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ABSTRACT

This thesis is concerned with using geophysical well logs
to assess the in situ hydraulic character of fractured

Chalk aquifers: the thesis is divided into four PARTS.

In PART I the extent to which fluid and formation
geophysical well logs can be used to estimate the hydraulic
conductivity of the Chalk is examined. Special attention
is given to the heat pulse flowmeter whose limits of
usefulness are defined by theoretical and experimental
investigation.

In PART II, an attempt is made to study the hydraulic
behaviour of fractured Chalk from the flow characteristics
of a number of fissure elements. Various associated topics
are discussed such as the dependence of the hydraulic
conductivity upon fissure contact area and the local
hydraulic gradient. This is followed by a description of
the progress made 1in correlating geophysical formation
parameters, as measured by the geophysical logs, with the
formation's hydraulic conductivity. The correlation is
made by simulating the Chalk with a double porosity
numerical model. Special attention is given to the effect
that fissures have on certain geoelectric parameters. New
formation parameters are presented that are very sensitive

to figsure zones.

In PART III the construction details of a microcomputer
based hardware and software package for the automatic
evaluation of geophysical logs are presented. The package
incorporates the findings described in PART II and enables
the output from conventional geophysical logs used in the
field, to be processed so as to give a guantitative
measure of the geophysical parameters which characterize
the formation, and in certain cases indicate zones with

high hydraulic conductivity.
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Finally +the methods introduced in PARTS II and III
applied to a number of wells and the results obtained
analysed and discussed,.

The Thesis 1is accompanied by an APPENDIX in which
details of certain technical aspects of the research

recorded.
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A {i) cross section area of flow conduits
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first temperature coefficient of resistance
24 half opening of a fissure
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thermal diffusivity
hydraulic permeability

directional permability

Principal permeabilities

permeability tensor
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length of flow path
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electrical resistivity
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apparent resistivity

formation resistivity

formation resistivity at 100% water saturation

mud resistivity

resistivity of invaded zone
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area
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T (1) temperature
(ii) tortuosity

(iii) transmissivity

u velocity

\Y% electrical potential

v kinematic viscosity

X, V,Z cartessian cocrdinates
B. Greek Letters

volume coefficient of expansicn of the water
dimensionless variable
polar coordinate denoting angle

angle of contact

+ <L @ oy

dynamic viscosity

dimensionless variable

P density
6 (i) electric conductivity
(ii}) surface tension

dimensionless time
porosity

formation porosity

BB o

fissure porosity

In all the symbels used in Chapter III:
index w means: wire
f " fluid

a " ambient
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I NP ROD UE PLON

In this introduction the scope of the research is explained
and the relevance of it to general studies of Chalk
hydrogeclogy introduced. The current status of studies of
the hydraulic conductivity of fissured aquifers is then
briefly reviewed. The introduction concludes with an

outline of the Thesis and its various PARTS.



1.1 SCOPE OF RESEARCH

The main objective of this research 1s to examine the use
of geophysical well 1logs for assessing the in situ

hydraulic character of fractured Chalk aguifers.
In doing this it became necessary to:-

(1) study the methods of geophysical well logging, in
particular those methods that are most appropriate to
the assessment of fractures in conscolidated rocks,
both their location and their in-situ geological and
hydrogeological character: this culminated in a

detailed study of flow metering.

(2) study the hydraulic behaviour of fractures, singly
and in compbination, and under conditions of
increasing effective stress brought about by a
reduction in pressure head around a well and the
increase bF contact area that results in the plane

of the fissure.

{3) study the behaviour of a double porosity model for an
aguifer, consisting of pores and fractures, and the
manner in which a geophysical log will respond to

such a material.

To achieve these cbhijectives microcomputer based hardware
and software were developed and tested. Further the
general conclusions coming from a study of these objectives
were tested by analysing the geophysical well logs of real

wells.



1.2 THE IMPORTANCE OF KNOWING THE HYDRAULIC CONDUCTIVITY
OF THE CHALK

The Cretaceous limestone formation known as the Chalk forms
one of the country's major aquifers and underlies a large
area of lowland S.I0. Britain (Fig. 1.1). It is
predominantly a fine grained, massive white limestone with

occasional significantly marly strata.

Reliable supplies of good potable water have for many years
been obtained from the Chalk, which accounts for some 15
per cent of the national water supply and is a major source
of supply for London and the S.E.

In England the licenced abstraction from the aquifer is
currentiy 1.26.106 m3/day compared to a total water use of
2.24.106 m?/day, thus it accounts for about 56 per cent of
the water supply. Further, in the catchments of Southern
and Eastern England where Chalk 1s the bedrock, the
groundwater component of total river discharge frequently
exceeds 50 per cent, and may reach 90 per cent. (Foster et
al 1974).,

Since the hydraulic conductivity of an aqguifer 1is a
fundamental concept o©f its hydrogeological properties, its
knowledge is useful in the selection of sites for the

drilling of production wells associated with high yields.

Current interest centres on the possibility of augmenting
low river flows by pumping from groundwater storage such as
the Lamborne Scheme (Lloyd 1981) and the design of each
river regulation schemes requires a more precise knowledge
of aquifer hydrogeological properties than has bheen used

previously.

This knowledge 1is alsc o©f relevance 1in predicting the
movement of pollutants and in the design of deep

excavations at and below ground level.
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1.3 CURRENT STATUS ON THE STUDY OF THE HYRAULIC
CONDUCTIVITY OF FISSURED AQUIFERS

l1.3.a Introduction

This section presents the results of an attempt to
summarize available methods used by the water industry for
the study of the hydraulic conductivity of fissured

aguifers, with specific reference to the Chalk types.

The accuracy of the (mean) hydraulic conductivity 1is
influenced by the method of its determination and of the

character of its distribution.

In general, fissure zones can be detected by direct and/or
indirect examination (Parsons 1966) and the hydraulic
conductivity can be estimated by four grcups of methods
which are: laboratory, optical, geophysical and

hydrodynamic (Fig. 1.2).

DIRECT INDIRECT
| | I 1
LABORATORY OPTICAL GEOPHYSTCAL HYDRODYNAMIC
I ! 1
Core Analysis Downhole Surface Borehole Well Packers
Cameras Geophysics  Geophysics  Tests

Fig. 1.2 Methods for estimating the hydraulic conductivity
of aquifers

In the following the above methods are examined except for

geophysical logging which is discussed in Chapters II and
Iv.

1.3.b Laboratory

Tt is customary to make use o©¢f Darcy's law and
modifications of this law, together with laboratory data on

fermation core samples to predict the peformance of

producing wells.



Such predictions are based on an assumption that fluid flow
is laminar for the laboratory test. For the case of
fissured aquifers the "pore space" is characterized by a
wide variation in the size, shape, and distribution of
pores 1including extensive planar 'pores' (i.e. fissures)
having irregular surfaces. It is therefore apparent that

conditions are much more favourable for turbulent flow.

The apparatus used for the flow tests on heterogeneocus-type
porosity core samples is well documented in the literature
(Klinkenberg 1941; Stewart et al 1953}). Investigations of
the £frequency and magnitude of turbulence and Slippage*
during these tests have shown that both slippage and
turbulence affect the measured hydraulic conductivity (Fig.
1.3.a and 1.3.b). When the fissure system is responsible
for almost all of the hydraulic conductivity of the core,
it has been found (Stewart 1958) that slippage effects
become toc small to be measured. On the other hand, if the
pore space consists of low permability intergranular matrix
and a higher permeability fissure system (as in the case of

Chalk), the effect of slippage becomes important.

In addition to this, even if laboratory methods gave a high
enough accuracy, the smallness of the sample usually means
the result is unrepresentative. Where the formation is
sufficiently consoclidated, cores can be taken but they will
probably be fractured. On the other hand, in poorly
cemented material, core 1loss will usually occur from
friable zcones, which are usually the most permeable; there
is thus a danger that the results will be weighted towards
the lower permeability values (Price, M. et ai 1982). The
obtained values are therefore characterized by a
considerable wvariation which means that the micro-
heterogeneity of the agquifer tends to be assessed by
laboratory based studies rather than its megaconductive

character.

*
As a result of slippage, apparent permeabilities to gas are greater

than the true value because there is no stationary layver of gas in
contact with the walls of the flow channels. Gas slippage decreases
with increasing static pressure and this has an effect to lower the
apparent gas permeability.
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1.3.c Optical

Small diameter downhole cameras (Fons 1960) can be useful
to obtain direct information regarding fissure
distribution. Recently direct observation of fissures
{Slater 1966; Tate et al 1970} has been undertaken using
closed «circuit underwater television equipment which
includes facilities for viewing boreholes either axially or
radially, By suspending a number of flow indicating
streamers beneath the television camera, a general 1idea
about the horizontal movement of the fluid column in the
well can be achieved. Sometimes visible tracers can be
injecqg which also permit a semiquantitative measurement of

the flow.

A1l usual problems of photography like clean lens, clear
water and focus depth are associated with this type of

technique.



Since the hore~hole is filled with water, there will be
between the wall of the well and the lens of the camera a
layer of water which impairs wvisibility, according to its

clay content.

Shcherbakova (1956} studied in detail the attenuation of a
light beam by the c¢lay suspension layers of various
thickness. The following figure represents the value of
transmittance T as a function of the thickness h of the

layers of clay suspensions for various wavelengths,

. .
C3 05 o7 09 1 3 b5 17

h. mm

Fig. 1.4 Dependence of attenuation of light on specific
gravity of the suspension, thickness h of the
layer and wavelength ) of light

It can be seen that clay suspensions are indeed very turbid
media and even in thin layers transmit very little light.
For example from the above figure, one can see that even if
the thickness of the layer of clay suspension is only some
tenths of a millimetre the transmittance of the light 1is

only about one percent.

1.3.4d Geophysical

0f all the surface dgeophysical methods, the electrical

resistivity method has been the most widely wused 1in



groundwater investigations. The four-point method proposed
by Wenner (1916} and Schlumberger brothers (1920) was
developed for routine work in the following decades and has

been brought to a very high standard today.

A number o©f excellent papers and reports have been
published on the utilization of resistivity techniques in
groundwater investigations and in recent years there has
been a "boom" in modern computer techniques that allow an
auvtomatic inversion o¢f wvertical electric sounding data
(Koefoed 1979).

Quite recently a few authors have attempted to correlate
the resistivity of an aquifer to its hydraulic conductivity
(Heigold et al 19890; Kosinski et al 1981; Xelly 1978;
Griffiths 1976; Barker et al 1973) but they were concerned

for granular aquifers only.

Results indicate that electrical resistivity determined
from soundings can be used to predict aquifer hydraulic
conductivities and different empirical relations between
agquifer electrical resistivity and aquifer hydraulic

conductivity were developed.

The fundamental relation between the above two parameters
is their common dependence on tortuosity and porosity (Bear
1972).

Unfortunately for the case of fissured aquifers, no
relevant work, according to the opinion of +the author,
exists up to now, The difficulty of establishing a
relation between the electrical resistivity and the
hydraulic conductivity of fissured aquifers is mainly due
to the two main handicaps co©f electrical methods: the

princip[ﬁ of equivalence and the principle of suppression.

