure 4.1



A finite difference equation will be derived to calculate 

the value of the pore-air pressure at node 0 one time step 

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

au f9*u a'u 1 3h
at v [dx2 3y 2 J  a 3r

Let ax = Ax = distance between the nodes 

8y = Ay = distance between the nodes 

3t = At = time step

9h = Ah = increase in height per time step

a'u.
  can be written in finite difference form as,

a 2u a u 3 -Zuo+uj

ax 2 (Ax)5

32U a U2-2Ugm.,

(Ax)'

where Ug, ui, ... etc aru the pore-air pressures at the 

different nodes at a specified time.

Set the value of the pore-air pressure at node 0 one time step 

iater =

Equation (3.16) becomes,

u -u 1 Ah
  - c -----  (ui+ua+ua+ut,-4u0) + f.B .—

At v (Ax)2 a At

c .At
or not =-------- (ut+u2+u3+ui,-4u0) + u 0 + y.B^.Ah ...(4.1)



4.3 Calculation 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)

Figure 4.2

The most convenient way to calculate pore-air pressure 

which is set up during construction in the embankment is to 

let the increase in height for each time-step be eqv.al to 

the vertical grid dimension (ie Ah = A y). Figure 4,2 chows 

the change in embankment height for one small time-step At.

T .1 calculate the pore-air pressures at each node on the 

finite difference grid at time (t + At) by using equation (4.1) 

it is necessary to have a knowledge of the values of the pore- 

air pressures at cich node at time-scsp i. It is thus 

necessary to initialise the values of the nodes in the first 

few layers when the calculation is commenced. If a fiie grid 

is used inaccuracies in these initial values will not have a 

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



at the end of construction. It is- however desirable to have 

initial values that are as a c c u . w , is possible. To achieve 

this one could employ rigorous .mathematical solutions of 

similar problems.

EXCESS* HYDRO-STATIC

IMPERMEABLE BASE PERMEABLE BASE

PORE PRESSURES IN A SATURATED CLAY LAYER INCREASING IN HEIGHT WITH TIME AT 

A CONSTANT RATE 

(AFTER GIBSON,1959)

Figure 4.3

Gibson (1958) published results of a rigorous mathematical 

solution of the differential equation for consolidation of a 

saturated laysr 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 4.3. A  sample 

calculation demonstrating the use of these graphs is presented 

in Chapter 5.



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) ,

c .At
------ (Ul+U2+U3-
(Ax) 2

(ii) In the sections beneath the sloping sides (B) no

additional load is added and only dissipabion occurs, 

consequently only part of the finite difference 

equation must be used here.

(u i +U2+U3+U/1 -4uo) + uo ...(4.2)
(Ax)2

Figure 4.4

It is common practice to install pressure 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



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 0 

on an impermeable base.

L
y IMPERMEABLE

0 « /
7 /7 7 ///"// / / / / / / / / /

i Figure 4.5

i "
All the pore-air pressures required to calculate u from 

equation (4.1) or (4.2) are known except the pressure at node 4. 

 ̂ By making the assumption that the pressure difference between

, nodes 1 and 3 is negligible, which is a reasonable assumption

i when a fine finite difference grid is used, it can be said that,
I

I
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at the impermeable boundary.

Write equation (4.3) in finite difference form.

or u 2 = u,, ... (4.4)

All the values of the nodes within the impermeable base 

(the so-called ghoot nodes) can thus be set equal 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) 

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-air 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-Ba .Ah = 0

and uot = 0

The finite difference equation then becomes,

-i (u1+uz+u3+ui,-4u0) ■$- Uo = 0 ...{4.5)



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,

u z = -u„ ... (4.6)

The value of the ghost node (node 2) is thus known.

The pore-air pressure at node 0 at time t + fit can be 

calculated as,

u = — --- (ui-u„*u3+utl-4u0) + ua + B .y.Ah
ot (ix)J a

= B^.y.^h (ui=u3=u0=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 -i- At are given by

u ot =  Ba .y .Ah ... (4.7)

4.4 Flow Chart for Computer Program 

Before presenting the flow c h art, the basic calculating 

procedure will be discussed. The embankment to be 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 t i m e . The 

vertical columns were numbered in normal sequence (see Figure 

4.6). Zn 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 prcgram was to 

recalculate the pore-air pressure at each node for a new time- 

step in a row by row sequence. By following a sequence like



this it is only necessary to have a knowledge of the first and 

last node numbers in each row as well as the number of the 

last row to define the geometry of the embankment.