Resistivity contrasts and "effective" relative thickness of

fissure =zcnes within the aquifer are tco small to hbe



10

distinguishable {Keller and Frischknecht 1966). Flathe in
a series of publications ({1955, 1967, 1976) has examined
the problem of recognizing an underground layer from a
sounding graph with regard to its depth, thickness and
resistivity and concluded that without a geological concept
an interpretation of geoelectrical measurements is almost
impessible if the number of layers concerned exceeds three
and the accuracy of measured data is $5%. Theoretically
the fissure =zone distribution <can be calculated, but
realistically, in most of the cases, it cannot be observed

on the field curve.

1.3.e Pumping/tests

The hydrodynamic investigation of the agquifers by pumping,
frequently followed by the recovery of the water level in
the experimental well, constitutes an investigation
technique indispensible to any kind of hydrogeological

research.

In the last few decades the flow of groundwater towards
pumped wells has received thorough mathematical treatment,
thus it 1is not surprising that a wealth of literature
dealing with the determination of hydraulic coinductivity

from pumping tests has gradually become available.

Various methods are available for calculating hydraulic
conductivities from well data and a useful compilation of
the standard technigues, mainly applicable to granular
deposits, has been produced by Kruseman and de Ridder
(1978) .

Inherent in the standard methods of analysis of pumping
test data, are a great many assumptions and a detailed
discussion on the deviations of the Chalk from these can be
found in Ineson (195%a and 1959b). One of the main
assumptions is that the aquifer is homogeneous, isotropic

and of infinite areal extent.
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In the case of the Chalk, its inhomogeneity and anisotropy
have been clearly demonstrated by past workers, and it is
well known that inflow into Chalk wells is commonly from

only a few restricted horizons.

Regarding the interpretation and use of the results of
pumping test analyses, the layered hydraulic structure of
the Chalk is 1likely to cause Dborehole yields, and
vield-drawdown characteristics to show marked wvariations
with groundwater level. The importance of this was
illustrated during the early stages of +the Thames
Groundwater Scheme, where the transmissivity of the
unconfined Chalk aquifer was shown to decrease at a
disproportionately high rate as water 1levels declined
(Hardcastle 1978; Owen et al 1978). In the same area,
Rushton et al (1976) used a numerical model with varying
aquifer characteristics versus depth in order to match the

drawdown predictions with those found in practice.

Under these circumstances, what is measured by a pumping
test is a wvalue for +the ‘Yaverage" fluid hydraulic
conductivity, but since Vandenberg (1977) has shown that
the use o0of conventional formulae may be valid in the
presence o©of lateral Theterogeneity, but not vertical
heterogeneity, it is often wvirtaully meaningless in

aquifers where vertical heterogeneity is marked.

1.3.f Packers

Packers have been used for many years 1in testing aﬁd
completing o0il wells, but they have not been used
extensively in hydrogeological studies for water supply.
They are commonly used on engineering sites to assess grout
take for ground treatment. Recent developments in design
now make the use of inflatable straddle vpackers feasible

for testing aquifers.
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Both single and double-packer tests have been used by the
Institute of Geolcgical Sciences {Price et al 1982} for the
study of +the hydraulic conductivity of the Chalk in
Hampshire.

One of the arguments frequently put forward against the use
of packers 1is that they are complex to operate and
relatively expensive. On the other hand although they
could be ideal for isotropic formations when the cage of
fissure/ aguifers is considered such as the Chalk, the
effect of fissure zones becomes very important. Barker
(1981) has studied theoretically the problem of deriving
the transmissivity of an infinite horizontal fissure in an
injection zone and his method has recently been used by
Price et al (1982} for the evaluation of the tests at

Hampshire,

It is also guite usual for the packer not to achieve a
successful seal because it 1is set against a fissure. Of
course this problem can nearly be solved if the tests are

supplemented by a television inspection of the walls of the
well,

1.4 OUTLINE OF THE THESIS

The INTRODUCTION to this thesis has covered a preliminary
discussion of the existing methods for the estimation of
the hydraulic conductivity of fissured formations and an
examination of the geophysical well 1logging methods
currently in use by the water industry. The main body of

the Thesis is divided into four PARTS.

PART I commences with Chapter II which deals with the fluid
logging methods. Chapter III is devoted to a detailed
theoretical and experimental study of the Heat-Pulse
flowmeter. PART I <concludes with Chapter IV  which

discusses the formation geophysical logs, how useful they
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are in estimating the hydraulic properties of the fissured
aquifers and how they are used today for the study of the
Chalk aquifer.

The second PART of the Thesis starts with Chapter V where
an attempt is made to study the hydraulic behaviour of
fractured Chalk from the flow characteristics of a number
of fissure elements. In the same Chapter the effect that
fissure contact area and the local hydraulic gradient have
upon  the hydraulic conductivity of a fissure 1is being
investigated. PART II continues with Chapter VI in which
the Chalk is simulated by a numerical double porosity model
and an attempt is made to correlate geophy@sical formation
parameters measured by the logs with hydraulic
conductivity. Special attention 1is given to the effect
that fissures have on certain geoeleciric parameters and a
new formation parameter found to be very sensitive to

fissure zones is introduced.

PART III commences with Chapter VII in which are described
the construction details of microcomputer based hardware
and software packages developed for the research. Iin
Chapter VII, a method for modelling the response of a

resistivity logging device is presented,

Finally, in PART IV, the methods intrcoduced in PARTS I and
IIT are applied to a number of wells and the results
obtained are analysed 1in Chapter IX. The general
conclusions of the research are presented in Chapter X

where some recommendations for further studies are made.

The thesis contains a number of APPENDICES where technical
aspects about the equipment and programs used are discussed

and all relevant project information is presented.
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PART I

This PART of the Thesis commences with Chapter .IT which
studies to what extent the fluid geophysical logs can be
used for estimating the hydraulic conductivity of the
Chalk. Since flowmetering has proved to be very useful in
understanding the hydraulic conditions in and around a
borehole, special attention has been given to the heat
pulse flowmeter whose limits of usefulness are defined by
theoretical and experimental investigation: this is done
in Chapter III, Finally in Chapter IV the formation
geophysical logs are discussed.
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Plate 1 Arrangement for geophysical well logging
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CHAPTER il

THE USE OF GEOPHYSICAL FLUID LOGS FOR EVALUATING
THE HYDRAULIC PROPERTIES OF FISSURED AQUIFERS

2.1 INTRCDUCTION

By means of a fluid log, the movement of the fluid filling
the well under pumping conditions or at rest is determined
together with some of its properties such as temperature

and electric conductivity.

Fluid logs have been utilized for many vyears to gain
information on £luid movement in and adjacent to wells.
Much research, both field and laboratory, has been done in
an attempt to apply mathematical standards to the
information obtained. Detailed guantitative interpretation
has been generally unsuccessful because of many factors
such as borehole effects, unstable well conditions and

eguipment problems.

This Chapter discusses the results of an investigation of
the fluid logs used by the water industry today, and
examines the extent to which fluid logs can be used to

estimate the hydraulic conductivity of the Chalk.

2.2 PROPERTIES OF THE FLUID COLUMN AS RELATED TO THE
HYDRAULIC PROPERTIES QF THE AQUIFER

Three main properties of the fluid column measured by the
fluid logging techniques used today are its velocity, its
temperature and its electrical conductivity, which 1is

linearly related to the total dissolved solids.

Often the total amount of information available to us at a

given time or the properties of the fiuids in the ground
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exists in the form of fiuid logs; therefore it is critical
to be able to extract this data and, by determining what
conditions affect it, to come to some conclusions about the

hydraulic properties of the surrounding formation.

To do this, an understanding of the tocls, their reactions
and methods of reading, and the environmental reaction

surrounding them is imperative.

FORMATION

HYDRAULI
PROPERTIES

Fig. 2.1 The possible ways by which the three basic sets
of properties of the formation and fluid affect
each other

Fig. 2.1 represents in a diagrammatic form the various ways
by which the three basic sets of properties of the
formation and the fluid in the well can affect each other.
In an idealized pumped borehole in a porous medium the
fluid usually enters the borehcle evenly at all points on
the saturated face of the borehole, neglecting the
capillary fringe. For most fissured aquifers such as the
Chalk, the greater wvolume of water tends to enter the

borehole at discrete levels, usually natural fissure zones.
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The principle of operation of the flow log is that water
from a particular fissure has some of 1its physical and
physico-chemical properties slightly different from those
in the fluid column. This 1is clearly shown in Fig. 2.1 by
iinking property 4 with properties 2 and 3 through 6 and 5
respectively.

It has become apparent in recent years that a knowledge of
the distribution of these fissure zones is essential to the
vield/drawdown studies and aquifer analysis associated with

pumped wells,

Most fluid logs should permit the discrimination of the
hydraulic properties (4 1in Fig. 2.1) of the ground
surrounding the well from the properties of the fluid in
the well (1, 2 and 3 in Fig. 2.1}.

Thermal and chemical properties { 2 and 3 in Fig. 2.1),
which are recorded in the form of temperature and
conductivity logs respectively, give a qualitative estimate
of the hydraulic properties (4 in Fig. 2.1) where flow
property (1 in Fig. 2.1) which is recorded in the form of
the fluid wvelocity 1log, can 1in some <¢ases give a
semigquantitative estimate of the hydraulic conductivity of

the aquifer,

A considerable length of time, sometimes being of the order
of several months is required for the water in most wells
to reach thermal and chemical equilibrium, with the
surrounding aquifer in the zones where there is no flow and
every time a probe 1is moved through the well these

conditions are disturbed.

Fig. 2.2 shows the arrangement wusually used for flow
logging and Fig. 2.3 shows some flow logging probes with

their reference points.
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2.3 THE USE OF FLOW VELOCITY MEASUREMENTS 1IN WELLS AND
BOREHOLES

As the wuse of quantitative hydrologic methods has
increased, the need for accurate methods o©f measuring flow
within a well has also increased. Fluid velocity 1is a
critical measurement and 1s very often sought in well

logging programs (Tate et al 1970).

By means of a fluid velocity log, the vertical mcvement of
the fluid filling the well under pumping conditions or at

rest is determined.

The objectives may be:

Hexe—is wo pumbhping in

- To detect flow from one fissure level to another wheﬁi
the we113

- To determine, from existing wells, the optimum
position and length of the screen for projected
wells,

- To trace incrusted (screen) sections when a well has
declined in production.

- To examine the outcome of well (re-)development, as
might be accomplished by such development techniques
as surging or jetting.

- And, mainly, to establish the inflow levels of a new
well,

A fluid movement log run in a stagnant column of water
would show a straight trace both in the up and down
direction. Where vertical flow occurs, due to differences
in the  Thydraulic gradient between the parts of the
borehole, deflections in opposite directions are recorded
on the up and down trip. With a moving flowmeter, rates of
flow can be detected that are toc small +to affect the

instrument when it i1s in a stationary position.

Many researches (Diment 1967; Gretener 1967) have shown

that the thermal instability of the water column represent
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water movements over a distance of no more than several
times the diameter of the well. If the water column is
viewed as a series of wvertically Jjuxtaposed convection
celis or eddies, it can be said that the height of the
cells would bhe no more than several times their width (Fig.
2.5).

Fig. 2.5 Convection cells representing water movement
due to thermal instability

Clearly, the actual motion is far more complex and probably
involves the continual formation and breakdown of irregular
eddies which move in response to the local density

distribution within the water column.

2.4 THE FLOW REGIME INSIDE A WELL

It often happens that the water column inside a well
becomes unstable because of the buoyancy forces resulting
from a reduction in fluid density due to changes in
temperature. Under such circumstances velocity
measurements designed to record flows from non-thermal

gradients encounter serilous difficulties.

When a vertical tube filled with fluid is subjected to a

thermal gradient, the fluid will become unstable and start
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to convect as soon as the gradient exceeds a certain
critical wvalue.

Hales (1937) treated this problem from a theoretical point
of view and derived the folloWing formula for the critical

gradient

6 _3$PT . cvk
“ TG T Typor

(2.1)

il

where g acceleration of gravity

absolute temperature

coefficient of thermal expansion

specific heat at constant pressure

kinematic viscosity

thermal diffusivity

radius of the borehole, and

= a constant, which is 216 for a hole whose
length is great compared to its diameter

il

ol

i
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The first term of the above formula gives the onset of
convection in the absence of §iscosity, whereas the second
term (Cﬁéﬁﬁ) takes into consideration the fluid viscosity,
For a fluid such as water the first term is usually small,
so small (0.2°C/Km) that any well be unsztable under normal

gradient conditions. I+ is, thus, the second term that is

decisive.

By using the physical properties of water at 10°C given in

Append&ng, the above formula can be simplified as follows:
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An attempt is made below to calculate the critical gradient
for wells of various diameters and these values are

presented in the form of a graph in Fig. 2.4.
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Since 1in sedimentary areas the geothermal gradient 1is
seldom less than 0.01, °C/m most wells in the Chalk (where
much of the later fieldwork for +this research was

undertaken) must be thermally unstable.

In order to examine the flow regime inside a well at the
level of a fissure zone, a perspex model was used (Plates 2
and 3). By injecting at the parallel plate inlet a blue
dye and observing the subsequent dye front it was found
that the flow at the output of the fissure was laminar
(Figures 2.6 a,b,c), but as more dye continued to travel
through the water column, turbulence started to develop

above and below the fissure plane (Figures d and e).

Next an attempt was made to change the smooth output of the
fissure plane to an irregular one. This was done bhy
coating the fissure cutput by a mixture of sand and glue.
The experiment was repeated and 1t was found that at
certain points on fissure's output, turbulence started to
develop from the point of entry to the well (Fig. 2.6f}.
This suggests that in actual situations one must bear 1in
mind the irregularities of the fissure plane and it 1is more
likely to expect the flow regime inside the well at the
fissure level to be turbulent than laminar. This explains
the phenomenon (Robertson, A., personal communication 1981)
in which when an attempt is being made to operate a heat
pulse flowmeter at a level where fissure flow exists, the

obtained results are unusable.

2.5 METHODS OF FLOW MEASUREMENT

The several methods and devices of flow measurement in
boreholes and wells which have been developed and are in
use by the water industry today are briefly described

pelow.
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Plate 2 Perspex model used to simulate fissure flow



27

Plate 3 Fissure flow clearly illustrated by dye
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Fig. 2.6 Subsequent dye fronts inside the tube
representing the well, at the level of
the fissure
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DIRECT METHODS

These methods depend on measuring either the velocity of
the moving water or the velocity of a signal propagating
with the moving water column. Such signals can be portions
cf dye introduced into the water, or locally produced
changes ©f one of the physical parameters of the water,
i.e. temperature, ion concentration, radiocactivity. In all
these cases the flow velocity is calculated from the time

interval between the injection and the moment of tracing.

Impeliler Flowmeter

Principle of
operation: It converts flow rate to electric pulses

by sensing the rotation of an impeller

exposed to the water column.

Advantages: it is the more widely used flowmeter by
the water industry today. It is simple in
its operation, and continuous data can be

obtained.

Limitations: Below velocities of the order 30 to 50
mm/s the effect of bearing friction has a
serious reduction on the accuracy of the

measurement.

Dye Propagation Method

Principle of
operation: A portion of dye of similar density to

water is introduced into the water and

its travel time 1is measured.

Advantages: It can be used to study the horizontal

flow opposite fissure zones.



Limitations:
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Very impractical method, requires a TV
camera for observing the movement of the
dye 1into the well or some appropriate

timed sampling arrangement.

Ton Propagation Method

Principle cof
operation:

Advantages:

Limitaticns:

A discrete slug of brine is injected in
the water; its movement is then traced

with a fluid-conductivity cell.

The method is very simple; the eguipment
need no calibration, it utilizes a
readily available tracer that does not

reguire licensing.

Continuous logging of the flow velocity
versus depth 1is not possible; radial
inflow of water 1in screened sections
tends to disrupt the shape of the brine
slug. There 1ig an upper limit of
velocities above which the measurements

become inaccurate.

Radicactive Tracer Propagation Method

Principle of
operation:

Advantages:

Limitations:

The passage of radicactivity-tagged water
pas?’t a pair of gamma-ray detectors 1is
timed.

It 1is more accurate than the above
methods. It can be used to measure flow

behind the casing.

It uses radioactive elements which by
many are considered as unacceptable for

use 1n the water.
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In the water industry today, various substances chosen to
act as water tracers are selected depending on the strength
of public opinion, (it took almost half a century for the
use of radiotracers to be regarded as part of the normal
range of techniques available to the hydrologist), the
magnitude of the velocity range, the sensitivity of
instrumentation available, the cost, the remoteness cf the
site and the accuracy required,. When high accuracy 1is
sought and the field conditions are such that the accuracy
will be limited only by the tracer characteristics, there
are very few tracers to choose from, the best being
chloride, bromide (bromine-82), and tritium, as they have

all proved to be reliable.

INDIRECT METHODS

These methods depend on measuring a physical process which

is strongly dependent on velocity.

Dilfution Methods

Principle of .
operation: A known quantity of salt sclution of

known concentraticn 1s introduced into
the water. The rate of dilution is a

function of the velocity of the water.

hdvantages: It is very effective in measuring
horizontal flow velocities opposite

fissure zones.

Limitations: It is necessary to 1isclate each section
of the well under study in order to

define the dilution volume.

A wvariation in the above method is to measure the rate of
dilution of a high gamma ray emitting tracer, by a gamma

detector.



Hot Film Method

Principle of
operation:

Advantages:

Limitations:

Thermal Flowmeter

Principle of
operation:

Advantages:

Limitations:
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The wire (film) 1is heated above the
temperature of +the surrounding water by
passing an electric current through it.
The rate of cooling is a function of the

velocity of the water.

The sensitivity of the method increases

with decreasing velocity.

The deposition of a layer of dirt on the
wire, the formation of bubbles on the
sensor and the variation of
water~temperature result in the reduction

of the accuracy of the measurement.

The water is heated continuously with an
electric heater and the  temperature
difference between a polint below and a
point above the heater is measured. This
difference 1is related to the water

velocity.

Since the temperature difference 1is
measured, the ambient temperature
variation does not affect the accuracy of

the measurement.

The continuous heating of the water
generates thermal c¢onvecticen currents
which can reduce the instrument's

accuracy at the low velocity range.
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Nuclear Magnetic Resconance Flowmeter

Principle of
operation: A magnetic field is generated by means of

a coil placed in the water column,
inducing an electromotive force in the
water which is directly proportional to
the wvelocity of the water. This method

is in the experimental stage.

The advantages and limitations of each method has been
discussed and the choice of the appropriate method depends
on a number of facters such as: site conditions,
equipment, and resources available to the gauging

authorities etc.

Resume

Table 2.1 summarizes all the above methods 1in a
diagrammatic form with the optimum range of wvelocities

within which they can operate with accepted accuracy.

Today the most common in use flowmeter device i1is the
mechanic flowmeter {(borehole spinner). It is the simplest
and least expensive device but it 1is limited to higher
velocities and must be carefully calibrated for
guantitative use. Recently a new device under the name of
heat pulse flowmeter has shown considerable promise in
water velocity measurements as low as 1 mm/s and is

examined in detail in the next Chapter.

2.6 THE RELATION OF FLOW VELOCITY MEASUREMENTS TO THE
HYDRAULIC CONDUCTIVITY OF AN AQUIFER

It has already been shown in Fig. 2.1 that the flow regime,
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under no pumping, inside a well 1s a function of the
thermal properties of the water column and the hydraulic

characteristics of the aquifer.

A very common question put often to the hydrogeclogist or
geophysicist is: "Given available measurements of wvelocity
in a borehole, what is the transmissivity of the aquifer?”.
Unfortunately, even today, the answer to this sort of
question continues to be an elusive goal, except for some
special cases. Perhaps 1t is better to modify this
question in  the following form: "Given available
measurements in a borehole, what can we deduce about the
hydraulic characteristics of the surrounding material?".
Here is where the flow velocity log can give, in most of

the cases, a definite answer.

Measurements of the rates of vertical flow at different
depths in a well can reveal the leocation, thickness and
relative productivity of water bearing fissure zones.
Imagine legging a well whose vertical hydraulic

conductivity distribution is K{(2) and let V(z) be the

measured velocity profile (Fig. 2.7). In general V(z) can
be related to K(z) for a constant pressure gradient as
follows:

Vi{z) = F(R{(z}) + C(z,D,T) (2.2)

where F is an unknown function and C depends on the

diameter of the well {D) and the thermal gradient (T).

-
r

=

Fig 2.7 Velocity components at a point inside a borehole
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Concentrating on the horizontal component of the velocity
and neglecting the second term on the righthand side, the

hydraulic conductivity function can be written as:
K(z) = G(V(z}) (2.3)
where G is an unknown function.

It is worth here to refer to an experimental attempt by the
Bhabha Atomic Research Centre, Bombay {1978}, in examining
the relative permeability of bedrock foundation on a future
dam. In this experiment radiotracer was injected all along
the length of the borehole and the horizontal velocity
profile across the axis of the borehole was studied by
measuring the rate of disappearance of the tracer at
different depths by repeated logging with a Geiger-Muller

counter.

In general this approach of examining the hydraulic
conductivity of the formation from measurements cf the
horizontal component of the wvelocity versus depth is
feasible only when the rate of dilution at the suspected
fissure zone (if we use one of the dilution methods to
measure the velocity) is expected to far exceed the rate of
vertical transport of the tracer by diffusion or vertical
currents generated by thermal instability. Comparison of
the profiles of the logs taken at different intervals will
indicate whether this condition is satisfied because
vertical currents would cause significant variations in the

tracer concentration profile,

If we were to use the vertical component of the velocity,
since this is what usually is measured by the commercial

flowmeters, then the following relation should be used:
K(z) = G(Vél)) + C(z,D,T) (2.4)
where the second term is due to the thermal instability of

the water c¢olumn. Assuming that%{((l:oﬁ): 0, the following

expression for K{z) can be obtained:



37

K(z) = F(-?::l;_—(z‘l)di— (2.5)

where G, C, and F are unknown functions.