WHERE CALCU-

Figure 4.7



To be able to commence ths 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 should 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 numbeiing

system pro^used in Figure 4.6 refers only to the numbers of the

Referring to Figure 4.7 the initial data required to 

define the initial and final geometry of the embankment would

Number of final row (N): 7

Number of row from where calculation commences (IS): 3

Node numbers to define free boundary o£ embankment:

Row First Node Last Node

1 1002 1015
2 2003 2014
3 3004 3013
4 4005 4012
5 5006 5011
6 6007 6010
7 7008 7009

The initial values o£ pore-air pr^sL'jrvs for nodes

1001 through 1015 
2001 through 2013 
3001 through 3015

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 ab each node after an additional layer

has been added.



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-pressures. 

Array P is used for the pore-pressure values in time-step t 

and array B for those in time-step (t + &t). 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 flow chart symbols will be used.
FLOW CHART SYMBOL COMMENTS

X
READING OF DATA

EXECUTABLE STATEMENT

DECISION STATEMENT



FLOW CHART FOR CALCULATING PORE-AIR PRESSURES 

IK AN EARTH EMBANKMENT

Flow Chare Comment:

P(J) ,J=K1,L1

DO 10 11 = 1 ,IS

al numba

Y “ grid dimensio 
K (I),L(I) = first

(
a row by r



DO 20 J = K 1 , H

CVl,BBARL

IRS IN EMBANKMENT?]



IF »IFIL(J) , 
J=l,IF

DO 270 Kl-2,1

DO 310 I-IS.MM

DO 270 J=KK,LK

IFIL(J)=Node numbers 
of filters



B U )  = GAHMA1*

270 CONTINUE

0(J)=CV1*T/(Y**2)*
a>(j+l00{3)+p(j-10(20)-t-
P(J+i)+P(J-l)-H*P(J)>-P(J)

B(J)=CV1*T/(Y**2)* 

+P(Jn)+P(J“ U-4*P(J} +P (J) permeable
embankment

Recalcula
pressures

(central

inPsides



180 P(JJ)=P(J)

DO 210 K2=1,I

DO 210 j=KK,lA<.

Give values to 
Ghost ' nodes in 
impermeable base



210 CONTINUE

n(J)=CVl*T/(Y**2)*
(P(J+W0)+P(J-
1000)+P(J+1)+P(J-D

B(J)=CV1*T/(Y**2)*
(P{J+1000)+P(J-10085)+P(J+l)-i
P(J'1)-4*P(J))+P(J)+

57

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

Recalculate pore-pressures

Recalculate pore-pressures 
in row just below cop row
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280 P(J)=B(J)

DO 280 J=KK,LK

Place recalculated 
pore-pressures from 
array B inuo array 
P for permeable base



DO 300 L9-1.I

)0 300 J=KK,LK

Place recalculated 
pore-pressures from 
array B into array 
P Cor impermeable



FILTERS IN EMBANKMENT?

b

3fl5P(IFIL(J))=0

DO 305 J=1,IF

310 CONTINUE

Sec the pore- 
piressures at all 
filters •* 0



"FIRST NOOE='',K(I) 
"LAST NODE-" ,1,(1) , 
1=1,N "NO OF 
FILTERS-",IF 
’NODE NO’S OF 
FILTERS",IFIL(N), 
M=1,IF "TIMESTEP-"

"GRID DIMENSIONS^"

"CV=",CVl,"BBAR=", 
BBAR1,"CAMMA*", 
3AMMA1,"BASE 
IM/PERMEABLE

’PWP AT” ,J,"=", 
'(J),J-K(L) ,L(L)

Print: all relevant 
daca and pore-pressures 
at each node at end of 
construct: ion

'AVEKAI E PWP 
(CENTRE CORE) AT

lONSTRUCTION

Print: iicading Cor 
values of average 
pore-pressures in 
cencrc core which 
will be used Co 
calculate 
settlement