All the above equation means is that in some cases it is
better to loock at changes of the vertical velocity profile
than in absolute values themselves,. Or in other words,
that the wvertical variation of the hydraulic conductivity

can more easily be identified from the variations of the

velocity profile.

2.7 THE USE OF FLOW TEMPERATURE LOG

Wells up to a certain diameter, left quiet for some time,
enable the measurement of the temperature as a function of
depth tc¢ be made. By comparing the measurement profiles
with "normal" undisturbed temperature profiles, information
may pe gathered regarding the geohydrological conditions

which have led to the thermal gradients measured.
This is based on the fact that the geothermal gradient is

considerably modified by fluid movement in the borehcle and

adjacent rocks.

2.7.a The temperature regime inside a borehole

Let T be the observed temperature at depth z: it is well
known {Beck et al 1969) that T can be written as:

T = TO + g.2 + VS (2.6)

where TO is the surface temperature before the onset of any
.climate change, g 1s the undisturbed temperature gradient
in the area and VS is the temperature disturbance at depth

z due to a surface temperature variation of any form.
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In order +to make the above formula more complete, another
term Vd(z) is added, representing the temperature
disturbance at depth z due to some change of the thermal

properties of the formation at this depth.

The above formula shows that the temperature field inside a
well 1s also a function of time, since VS and Vd(z) depend

on time,

Cn the other hand, during the drilling of the borehole, the
temperature profile at the drilling site is disturbed, and
a period of rest of approximately half a year will ncrmally

be needed for the real temperature gradient to recover.

In addition to this, convection currents occurring in the
fluid column can cause some errors, but it has been found
(Samme 1968) that these are relatively small of the order
of a few 1/100°C. In order to test this assumption, the
following experiment was carried cut: Before disturbing
the fluid column in a borehole (No. 12) at Brighton, the
temperature probe was placed in two positions inside the
fluid column, and was left for some time. The wvariations
in the temperature were recorded and the obtained results

are shown in Fig. 2.8.

As 1t can be seen from the above graphs, there was not any
serious disturbance of the temperature field since the

maximum varilations observed were of the order of 0.01°C,.

Since the temperature observed at a specific point is the
result of the total environment, a method of defining the
variables and eliminating or computing their effect is
necessary before valid quantitative work can be

accomplished.
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Fig. 2.8 Temperature variations inside the borehole
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2.7.b Methods of temperature logging

Temperature logging tools used by the water industry today

can be divided into two basic methods.

Absoclute
method:

Differential
methods:

A single element tool calibrated and aligned
to detect the existing temperature downhole
and transmit this information to the surface,
where 1t 1is recorded as actual temperature
versus depth. By this method the temperature
of the borehole water at a single point is
measured and the measurement is subject to
the sum of the vertical and lateral effects
of temperature transition in the zone
containing the point of measurement. Sharp
definition of temperature interfaces 1is
improbable unless the differential is
extreme, and slight changes often go

unnoticed unless recording sensitivity 1is
high. Total transition from cne temperature
to another 1is usually averaged over a long

vertical interval.

The differential method utilizes two elements
physically separated by a given distance,
Both elements detect the absolute temperature
of the fluids at their respective depths.
These temperatures are impressed wupon a
"comparison circuit" and the difference
between them 1is transmitted to the surface

and recorded.

The actual difference in temperature would be
determined by the deflection of the curve.
During most logging operations, the progress
downhole 1is usually continuous; therefore,

both the rate and the amount of temperature
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change affect the readings, and the log is

used as a relative  temperature change

indicator.
The actual temperature is recorded
simultaneously on a separate circuilt. The

advantage in this usage is a more prominent
indication of temperature change over a given

interval.

Recently, a modification of the above method
has been used. It makes use of a single
element and an electronic "memory circuit".
The single element detects the temperature of
the well water and sends this information to
a memory cell or delay «circuit. The
difference 1in temperature reccrded at two

time intervals is recorded as a differential.

2.7.c The Relation of temperature measurements to the

hydraulic conductivity cf the aquifer

Imagine measuring the temperature along the axis of a
borehole in which +there 1is no reason to suspect any

significant influence from fissure flow.

Under these conditions what is represented by the
temperature log is the normal gecthermal gradient which is
caused by the continucus flow of heat outward from the

interior of the earth.

There should be no argument that a static column of fluid
will present a different temperature profile from that in
which the fluid is moving. Further, different rates of
fluid flow will produce correspondingly different changes

in the temperature profile.

The effect of water entering a well on the temperature
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profile has been recognised and documented in the
literature (Jones et al 1956; Tate et al 1970}.

In the case that a fissure =zone crosses the well at a
certain level, a change in the thermal gradient at that

ilevel is expected because:

{a) The thermal gradient at the corresponding interval
depends upon the thermal resistivity of the
formation which is altered by the presence of the
fissure.

(b} The entrance of fissure water (usually being of
different temperature than that of the water
column) , causes the generation of convection
currents disturbing the temperature field at the

particular level in a very complicated way.

By looking at the temperature log for regions where changes
in the temperature gradient occur, it 1is quite often

possible to recognize zones of high hydraulic conductivity.

Similar results can be obtained by using the differential
temperature log. Since the temperature and differential
temperature logs are very sensitive to extraneous effects
such as instrumental noise, changes in the speed of logging
velocity, thermal instability of the water column etc., it
is very common for these logs to show wvariations which

could be misinterpreted as due to fissure effects.

A very effective method to recognize true fissure effects
on the T and dT logs 1is, after running the log on the way
down, to leave the 1logging probe for a while near the
bottom of the hole for equilibrium to re-establish and then
repeat the same process on the way upwards. By this method
when we compare the two sets of logs, the true fissure
effects should show as mirror images, whereas all the other
effects should show in one of the two logs only and sc can

easily be removed.
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The following Fig. 2.9 contains a copy of a conductivity
and a Temperature while Fig. 2.10 contains a copy of a
Differential temperature log carried out by the author in a
borehole located in the Brighton Chalk,

A number of features a,b,c,d where recorded on the
Temperature log on the way down but these features are
missing from the same log when it was run on the way up.
This suggests that these features have nothing to do with
fissure flow effects and probably are due +to external
noise. These sort of variations on the Temperature log are
very common in logging practice (Ellis, J. personal
communication 1982) and cause a lot of problems during the

interpretation stage.

By comparing the two traces on the Differential Temperature
log, one can confirm that the feature existing at about 52
m 1s reproduced on the way up, thus it can be interpreted

as the result of fissure activity at that specific level.

Fig. 2.11 shows a copy of a temperature and Differential
Temperature log carried out by the WRC at borehole No. 2 in
the Chalk of Brighton.

There are the following areas of interest in the log:

{a) Between 38 to 79m there is a slight temperature
gradient of about 0.61°C/100m. In the same
interval the differential temperature log shows

little evidence of inflow or cutflow points.

(b) Between 79 to 120m, there is a slight temperature
gradient which now approximately becomes
1.95°C/100m with numerous peaks in the differential

temperature log suggesting inflow/outflow levels.

{c) At the level of 120m there is a temperature jump of
0.6°C,
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(d) Between 120 and the bottom of the well, a slighter
gradient exists, together with differential

temperature peaks.

Quite often distinct changes in borehole fluid temperature

are generally cbserved at the depths where the resistivity

lows occur.
Fig. 2.12 1s an example of this showing the resistivity and

temperature logs for a borehole in the Chalk at Brighton,

The arrows show changes in the temperature gradient.

2.8 THE USE CQF THE FLUID CONDUCTIVITY LOG

The fluid conductivity log provides information regarding
the groundwater's electrical conductivity as a function of
depth.

The principle of operation of the fluid conductivity log is
that water from a particular fissure has an electrical
conductivity which is slightly different from that in the

fluid column.

2.8.a The fluid conductivity regime inside a borehole

The electrical conductivity of the water in a borehole at a
given depth depends upon the concentrations, mobilities,
and valences of the ions in the water at that depth. It
is, therefore, controlled partly by the processes of ionic
diffusion and dispersion and ion transport by moving
fluids. Imagine measuring the £luid conductivity along the
axls of a borehole in which there 1s no fissure flow.
Under these conditions the conductivity profile may be
representative of the porewater in the adjacent formation,
nevertheless this is not necessarily so for the case of

fissure flow.
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Interstitial water extracted by centrifuge from core
material from a bkorehole in the Chalk of Southern England
(Edmunds et al 1973) was found to have a variable chemical
composition and to be more mineralised,ig% much as a factor
of 10, compared with the fissure derived water found in the

water columm.

Fig. 2.13 demonstrates compositional differences between
interstitial water and water in the fissure =zones for the

above borehole.,

Fig. 2.14 4is an example of a borehole for which the
Institute of Geological Sciences carried out detailed
permeability inspection tests in conjunction with fluid
geophysical logging and CCTV inspection (Price et al 1982).
The conductivity log was made shortly after pumping from
the nearby pumping station borehole had ceased. The flow
velocity profile was made while the pumping station was
abstracting 17 1lt/sec. The solid circles represent
horizontal intergranular permeability values while the
vertical lines represent the measured permeability wvalue
for each injection-test interval. A major fissure dbf 29.3m
was clearly indicated by the electrical conductivity log
and is shown in Fig. 2.15. Another major fissure near the
base o0f the borehole did not show on the electrical
conductivity. The later fissure was indicated by heat
pulse measurements and was also confirmed by CCTV

inspection {Fig. 2.16}).

Another important factor which c¢ould have a strong
influence on the conductivity profile 1is the effect of
saline intrusion in some coastal boreholes. Fig. 2.17
represents conductivity profiles for 10 bhoreholes (Table
2.2}, in the Brighton's Chalk block c¢oastal area, and was
drawn from data kindly supplied by the Scuthern Water
Authority. Continuous lines represent the maximum
conductivity observed at the peak of the 1976 drought and
broken lines represent the conductivity after three months

of relatively heavy rainfall (December}.
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A large wvariation in fluid conductivity values 1s evident
between boreholes only short distances apart. As might be
expected the boreholes near the coast show a greater
variation in conductivity than those sited farther inland,
since the effect of saline intrusion becomes more

gsignificant as the borehole is c¢loser to the coast.