FOR LAYER",1.20, 
" = ",AV(L2$i)

AV(L20)=(P(K20+Hi8)+ 
P(K20*l$i9) +1* (K20*ll^) - 
t(K2«{+lll)+P(K20»-ll2)- 
P(K20+113))/6

476 CONTINUE
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DC 7051 1.13=1 ,M

DO •iU KS0=2,HM

900U(J)“CV1V!T/Vftf'
2>»(P(J+ll50C()+P(J-
l#6)*-PU+l)+P(J-5
-4*P(J)>P(J)

Calculation of p

different interv 
after construct" 
commences h e r e . 
Ml(9‘■Number of 
intervals where 
pore-pressnres is

N10 = Number of time 
steps per interval

Reciilcula

di££ercnt
intervals
permeable

embankmen;
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DO 920 K51=2,MM

C5;-K(K51) + 1 
.52=L(K51)-1

)0 920 J=K52,L5:



500 P(JJ)~P(J)

Give values to 
ghost nodes in 
impermeable base



DO 520 K15=1,MM

CK-K(K15)H
:K-L(K15)-1

DO 520 J-KK.LK

520B(j;»CVin7Y**a'

Ka00)+p(j+-i)+p(j-i.
-4*P(J))+P(J)

Recalculate 
pore-pressures at 
a new time-step 
for impermeable base 
after cons truetion 
is complete



522 P(J)»B(J)

00 522 J=K18 ,Hi

00 522 K17-1.MM

<18=K(K17)+1

A8=t.(K17)-l Place reealculaCed 
pore-ptessures 
into P array from
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DO 525 J=1,IF

525P(IFIL(J))=i

after completion



FOR LAYER",116 
M=" , A V ( H 6 )

601 CONTINUE

AV(16)=(P(Kl6+iy8)+
P(K16+109)+P(KI6-H10)-
P(K16+111)+P(K16+112)
+P(K16+113))/6



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 arc compared with the measured settlements.

5.2 Description of Embankment 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 m i n e .

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

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 fill 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 control techniques as there was no time to do any 

substandard work. The techniques which were used to control 

quality were described by Blight (1962).
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FIGURE 6.1
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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, 

c .At
U . =     . (U i+ U 2+ U 3+ U i,-4 U o  ) + Uo +  Y - B -Ah
0t (Ax)’ *

four variable constants for a specified finite difference grid 

can be identified,

c = coefficient of consolidation 

At - timc-step 

y = density of the soil 

B = pore-prtissure coefficient

A  sensitivity analysis was carried out to determine the 

influence of these constants on the excess pore-air pressures 

in the embankment at the end of construction. 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 

111 (Figure 5.3) was calculated in each case and plotted 

against the values of the corresponding constants in Figure 5.4.

It Wvs 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).

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____________

Constant Percentage Change 
in Pore-Air Pressure

B , ± 10,0

Cv ; 1,2

t T 1,3

± 10,0
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From Table 5.1 it can be concluded that the pore-air 

pressure at the end of construction is very sensitive to 

changes in the values of B and y , and relatively insensitive 

to changes in cv and t.

5.3.3 Choice of cor...~t^nts 

5.3.3.1 Density of soil y 

Considering the fac,:: th it axcess 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 thv. settlement 

calculations. and extreme values of density were

estimated.

Density of tUs soil was calculated by using the following 

equation,

G. '1-
y = -S—  . -w ... (5.1)

where G = -ravity : mineral grains

w = iBoii-Lur.' -ontcnt

Yw = dun.;icy ;f water = 101' N.'r."

The vaL._j o£ th-.-"! cons'.-.ants were obtained from the 

laboratory . port on '> soil which was used to construct 

the embankment and wc.::u,

G s =  2,60 

vj =  0,1143

Two values for the void ratio 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,



78

The extreme value of e was taken as.

The densities calculated were,

average y = 22,1 x 103 N / m 3 

extreme y = 22,6 x 103 N /m3

5.3.3.2 Coefficient of consolidation

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

sensitive to changes in c and it was consequently decided 

to use only one value of cv in all the settlement calculations.