Another important factor which could influence the fiuid
conductivity of coastal boreholes is the effect of tide
cycles. Southern Water Authority and the Water Research
Centre have studied this phenomenon in a number of coastal
boreholes ( SWA 1979, Monkhouse and Fleet 1975). Fig. 2.18

shows the results of a tide c¢ycle log carried out at
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tCM

IFig, 2.15 Radial view of the fissure at 29.3m below datum

L 1eM

Fig., 2.16 Radial view of fthe fissure at 58.8m below datum
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TABLE 2.2

Borehole Name 0.5. Grid Datum Depth Approximate

Ne. Reference M.O.D. (m) depth W.L. (m}
1 Victoria Gardens N. 314044 11.26 250 4
2 St. Peter's Church 315049 13.56 250 5
3 Preston Park N. 303065 27.45 92 25
4 Roedean 348034 39.36 94 38
5 Ovingdean 359032 27,37 87 29
) Daniels Barn 191053 2.12 63 10
7 Perbroke Gardens 282049 13.39 250 12
3 Goldstone 282066 53.03 210 52
9 New Salts Farm 203050 1.83 200 1
10 Scupting No. 3 167064 - -
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borehole No. 7 on 1l4th July 1977

. 2.18.b shows the

Fig.

movement of the saline interface as observed from the log.
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2.9 GENERAL CONCLUSTIONS

This Chapter has examined the rolé which the £fluld logs

play in the water industry today,

and an attempt has been

made to discuss how useful they are for estimating the

hydraulic properties of the sur

rounding well formation.

The general conclusions made can be summarized as follows:



(a)

(b}

(c)

(d)

(e)
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Fluid logs have been found to be very useful in
helping to define the limits of fluid entry but at

this time not in a quantitative sense.

Calculations showed that a degree of movement must
be expected in the water column of most of the

wells due to thermal instability.

A pnumber of new technigues for measuring velocities

as low as lmm/sec look very promising.

Experiments with a model showed that the velocity
regime was laminar Jjust in front of the simulated
fissure with regular surfaces; and that turbulence
was develcoped zbove and below the fissure zone, but
by introducing irregularities on the output of the
fissure plane, turbulence started to develop from

the point of entry to the well,

The Temperature and Differential Temperature logs
are wvery sensitive to a number of effects and a
method for recognizing the effects of fissure flow

has been proposed.

Fluid geophysical logging can offer a great deal in the way

of practical applications to hydrogeclogy, such as the

detection of permeable zones, and the more complete the set

of fluid logs that is available, the greater the benefits

than can be expected from the logging.
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CHAPTER ITT

THEQRETICAL AND EXPERIMENTAL INVESTIGATION
OF THE HEAT-PULSE FLOWMETER

3.1 INTRODUCTION

The measurement of axial flow 1in a borehole 1is an
established procedure. This information, in conjunction
with other geophysical logs, aids the understanding of the
behaviour of individual boreholes and of local and regional

groundwater flow.

The main limitation of velocity measuring devices that have
been available for use down boreholes is that they will not
operate properly or at all below velocities of the order
30-50mm/ sec. Recently, a new type of instrument for
velocity measurements as low as 1 mm/sec has been used in
the water industry with a lot of success (Dudgeon et al
1975). A substantial portion of the time spent on the
present research was devoted to a detailed thecretical and
experimental study of the principles of operation of this
instrument in view of its promise for the water industry.
The decision to do this research was taken because no
analysis existed that examined the behaviocur of the
instrument from a theoretical point of view, even though
the instrument is being used extensively by the water
industry. Fluid velocity logs are essential for the study
and analysis of in situ flow and hence for the assessment
of in situ hydraulic conductivity. Obvicusly these logs
rely on tools that must be capable of operating over a wide
range of flows and the accurate measurement of low flows
can be as valuable to analysis as that of high flows. The
purpose o©f this Chapter 1s to define the limits of

usefulness of the heat pulse flowmeter.
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The basic idea of the heat pulse flowmeter is to use the
thermal wake of a heated wire, submerged into the moving

fluid, as a tracer.

The technique described here is not original. The first
attempt to use such a method but for the case of air was
the work of L. Kovasznay published in 1949 and some years

later the work of R. Walker and A. Westenberg published in
1956,

All of these authors were interested in producing a
pericdical temperature field by applyving a sinusoidal
current in the probe, and trying to correlate the fluid

velocity with phase measurements of the thermal wake.

The first who applied a single heat pulse into fluid (air)
was A, Bauer, in work published in 1965. More recently, L.
Bradbury and I. Castro (1971) in England and I. Tombach
{1969) in the USA have been using modified versions of

Bauer's original probe for use in highly turbulent flows.

The following table presents the velocities in which the

above authors have been interested:

Table 3.1 Velocities studied by other authors

Author Velocities
Kovasznay 500 cm/sec
Walker and
Westenberg 50-300 cm/sec
Bauer 75 m/sec

Bradbury and
Castro 200 cm/sec

Tombach 200 cm/sec
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As 1t can be seen from Table 3.1, all these workers have
used the instrument in a velocity range where the probe
works essentially by convection with thermal dJdiffusion

having secondary influence.

The analysis presented here 1is opposite toc the previous
efforts in that with low flows, of the type that can be
found in boreholes, there 1is essentially a thermal
diffusion problem being influenced by convection. If the
influence of diffusion, as in the case of Bradbury and
Castro, and Bauver was secondary, the time of travel for the
heated cloud of fluid would correspcend to the time between
the pulse and the initial response of the downstream
sensor. The response would then rise with a linear slope
determined by the thermal inertia of the sensor wire, and
with the thermal-diffusion tending to eradicate this

response,

Fig. 3.1 represents the response ¢f the sensor with
conditions of differing thermal diffusion and sensor wire
inertia. The data from this diagram have been taken from
the work of Bradbury and Castro (1971) and corresponds to
Peclet numbers between 20 and 50. (See APPENDIX A.3.3 for

definition of thermodynamic terms).

The analysis of the convection-diffusion problem was
performed by both Bradbury and Castro, and Tembach in order
to find when the effects of diffusion would pass the
sensor, They could then extrapolate back to zero response
and find the precise travel time, Tombach's approach was
to digitize the signals and analyse them on a computer.
Bradbury and Castro used a convenient voltage offset to
indicate the travel time. Unfortunately in the present
case, because of the large effect of diffusion the initial
response of the sensor 1is going to be insensitive to
convection at the low velocities that are of interest to
borehole logging. This is the reason why it is preferred
to use the location of the maximum signal for measuring

travel time, since it 1is quite sensitive to the £luid
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Fig. 3.1 Response of the sensor with conditions of
different thermal diffusion and sensor wire
inertia
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Fig. 3.2 The temperature field to be describoed, at Point A
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velocity ({(Dudgeon et al 1975). It is obvious that in order
to lcocate the maximum signal in the sensor the whole shapé
cf the thermal cloud produced by the pulsed wire, the
effect of diffusion on this cloud, the convection pattern
of the wviscous wake and of course the response of the
sensor wire have to be predicted. This problem is
extremely difficult to be analysed theoretically and in
order tc simplify it the thermal inertia of the sensor and
the pulsed wire as well as the conduction of heat to the
wire supports have been considered as wn important. On
the other hand the most important aspects of the problem
are: determining the initial shape of the thermal cloud

and assessing the convection diffusion interaction.

3.2 THEQRETICAL CONSIDERATIONS

3.2.1 Formulation of the Problem

A tracer of heated water 1is intrcduced into the flow
by pulsing a wire grid with a rectangular voltage pulse and
the +time taken for this tracer to reach the downstream

sensor 1s measured.

In the following paragraphs, the physics of the phenomenon
are going to be described in order tco determine the

characteristic parameters of the instrument.

Instead of starting the analysis with a wire grid, it is
convenient to solve the problem for the case of a single
wire, 1in other words the problem 1is resolved to the

following:

Water in laminar flow with initial temperature Ta passes by
a small wire of length 1 and diameter d. If the wire is
heated by an electric pulse of known characteristics, what
is the temperature field at a point A, which is at a

distance x from the wire, downstream? (Fig. 3.2).
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The differential equation of conduction of heat in an isctropic medium, whose con-

ductivity is independent of the temperature, is given by equation@ll

iT ST ST 4 T
— = == 0 .
-sax':. + By-:. + Blz k -bt (3 1)

On the other hand the total amount of heat released into
the medium is given by Carslow and Jaeger (1959) as;
e ty-y7* (z-2J"
..g::.—z’_z - -GTE
FcT&xc{.yc{'z. = QP¢ _|ouRE J 4 |e YRE cl.y e Yk* cLL:_Qf’c
(8mkt)*2

(3.2)

-3 -0 o]

From this it can be said that the solution of (3.1) may be

interpreted as the temperature due to a guantity of heat

Q.p.c. released instantaneously at t=0 at the point
(X':Y'rz')-
Transfetring Eg. (3.1) to a coordinate system fixed with

respect to the source it becomes:

~ L 1
3T1*_3T1 +.§T __4“(1T -»u31J=o
A Y N k

Nt S (3.3)

If the heat emitted at the origin by the point source is
described by the function ¢gl(t), then the temperature at
time t, at the point (x,y,z) due to the gquantity of heat
g{t').dt' released at time t' 1is

A
_ Ctrutt-e1T+yh 22
R (t-t)

) dt’ _
BpC [k (¢-¢7)]2

xp (3.4)

and the temperature at time t due to the heat emitted at

the origin from time 0 to time t is:

t

y 9(¢) A-L{t-)4YE
Y, 2, ) = : FEXP |- (3-5)
T( Y, %5 ) BPC(‘!TI?)ah' ({.-*’)312 a2 Yic (t~¢7)
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For a large aspect raticn[ the point source becomes an

infinite line source, and Eg. (3.5) can be written
t
~F /(i (-£)) :
Tyt = 1« q¥'). & .iii, (3.6)
yrkpe (-4
where °
7 I |
r:ED(‘_U(£~f)J +YQ" (3.7)
From Eg. (3.6) it becomes clear that in order to determine

the temperature distribution downstream, we have to know
the functional form of g{t}, i.e. the physical law which
describes the heat transfer from the pulsed wire. This can
be easily calculated as long as the temperature history of

the probe can be found. g(t) can be written as:

‘1({): 'lTk’Nu.(T({-)-Tq)-E (3.8)

Where Nu 1is the dimensionless Nusselt number. Recent
measurements have shown that at low Reynolds numbers, the
Nusselt number depends on the Reynolds number, the Prandl
number and the angle of inclination of the fluid stream to
the wire, neglecting the bucyance effect. The
determination of the precise functional form of Nu(Re,Pr)
is a classical problem in fluid mechanics, and although it
is of great importancefrthe study of hot-wire anemometers,
it is not so important in the present analysis, where the
modified Kramers eguation has been adopted for representing

the heat convection process {Castaldin et al 1980).

0.2 . 0.36
Nu = oy Pr 4 0.57Pr . Re (3.9)

From the principle of conservation of energy, the following

egquations can be written:
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Electric Energy Heat stored Heat convected
entering the = {in the wire{ + tby the water
pulsed wire

2 o
v el AT gl mu(T-T 3
L SN - . - .10
From which the time constant for appreciable convection

becomes

T
T foled (3.11)
Yk Nw
and by keeping the duration of the electric pulse well
belcw Tp the heat convection term in Eg. (3.10) can be

ignored and it reduces to the following form:

-
—

Ll R, - Cu- -l N
R

3.12
4 dt ( }

By sclving this equation, the temperature history of the

probe during the "pulsing time" can be found from:

e 8
Go T—TQ‘L ~Ta) = --\-{- —-'—1 Lt
5 ( ) + (T-Ta) (L) e (3.13)

After the almost impulsive rise of tenperature the pulsed
wire temperature decays exponentially due to  heat
convection, according to the equation

-t /Tp
(T-Ta) = {(T-Ta)- € (3.14)

Where 'I‘1 is the initial temperature of the probe at the end
of the pulse. When the water velocity is low, then the
time for the temperature decay in the pulsed wire will be
much shorter than the time of diffusion between the pulsed
wire and the sensor, a fact which permits the assumption to
be made of an instantanecus source, at the velocity range

of interest.
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3.2.2 Analytical solution

Eg. (3.3) is expressed in terms of dimensionless variables,

because with this procedure the mathematics becomes more

concise:
where T ='T;ﬁa
(29
} :1/[-.
n o =vy/L
T _tun
p =ULk
Because
L8 T -
2T 1L T 1 DT
Y R R Y Y75 S 23
"L ) L
T — | T I | T
S~y 8 Dy e Lh
T _ U DT -~ U ~T
~t L vy L M

The solution of Egq. (3.15) can be written as

S AL
TEmD= ——[q¢).e dz/e’

yIwpc

and since

~ ~X/Tp
q(%):wK{NwT,e , (tp;TPU)

{3.15)

(3.16)

{3.17)
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Eg. (3.17) can be written as
T

’ P _ RN ,
T(l;"\,t): M&m __I’:;ej{t‘t )/CP. éTE(} 'C)-}T} ]/t

o T PO

a

and by substituting

~ _ k'f
K T ]
Y NN o LS VA
T(HM, = i\’—‘f{-—T‘— e . e (3.18)

Considering the ﬁlane which passes through A and contains
the wire, the dimensionless wvariable n takes the wvalue 0
and to study the temperature field at the point A,} takes

the value 1. For this case, Eg. (3.18) can be written as:

—tz-t')/tp  -Piy(1~ ¥
Tto= ﬁt&{.]l e . € dt/e’ (3.19)

o

Because the velocities being studied with the heat pulse
flowmeter, when 1t is used for groundwater measurements,
are very low, the dimensionless decay time of the pulsed
wire 1is very small compared to the dimensionless travel
time between the wire and the sensor, so the assumption of

having an instantaneous pulse is made.

It is well known from the theory of the conduction of heat
that the solution of Eg. ({3.3) for the case of an

instantaneous heat source has the form (Carslow and Jaeger
1959)

- ﬁﬁ4£%
Tlaty, )= — 5. e (3.20)

Py

yrk t

In dimensionless form Eq. (3.20) can be written as:
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. ap -(}*T)i- Pluz
T(3.7) = 8,
1, e e (3.21)

and in order to find the time to the maximum signal the
following Equation has to be solved:

D (T3 =0 — (3.22)
ST

2 z
P} _Pxti=uz and by substituting 3} =1

- Uf'f’(?/l ~
T= HP/?_ Do o p/y (3.23)

because V 146 = 1+8/2 for $4<t (of for U->0)

It is convenient, therefore, to rescale the dimensionless
time € in Eg. (3.17) by putting T =83 and ¥ =8§) where 5 =PAn

"

_E_F(p-:n -u;--u-fi'z)l 13
T :_.lﬂ%rllﬂ e - & — (3.24)

4]

and because W5 <1 the above integral is very small for all

the values of 3 except for )=k so by defining a new
variable of intergration:

5 (3.25)

*
Because for A=}k = 3' = 0 and for 3 = 0 = 7' =k/%
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the following intergral equation is obtained:

e _ -84 Te7)

-g - r ?
Tz NuTi T |e -e,(“t?’/’ﬂ.__i_gﬁ__ (3.26)
H Y -3’
By expanding thz;factor Fﬁ“ﬂﬁ: in terms of P
Ty NuTi-Tp e-_q.le-x - Sl + Tpy 14 ( & -
—F P F(' Feeey): [g

=]

T
x“ [1+3 ) tpq) ” 5 260

Rearranging the exponential in orders of tp/g

exP{...}:elP[—— -Pf——([(:_&pﬁ. %(25({—8};)4_ (—I_}*&f]q' .

+(§:)'f(&‘;&}§_(*~SP)+%<*-8P)"J:1"‘+ o[{)]

- ex 5k T (1517 gt . ?
ep(_ np)__;.:izn _(%_)33 [(%—)}

Substituting the above result back to Eg. (3.26b) and

expanding in terms of exp. (7%f) and exp (%/§ ) the
following expressiq&_is taken

T, v,
T@= NaT T Jc—?-exP[_,, (bR T a-bE)
4 §

& 5@

o

1,
t

A e N o L

from which:

-~ ~ —()-5 )1 a 2. LY
T(tj = NuT.Zp e : ﬂ‘ R T S P1+IJ-1 n (‘tp )‘L‘ (SP+P-{ \
yS § W by p /
3 -bh/tp
i %—]Jro[(?,)’e ” (3.28)
or by making the (inverse) transformation:
T : T-Ta
~ Ta,
‘Ti ey ’TI"TQ
Ta
T > {'LL_J
| J— T = tu/CLS)
p o TpVY
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The following expression for the temperature fieid at point
A is obtained:

(T-Ta) = (i-Ta)NuTe exp [“ Sa=ton) |y Te
qt . U/L £

.(-{:l.g.(U/L)'L_{_.{:_u/L_S)] (3.29)

3.2.3 Mathematical modelling of the temperature field

produced by a grid

In the following, an assumption of using a sguare grid
consisting of 10 wires each of length 1 cm and 1 mm apart,
is made. Fig. 3.3 contains the construction details of the

heating grid used in the experiment.

By taking L = 10 cm the dimensionless variablentakes the

following (See Fig. 3.3.2) values:

14+
[
83

22 = 0.05
2 = 015
f22 < 0,25
t %‘5—9 = 0.35
* ii—(')é = 0.45

from which n can be written as:

. 3.30
ﬂ~—:—(a5+k) ( )

where kx =0, 1, 2, 3, 4, ...., n—-1

Thus the temperature field at Point A downstream can be
described by:

T P L (054K )Y fo
-1 Ry __H__.['(I )+ (& )J/t e
T(n,z) = NuTe Z e e (3.31)

2 T’

kze ‘o
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Fig. 3.3 Construction details of the heating grid used
in the experiment
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By using the same analvtical methods as described in the

previous paragraphs, Eq. (3.31} becomes, see APPENDIX
(A.3.4).
_0-5p) /1 n N
Toyo= 2t (PR (1 ey
4 5P § \ B o 5
[(,_g‘m" R T T o NuTTp éc—’:psﬂ
2 pe pr pe 2 6 '
~{KY] " 7
o B [q(k].[l, (_&)1 -8 zp ! ]+ (Ef (n(x))
4 X3 ! :
i R R N E I

By comparing Eq. (3.32}) with Eq. (3.29), it becomes obvious
that when using a grid of n-wires, the temperature field at
point A is n times the temperature field caused by a single
wire, plus a negative factor which is here named the "Grid

Factor" or GF.

Calculations of GF for the case of a grid consisting of 10

wires gave very small values ( 10_6

} so the second term in
Eg. (3.32) can be neglected without introducing any error

in the calculation of the temperature field.

A computer program in FORTRAN IV was written in order to
perform all the calculations and is presented in APPENDIX
A.3.6.

Figures 3.4 and 3.5 are draphical representations of Eg.
(3.32) for n = 10 and for a 0.25mm Pt~wire heated up to
75°C and where the sensor is 10mm and 15mm downstream
respectively. In each case the ambient temperature is
assumed to be 25°C.

These figures clearly 1illustrate the effect of the
diffusion of the heat when the velocity of the water

decreases.
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3.3 EXPERIMENTAL CONSIDERATIONS

The design of a heat pulse flowmeter, and the way it
operates depend not only on the dynamics of the convection
and diffusion of the heat pulse but alsc on some of the

practical electronic and mechanical constraints that arise.
These are problems of signal-to-noise ratio and the

influence of electrical coupling between the pulsed wire

and the sensor circuit.

3.3.1 prcbe. design

It is evident that the temperature decay of the pulsed wire
is faster with a smaller wire. This produces a more
sharply peaked thermal cloud moving between the pulsed grid
and the sensor. Therefore, it is easier to determine the
position of maximum signal in the sensor. Unfortunately,
as there is an upper limit to the temperature which we can
heat the pulsed wire, the dimension of the pulsed wire
cannot he reduced a lot 1if enough energy is to be

transferred into the water.

The most important parameter in the present experiment is
the distance between the pulsed wire and the sensor,
because both the convection time and the Peclet number

depend on it.

Although from heat conservation arguments, it is expected
that the amplitude of the thermistors signal 1is not
strongly affected by the changing of spacing between the
thermistor and the grid, in our case the effect of
longitudinal diffusion is so strong that the peaked signal

decays very rapidly with the spacing.

On the other hand, noise will be directly proportional to

the total wire length of the grid; this includes both
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electronic noise from the amplifier and also any response
that the sensor has directly to the water stream flowing
past 1t either to temperature fluctuations as a resistance
thermometer or to velocity fluctuaticons as a hot wire
anemometer, It would appear therefore that there is a
strong motive to reduce the spacing between the wire and
the thermistor as much as possible, keeping of course in

mind the effect of the grid's wviscous wake on the sensor.

In the present experiment a grid made from 0.025cm of Pt
wire has been used. The design of the grid is shown in
Fig. (3.3).

Another difficult task of the present design was to choose
the appropriate sensor. The decision must be based on the

following objectives:

{a) Provide as far as possible a direct means of the heat

wave measurement without the need o0f complex

corrections,

(L) Have a sufficiently good respconse characteristic.

(c) Provide a sensing element which is reliable in water
environment, up to temperatures of about 100°C,

without drift problems with time, and giving a long

working life.

The 1ideal sensor would be a fine wire, but because of
contamination due to dirt problems, the next choice is a
thermistor, capable of measuring at least 0.01°C and having

a response time not greater than 0.1 sec,.

A number of sensors from those available in the market were
tested during the first stages of the experiment in order

to find the most appropriate.
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Fig. 3.6 Typical sensors tested in the research. All
lengths are in mm

The first sensor that was tested was Pt 100/15C of the
platinum film element type, supplied by Sensing Devices
Ltd. (Fig. 3.6.a). Although its response time was claimed
to be of the order of 0.05 sec. the results obtained were
very poor, probably because of the effect of the stainless
steel sheath which was used in order to keep the sensor
waterproof. After this, it was decided to concentrate on
the semiconductor type (thermostors) sensors and Fig. 3.6.b
and < represents the two types supplied by Radio Spares
Components Ltd., for which the hest results were obtained.

Type GM102 was selected for the rest of the experiment.
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Fig. 3.7 Construction details of the probe containing the
heating grid and the sensor

The sensor and the pulsed wire were built on a cylindrical
plastic tube. The wire was kept in position by 20 slots
cut on the top of the c¢ylindrical tube and a number of
holes were drilled on the face of the tube providing the
facility of placing the thermistor at wvaricus distances
from the grid (Fig. 3.7)}.