The value of c for unsaturated soil was calculated from 

oedometer test results by using the method described in 

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

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

The value of c used in the settlement calculations was taken 

as the average of all those values,

cv = 10,5 m V y e a r

5.3.3.3 Pore-pressure coefficient

The pore-air pressures in the embankment at the end of 

construction art sensitive to changes in B and it was 

consequently decided to vary the value of B for different 

settlement calculations.

The values of were calculated with the equations given 

in Chapter 3,



The different values of wore estimated by firstly 

varying the value of the initial pore-air pressure tuao) and 

secondly by making two different assumptions in calculating 

the constant average values of B which were used throughout 

the embankment in the different settlement calculations.

The values for u that were used were atmospheric 

pressure (100 x 109N/m2 absolute) and a higher pressure which 

assumed as 150 x 103 N/ m z (absolute). The assumption that u aQ 

is atmospheric is normally used in calculations of this kind
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Figure 5.6
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The different v<_-aes of B were estimated by firstly 

varying the value of the initial pore-air pressure (u ) and 

secondly by making two different assumptions in calculating 

the constant average values of B which were used throughout 

the embankment in the different settlement calculations.

The values for u_^ that were used were atmospheric 

pressure (100 x 103N/m8 ’-solute) and a higher oressure which 

assumed as 150 x 103 N/m2 (absolute) . The assui... , ion that u 

is atmospheric is normally used in calculations of this kiri



(Hilf, 1948 and Bishop, 1957). The assumption of the higher 

value of uaQ was based on measurements of pore-air pressure in 

compacted Mangln shale (Blight, 1961), The initial absolute 

pore-air pressure values were thus assumed to be

u aQ = 100 x 10' N/m2

and uao = 150 x lo3 N/m2

Results of the calculations of values of B are giviin in Tables

S.2 and 5.3.

TABLE 5.2

Values of B. Calculated from Pedometer Results

— ac = 100 x 103 N /m2

X A W - u , )

(xlO3 N / m 2)
*U a 

(xlO3 N /m2

Act

) (xlO3 N/m2)
Ba~5^" Average

B ,

0,0117 35,2 42,4 77,6 0,55
0,0197 70,3 98,5 ' 168,8 0,58
0,0297 140,6 230,5 371,1 0,62
0,0335 225 ,0 502,4 727,4 0,69
0,0361 281,2 1,0 1,00

*The sample had become saturated and the equation for 
Au^ was no longer valid

A  comparison of Tables 5.2 and 5.3 shows that higher 

initial pore-air pressure in compacted soil leads to higher 

values of



Values of B

TABLE 5.3 

Calculated from Oedometer Results

H = 150 x lO3 N/m2

X
(xlO3 N /m2)

&ua 
(xlO3 N/m2)

6o

(xlO3 N/m2)

Average

0,0117 35,2 65,9 101,1 0,65
0,0197 70,3 158,7 229 ,0 0,69 0,73140,6 401,5 542,1 0,74

225,0 1041,7 1266,7 0,82
0,0383 337 ,0 1,00 1,00

In order to use the assumption that the values of the 

constants c , B and y throughout the embankment are fixed 

a method must be found to estimate a weighted average value 

for . Two methods were employed in this dissertation. The 

first method is based on the assumption that the average value 

of B a is weighted proportionally to the cross-sectional areas 

occupied by the different values.

The second method is based on the assumption that is 

weighted proportionally to the height occupied by each B value 

in a ver'.ical column of £uil in the central core.



METHOD 2

Figure 5.8

Settlements calculated by using the B 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:

values for u ^  = 100 x IQ 3 N/m2

Weighted area method:

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

say 0,65

Weighted column muthod:

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

say 0,75

values for ujo x 103 M/m2

Weighted area method:



Weighted column method:

Ba = 0,69 x 0,73 + 0,31 x 1,00 » 0,81 

say 0,80

An extreme value calculation was also performed with 

an average value oE B that would most probably never have 

occurred.

5.3.3.4 Construction time t

The assumption was made that the rate of construction was 

linear. If the schematic plan 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 required to construct one layer in 

the finite difference grid is thus,

At = 3'85layors = 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.



TABLE 5.4 

Summary of Constants

Constant Average Values Extreme
Values

B a 0,65 0,75 0,80 0,90

Y(xlO3 N/m3) 22,1 22,1 22,1 22,6

At(year/layer) 0,013 0,013 0,013 0,013

cv (mVyear) 10,5 10,5 10,5 10,5

5.3.4 Initial 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),

^  and - impermeable base

and ^  and ^  - permeable base

where Y' “ V “ Yw ...(5.2)

To estimate pore-pressuras in saturated soils a constant 

c is determined from these graphs and the pore-pressures at 

different positions calculated as,

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

and u = 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 Bg the pore-air pressure in an



unsaturated soil can be estimated as,

a {c.y' .h) - impermeable base 

.c.Y-h - permeable base

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 i£ these estimated 

pore-air pressures are not 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 be 

negligible.

In calculating pore-air pressures for the Mita Hills 

embankment dam the assumption was made that five layers (6,40 m) 

had already been constructed when the finite difference 

calculation commenced.

As can be seen in Figure 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 pora--ilr 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. Note 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 B value.
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TABLE 5.5 

Pore-Pressures for a Permeable Base 

(xlO3 N/ro2)

Position
Pore-Pressure

Average Extreme

o
28,3 28,9
56 ,6 57,9
77,8 79,6

4 87,7 89,75 0 0

//////////////// /

Pore-Pressures for an Impermeable Base 
(xi.03 N /m2)

Position
Excess Pressure Hydrostatic

Pressure
Total Pressure

Average Extreme Average Extreme

o 0 o 0 0 0
15,5 16,1 12,8 28,3 28 ,9
31,0 32,3 25,6 56 ,6 57,9
46,5 48,4 38,4 84,'9 86,8
60,4 62,9 51,2 111,6 114,1
63,5 66,1 64,0 127,5 130,1



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

° y  ~  0 y

The average excess pore-air pressure u 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 interval was 

approximately two months (ie sixteen time-steps of At = 

approximately half a week each).

As explained in section 3.5, the ultimate settlement 

of the crest is given by,

a .

The immediate settlement was defined as the settlement 

that had already occurred by the end of construction. This 

settlement was estimated from the e:log P curve in Figure 5.9 

after using the average excess pore-air pressures at the end 

of construction (obtained from the computer program) to
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calculate effective stress in the different soil layers in the 

central core.

The consolidation settlement 6c is the settlement that 

occurred after completion and is in excess of the immediate 

settlement. This settlement vae calculated by first estimating 

the total settlement 6 at a given time and then sabstracting 

the immediate settlement 6^ 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,

V  ' ",
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 properties 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 
c y  =  1 0 ,5  m V y e a r  

At = 0,013 year

y

(xlO3 M/m*) Ba immediate
settlement

(m)

consolidation
settlement

(m)

ultimate
settlement

<m)

22,1 0,65 1,587 0,533 2,120
22,1 0,75 1,441 0,679 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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Figure S. 10

5.5 Discussion of Settlement Results 

The theoretical settlement curves in Figure 5.11 indicate 

that higher initial pore-air pressures u in the compacted soil 

increase the consolidation settlement 8 of the embankment 

(curves II and III). Consolidation 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 

method. Curves I, II and III underestimate the consolidation 

settlement while curve V which was calculated by using extreme 

values for the soil properties overestimates settlement.
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Not one of the theoretical 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 

that would make the two curves coincident. The best fit 

between theoretical and actual settlement curves were obtained 

for = 0,85 (curve I V).

If the actual settlement curve in Figure 5.11 is studied 

in conjunction with the water level curve of the reservoir in 

Figure 5.12 some interesting relationships are noted. The 

sudden rises in water level over sections ab and £g 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 settlement of the crest an explanation must be 

sought for the flatter slopes of sections cd and ef.

The increase in water level from a to b was the first 

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 

c urve. The unloading from b to c caused a rebound in the 

settlement curve with the result that the additional settlement 

due to loadinc cd was governed by the overconsolidation part 

of the curve (see Figure 5.13).