3.3.2 The Electronic Circuit

In this particular experiment, the duration of the pulses
used to produce the tracer of heated water, ranges from a
few microseconds up to about 100 m/sec with peak currents

as high as 3 Amps.

There 1is nothing intrinsically difficult about making a
circuit to produce such pulses, Fig. 3.8 shows the circuit

designed and used in the present experiment.

Generally in the design of the electric circuit of a heat
pulse flowmeter capacitor discharge must be employed for

pulsing the heating element. This technique permits the
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high power pulses reguired to be generated down the hole
with minimal difficulty and results in a smooth and

continuous supply of power flowing in the cable link.

This is a desirable feature since cross coupling, in a
system where the input peak power is considerably greater

than the signal power, invariably results in sacrificed
sensitivity.

The circuit designed produces a series of pulses of the
following form (Fig. 3.9):

Fig. 3.9 Typical waveform produced by the pulse generator

where:stime T is contrclled by Potentiometer VR1

time t 1s contrclled by Potentiometer VR2
and the amplitude cf the pulse can ke controlled by

potentiometers VR3 and VR4. A sample of pulses of
different periods and duration are presented in FPig,.
3.10.

A conservative estimate, including losses, for peak pulse
power would be 5KW for the values quoted. The relation to
the maximum available peak signal power (as produced by the
laminar flow model) of approximately 0.5 nW gives an idea
of the high degree of isolation reguired between the two

circuits (pulsed wire and sensor) in the probe.

Fer the sensor a standard Wheatstone bridge consisting of
100shmmresistors was used. The recorded signal was fed from
the bridge into a microamplifier and then it was recorded

either on a oscillosceope or on a y-t plotter.
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Fig. 3.10 Typical pulses of different periods and duration
produced by pulse generator
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3.3.3 The Calibration Device

The most common method used for the calibration of standard
flowmeters is to place the proke in a flow and to measure
the wvelocity by a second "standard" method, e.g. with a
pilot static probe. Unfortunately these standard methods

become inaccurate at very low velocities.,

A second method consists of holding the fluid stationary
and moving the probe through it (Newman 1967). The major
shortcoming of this method is the resulting mechanical

vibration of the probe.

A similar method is to hold the probe staticnary and move
the container with the fluid (Dring and Gebhart 1969).
Varicus other arrangements have been used, such as towing,

towed and rotating tanks etc.

In the present case because of the low velocities
encountered in the flow, the buoyance effects must have the
same direction to the flow. Keeping this in mind and
trying to minimize the amount o©f equipment, money and
trouble reguired, a constant~head device (Plate 4) has been

used.

An adjustable reserveoir tank supplies water through a
flexible hose to the bottom of a vertical calibration tube
of 7.5 cm diameter. The reservoir can bhe mnoved very
accurately by a mechanism so that the difference in head
can be easily changed, allowing of course for the water tb
overflow in both the reserveirs and the calibration tube in

order to achieve constant head.

By having a wire screen (15-20 mesh/inch), below the probe
(Plate 5) and leaving an opening of about 2mm between the
rim of the screen and the tube wall {(Plate 6}, a more
flattened velocity profile near the centre line (Callagher
1973) can be obtained. This makes exact probe placement

less critical than in the case of unobstructed flow.
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On the other hand, the velocity at the tube axis can be
made very close to the cross-tube average by adjusting the
gap between the screen and the tube wall. So the tube
output can be related directly (by weighing or volumetric
methods) to the measured mean-flow speed and eliminate
computations involving the velocity profile (see APPENDIX

A.3.5 for results of measurements).

The system itself is calibrated by adjusting the reservoir
surface at wvarious elevations and measuring the volume

outflow or weight during some known time.

Of course the best method for the calibration of the heat
pulse flowmeter in order to use it into boreholes, would be
to use a calibration rig (Dudgeon et al 1975} having the

same diameter as the borehole.

Plate 4 represents the general layout of the experiment

where:

movable reservolir tank
pulse generator

power supply

.

electrolytic capacitor

microamplifier

bridge

timer

flow tube

y—t thermal plotter

5w o0 W 0 N oo

oscilloscope

A sample of the recorded signal is shown in Fig. 3.11. The
distance between the maxima of the signal to the right and

the spike to the left represent units of travel time.
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Plate 4 General layout of the experiment
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Plate 5 The probe mounted just above the grid



84

Plate 6 The effect of the grid on flow
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Gl

Fig, 3.11 Sample of a recorded signal

3.4 DISCUSSION OF THE RESULTS

Measurements of the travel time taken to the maximum
amplitude of the thermistor's signal, have been obtained
from chart recorder traces. These measurements can
conveniently be used to give an indication of the agreement
between the theoretical and experimental results and are
presented in Fig. 3.12a and Fig. 3.12b for a 0.25 Pt-wire

and for separations 10mm and 15mm respectivelv.

The agreement is quite satisfactory in showing the general
trends although very precise agreement cannot perhaps be

expected because of reasons that will be explained.
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One fundamental limitation of the theoretical analysis for
low velocities 1is the assumption that the thermal
diffusivity of water 1is constant, in order to solve
equation (3.1). As it is known, the thermal diffusivity of
water varies significantly with temperature, so that as the

thermal pulse diffuses, it cools, decreasing the value of
-
k.

The comparison between experimental and theoretical results
gives a significant increase in the difference between the
two as the velocities decreases and this is shown more

clearly in Fig. 3.13.
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results as a function of the fluid velocity
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One obvious reason for this is because the time of travel
is longer, thus giving the thermal pulse more time to

diffuse and cool.

On the other hand, in the previous discussion of heat
transfer from the grid to the water only considered the
caiculation of forced convection where water 1is forced

through the heat transfer grid.

In the following case because of the very low velocities
encountered, the forced flow velccity is coupled with the
convective velocity which 1is generated by the buoyancy
forces resulting from a reduction in fluid density near the
grid.

As the water velocity increases, the f£orced convective
velocity would be expected to overshadow most

free-convection effects encountered in the system.

On the other hand flow situations of wvery low water
velocities might be appreciably influenced by free

convection currents.

An order of magnitude analysis of the free-convection
boundary layer equation will indicate that the natural
convection is significant when (Holman 1976}

Re < Gri/3 (3.33)

Where Gr is a dimensionless number representing the ratioc
of typical buoyancy force to a typical viscous force and is

known as Grashof's number.

For a. 0.025 cm wire Gr is calculated to be 2.55, for T-T, = 50°C
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If P is the volume coefficient of expansion of the water,

(3.34)

then Gr can be calculated from Eqg.

(3.34)

pyr '(T"Th)

3.8.d°

Gr

this means that Re numbers are less

For the system below,

than

actual

if during the calculations the

but
dimensions of the probe are considered,

1.36,

buoyancy effects

for Re numbers at least up to 10 can be expected.
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Thermodynamic parameters for different

Table 3.2

velocities

This means that for velocities less than 4mm/sec {see Table

3.2) a mixed convection situation is expected.

GENERAL CONCLUSIONS

3.5

of both

into

been described the results

Chapter has

In this

investigations

experimental

theoretical

a

and
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pulse~-grid probe using a time of travel technique for water

velocity measurements.

Important advantages of the heat pulse method are its
stability and repeatability. Having no moving parts, the
system operates over a wide dynamic range by a wide variety

of conditions.

The analysis made in this Chapter has shown that below
velocities of 4mm/sec, the influence of buoyancy effects
becomes very important, thus introducing an error in the
measurements. Probably the above effects could be reduced
to a maximum by a more careful design of the probe, but
even 1in the present case the technique seems to have
considerable potential for exploring fissure flows into
water wells {even under natural gradient conditions), which
hitherte have not been amenable to proper experimental

investigation.

However, although the present work represents a start on the
theoretical and practical analysis of the method, it 1is
clear that there are many aspects of the device behaviour

that require further investigation. Such as:-

- The effect that the shape of the prcobhe may have upon
the accuracy of the measurements

- A detailed study of wvarious sensors in order to find
the most appropriate one

- Possible ways of reducing the effect of turbulence
occurring at fissure levels which have an adverse

effect upon the accuracy of the instrument.

Such development was considered to be beyond the scope of

the present research.



91

CHAPTEHR v

GEOPHYSICAL FORMATION LOGS USED IN THE WATER INDUSTRY

4.1 INTRCDUCTION

Formation logs permit a study to be made of the

physicochemical properties of the formations surrounding
the well.

The purpose of this Chapter is to review the necessary
elements of the theory of formation logging, examine the
rol@ that they play in the watexr industry today and see to
what extent they can be used for the evaluation of the
Chalk aquifer.

A rather common combination of logging analyses used for
hydrogeological purposes consists in the determination of
formation resistivity, natural gamma radiation and
spontanecus potential of the surrounding the borehole
formation. The changes in the boreﬁole diameter are also
recorded since they are needed for the accurate

interpretation of the above logs.

All wvariables are recorded continuously as a function of
probe depth and legging speed which depending on the type

of tool, varies between 3 and 15 m/min.

During the recent years some attention has been paid to a
number of new logging methods such as the sonic log,
nuclear logs and the guard log and these are going tc be
discussed as well.

The theoretical basis o©f quantitative formation log
interpretation, required to investigate the relation
between the recorded formation parameters and the hydraulic
conductivity of the aquifer, is examined in detail in PART
IT.
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4.1 RESISTIVITY LOGS

In 1927 the first resistivity log was run in a boring near
Pechelbron, France, by Schlumberger brothers, and 1947 saw
the first catalogue of resistivity departure curves

published by Schlumberger Well Survey corporation.

The technology of resistivity logging comes largely from
the o0il industry and during the last twenty years the use
of these devices was gradually increased in the field of
Hydrogeology. Many of the principles, advantages,
disadvantages and uses of resistivity logs that apply to
the petroleum industry are also relevant to groundwater

applications.

4.1.1 Instrumentation and Theory

The following discussion 1s confined to the single-point
resistance, the 1l6-inch and 64-inch normal arrangement
resistivity methods, since they remain the most popular

methods of resistivity logging in hydreclogic work.

A typical resistivity logging apparatus might be arranged

according to the diagram represented in Fig. 4.1.

The measurements are commonly made using alternatiqﬂ
current with frequency of a few tens of Hz; the short
distance between the electrodes in the borehole precluding

any harmful influences of the skin effect.

During the measurement the current intensity is kept
constant between the electrodes by means of a stabiliz;d
circuit; in this condition the measured potential is
directly proportional to the apparent resistivity. This
apparent resistivity 1s recorded continucusly while the
measuring device is pulled up through the borehole at a
constant speed. A recording galvanometer may be set to

read the voltage between N and either A,M or MI1. The



Zone of investigation

/

—_—— .

Fig. 4.1 Typical resistivity logging arrangement

distance AM 1is approximately 16 inches, and AM1 is
approximately 64 inches. The distances AB and AN are large
relative to AM and AMI.

If the galvanometer is set to read the potential
difference between A and N, the apparatus 1is termed a
single-point device; 1f it is set to read the potential
between M and N, the apparatus is called a short normal
device; and if it is set between N and M1l the apparatus is

a lcng normal service.