The same argument applies to the unloading from d to e 

and reloading from e to f . The loading from f to g was again 

on the virgin line of the settlement curve as this loading 

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



Figure 5.13

rate of settlement over sections ab and fg was larger than 

over sections cd and e f .

The above postulation will not be checked as the stress 

distribution in the central core due 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 Lhut the points a,b,...,f,g do not 

occur at exactly the some 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 observed 

time-settlement curve.



The rise in the settlement curve over section hij could 

be due to survey errors.

The instantaneous undrained compression due to 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 Ba . 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 fit value of B

0,65

0,85

The maximum error in terns of ultimate settlement 

(immediate plus consolidation settlement) 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 to compare the accuracy stated above with 

that of other methods used to 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 settlements published 

by Kulhawy and Duncan (1970) and the accuracy was found to be 

approximately 25 per cent. Measured settlements were larger





than predicted settlements. Duncan (1972) described the 

agreement as "quite good".

Duncan (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 .nan 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 water load on 

the settlement of the crest may be small.

Penman et al (1971) also compared observed settlements 

with settlements predicted by the finite element technique. 

Total settlements were measured at a large number of points 

throughout the embankment and errors varied between 0 per 

cent and 38 per cent.

From this comparison and discussion it can be concluded 

that the finite difference technique used in this dissertation 

in conjunction with oedometer data as of the same order of 

accuracy as other available methods and can confidently be 

used to estimate settlements of embankment dams.

The engineer must keep in mind that the water load may 

have an effect on the settlement 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 realistic assessment of B q during the design



stage to

checked

measure

be m a d e . The assumptions made in design can be 

by installing piezometers in the embankment to 

actual excess pore-air pressures during construction.



CHAPTER 6

REVIEW AND CONCLUSIONS

1. Bishop’s effective stress equation was discussed and the 

conclusion was reached that effective stresses for volume 

change in unsaturated soil subjected to compression at 

constant water content are dependent on (a-u ). The 

settlement curves obtained from oedometer tests for 

unsaturated soils are in terms of (o-u^) with = 0

and the suction (u -u .) and higher permeability of the 

soil 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.

2. The magnitude of the pore-air pressures in an embankment 

at the end of construction are dependent on the 

construction rate, soil properties (c^, y , and th%. 

geometry of the embankment. It was found that pore-air 

pressures at the end of construction are very sensitive 

to changes in soil density y and the pore-pressure 

coefficient and less sensitive to changes in the 

coefficient of consolidation c and the rate of 

construction.

3. The soil properties required to calculate excess pore-air 

pressures in unsaturated soil can be determined from 

oedometer test results.



The initial r -.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 aero for the unsaturated soil has been 

established correctly the root time method can be used 

to estimate realistic values of c^.

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 initial pore-air 

pressure set up in the so.il 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 B .

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.

4. A  differential equation was derived to estimate pore-air 

pressures in an embankment of unsaturated soil which 

increases in height with time.

This equation takes into account the soil properties, 

additional load added during construction, dissipation 

of excess pore-air pressure during construction, 

construction rate and geometry of the embankment.

By knowing the excess pore-air pressure in the embankment



it is possible to estimate the independent variable 

portion of the effective stress,

and hence the settlement from the e:log P curve 

obtained from oedometer tests.

5. A  computer program has been developed to calculate excess 

pore-air pressures in embankments using the finite 

difference form of the differential equation given under

4. This program predicts pore-air pressures in embank­

ments at the end of construction and also at certain 

time intervals after completion.

These excess pore-air pressures are used to estimate 

settlement.

6. The settlement of embankments constructed of unsaturated 

compacted soil is given by,

6 = 5. + 6c

'l - \  + 'cn.

The shear deformation 6 was ignored in this dissertation.

In the presented case study it was found that the 

settlement that occurred during construction 6. was much 

larger than the ccnsolidat'on settlement 5e that occurred 

after completion.

Increased initial pore-air pressures set up in the soil 

during construction led to increased consolidation 

settlement 6 .



It was concluded that the water load due to filling of 

the re' must have some effect (although of unknown

magnitude! on the consolidation settlement 5 . 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.

7. 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 soil properties obtained from oedometer test 

results can be used in practice to estimate settlements 

of the crests of embankments.
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