To understand the relationship between the gquantities
measured and the parameters defining the resistivity

stratification in the ground, and so to pave the way for a
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quantitative interpretation of the measurements, it is
necessary to £ind the relationship between the electric
potential at the wall of the borehole and the strata.

The derivation of this relationship will be considerably
simplified if the potential field set up by a single point
source of current {(monopole} is first considered, because
in the above derivation the axial symmetry of the potential
field can be used. The case for which the potential will
be derived in this section is defined by the following

specifications:

1. The formation consists of a finite number of layers
separated from each other by horizontal boundary
planes extending laterally to infinity.

Each of the layers is electrically isotropic.
The field is generated by a point source of current
that is located at the wall of the borehole.

These specifications regarding the configuration of the
subsurface are commonly used as the basis for the
interpretation of resistivity sounding data. Nevertheless,
it is generally recognized that these specifications are no
more than a schematization of the real conditions in the

subsurface which are considerably more complex.

On the assumption that all the beds are horizontal, the
borehole is vertical and the current sources lie on the
axis of the borehole, one may say that the potential
surfaces and the lines of current flow possess a

cylindrical symmetry.

In a c¢ylindrical coordinate system (p,z,8}, Ohm's law may
be generalized to state that the current density J is given

in terms of the potential V by the equation:

3o (3 - 32
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where z, is a unit vector parallel to the axis of the
borehole and p, a unit wvector perpendicular to =z and

1
directed away from the borehole axis.

The absence of-current sources or sinks, everywhere except
on the borehole axis, is expressed by assuming that the
divergence of the current density vanishes for p # 0. This

leads to the differential equation:

v-sz_'_}_(_f’_l‘i_+\ (t W)zo (.2)
PP LR P Sz AR DT '
73 _%V L\ +‘3V - - R\ =0 4.3
2t P ~p T P* Net te.3)
and by assuming cylindrical symmetry:
i3
R =0

The solution of this equation must be found subject to the

following boundary conditions:

1. The current source is an isotropic point source
located at the axis of the borehole and near it the

potential must approach infinity as:

n nmr g {4.5)
2. At infinite distance from the axis of the borehole

the potential must approximate zero:

Voo Y% >0, T » o0 (4.6)
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3. At the wall of the borehole the vertical component of

the current density must be continuous:

l V., ! Ve
- ) P (4.7)
RW HBP ’R; )
4, At the wall of *the borehole the electrical potential
must be continuous:
\/ :V;. ,P:G-,(T:-UP‘"*?-"') (4.8)

This is equivalent tc the statement that there is no charge

double layer on the surface,

A formal solution of this problem can be constructed in a
fashion analcgous to the treatment given in the Appendix of
the Schlumberger Corporation's Interpretation Handbook
(1950} fbr Resistivity Lojs. The notation adopted is that
in the previous section, but now the origin is at the
current electrode, and thus z is the spacing ¢f the normal

device.

The potential in the borehole, expressed in terms of the

K I. and I is found to

modified Bessel functions X 17 0 17

be:

OF
vh\ (Bz)= %ﬂ- [ —:_— ¥ -‘:JT'— A To(Apfa)cos (21 /a}. cl?t/a.} (4.9)

[+}

where

Aty - Ko (/). Ky () = o Kook, (2/2)

(4.10}
Ko (/) To(x) + %‘1 Toa) K, (/)
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and where the apparent resistivity for the normal device 1is

given by the formula:
Ra = _‘*;;\/(0,1) (4.11)

As can be seen from the above eqguation, the essential step
in the computation o©f the potential at the wall of the
borehole due to a current source at 1its axis, is the
evaluation of the following Fourier integral:

o0

F (9 R/Rm, 2/a)= —1-?-— Ax) os (A2/a) Aot (4.12)

A technigque for the numerical evaluation of such an
integral for Jlarge wvalues of z/a and slowly varying
function A(x) has been described by Filon (1928 and
used by Kunz and Moran (1958) in their study of anisotropic

formations.

Recently in a paper by Gianzero and Ray (1977) the solution
for the potential was recasted as a Fourier exponential
transform by using Fast Fourier Transform techniques
(Cooley et al 1969). The FFT is a clever computational
device which drastically reduces the number of operations

in the integration procedure.

The results of these computations have been published by
many oil companies as a set of departure curves. Documents
3 and 7, published by Schlumberger Well Surveving
Corporation, contain departure curves for a wide variety as

shown in Fig. 4.2.

The axes are the ratio of the AM spacing to the hole
diameter, and the ratio of the apparent resistivity to the

resistivity of the mud.
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It can be seen from these curves that the measured
resistivity may be greater than, less than, or equal to the
true resistivity of the bed, depending on the magnitude of
the various factors listed above.

As the ratio of the spacing to the hole diameter becomes
very small, all the curves approach a value of Ra/Rm of 1;
or the measured resistivity approaches the resistivity of
the mud.

As the AM/d ratio increases, the apparent resistivity
approaches the true resistivity, then exceeds it for as
while (or is less than the resistivity for low resistivity
beds}, and then for very large ratios apprcocaches the true

value assymptotically.

The curve n-n' represents the lcocus of points where the

apparent and true resistivity are equal.

4.1.2 Volume of Ground Investigated by Normal Resistivity
Logs ‘

In order to visualize the =zones of investigation of the
resistivity devices, the introduction of the geometric
factor is wvery useful, since it indicates the relative
contribution of the various parts of the formation to the
recorded signal. The intergrated geometric factor is
defined as the sum of all the geometric factors starting
from the current electrode.

Let g(r,z} be the geometric factor and let plr,z) be the
formation resistivity, then the apparent resistivity
indicated by the logging sonde, as computed on the basis of

the geometric factor alone, will be given by:

L]

P = |da | 3co0-PlEIAr (4.13)
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Fig. 4.3 shows the intexgrated geometric factors for the
short and long normal devices as compared with the lateral
device which 1is going to be described 1later in this
Chapter. One can see that no signal of the 1lé6-inch normal
comes from the formation between the current electrode A
and the M electrode (refer to Fig. 4.2): 50% of the signal
is from that part of the formation between the M électrode
and a point 32 inches from the current electrode; 90% of
the signal is caused by that part of the formation within
about 13 ft. of the. current electrode, thus one can assume
that for the %@Et normal curve, the formation that is about
2 to 6 ft. from the current electrode will dominate the

reading of the device.

16" NORMAL

o2 19°'8" LATERAL

INTEGRATED GEOMETRIC FACTOR

* 1

0 5 e] 15 20 25
DISTANCE FROM POWER ELECTRCCE ( FT )

iy

Fig. 4.3 Theoretical geometric factors for normal and
lateral measuring systems in an infinite homo-
geneous medium (Lynch 1962)

Similar calculations show that for the 1long normal the
formation from 6 to 16 ft. from the current electrode
contributes more strongly to the signal as compared to the
lateral curve from which one c¢an see that the formation

between 17 and 20 ft. contributes to the entire signal.

All the above conclusions were based upon the assumption
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that there were no borehole effects. In the general case
the volume of investigation of each device has gradational
limits and depends partly on the resistivity of the fluid
in the borehole and the adjacent formation. Therefore, the
volume sampled constantly varies as the sonde travels the

borehole.,

4,.1.3 Thin bed effects

Fig. 4.4 shows the response of a normal device as it passes
opposite beds of various thicknesses. As the bed thickness
decreases relative to spacing Fig. 4.4b, the resistivity
peak at the centre of the bed gradually shrinks in size.
When the bed thickness becomes equal to the spacing (Fig.
4.4.c), or less than the spacing (Fig. 4.4.d}, the centre
resistivity hump disappears altogether; the curve actually
reverses and shows the resistivity bed as if it were even

more conductive than the surrounding beds,

The reversal of the normal curve opposite a thin resistive
bed is a serious limitation on the use of two electrode
devices. Fig. 4.5 shows the fraction of the resistivity
that is recorded by a normal device as a function of the
bed thickness {Lynch 1962). It can be seen that when the
bed thickness becomes less than three to four AM spacings,
the needed correction to the recorded resistivity becomes
very large but as the resistivity contrast with the
adjacent beds becomes less, then slightly thinner beds may

be logged successfully.

As far as bed thickness effects are concerned, it 1is
desirable to use an electrode spacing that is small in
comparison to the thickness of the average stratum. From
the standpoint of determining true resistivity, however, it
is desirable to use a long electrode spacing. These two
requirements are opposed to each other and may be said to
he the dilemma of normal electric logging systems. This
condition of diametrically opposed requirements again
demonstrates the desirability of recording more than one

apparent resistivity curve,
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4.2 THE SPONTANEQUS POTENTIAL LOG

The spontaneous potential log is a measure of the natural

potentials developed between the borehole fluid and the
surrounding material.

The electrical spontaneous potential is considered to
represent the algebraic sum of:

(a) the diffusion potential which is a result of the flow
of drilling mud into the fresh water bearing formations
surrounding the hole due to differences in concentration.
The magnitude of this potential can reach the maximum value
given by Eq. (4.14)
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e \‘}':‘i : E‘Z b G [Cuy = sikd bog g, /P, (4.14)
where v = anion mobility

u = cation mobility

CprPy = salinity, resistivity of the mud

C,rPy, = formation water salinity, resistivity

R = universal gas constant (= 8,314 Joule/kg.mol.°K

T = absolute temperature in Kelvin degrees {°K)

F = Faraday constant (= 9,65.103 Coulomb/kg.aeq.)

n = ion valence

~- tlay line

(FANY

:-'irle‘s.h- ;Huter

Fig., 4.6 Schematic representation of the spontaneous
r1g., %.0 - P P
potential (S.P.)

{(b) The membrane potential which occurs oppesite a clay
layer. As the <clay particles bear negative electrical
charges, they will jointly behave as a membrane that is
more or less impervious to anions., The magnitude of this

potential can be taken from Egq. (4.14) by taking v = 0:



105

Em= — %-—lﬂ Con [Cus 2 - K fog Rafp, (4.15)
{c) The electrokinetic potential, which 1is a result of
mud invasion due to over-pressure into the formation. At

the relatively shallow depths reached in geohydrological
investigations, this potential is negligible. *

The main point is the combined effect of the diffusion and
membrane potentials as described in Fig. 4.6. The maximum
potential drop in the mud at the interface between a sandy
layer and a clay bed that contains pore water with equal

resistivity will hence amount to:

AV= Ed-Em o= (kd tkm) ﬁog%/&,:kﬁ“—‘%f’u/&\ (4.16)

The spontaneous potential is measured by lowering a single
electrode into the borehole., A second electrode is located
at the surface. Measurements are obtained from a

recording potenticmeter in millivolts.

4.3 THE GAMMA RAY LOG

The gamma ray log is a measure of the amount of natural
gamma radiation emitted by the rocks adjoining the
borehole.

The gamma-ray emitting isotopes responsible for the
radiocactivity in most rocks are K and daughter products of
the uranium and thorium decay series. Fig. 4.7 represents

the range of radicactivity of some sedimentary rocks.

The gamma ray sonde contains a detector (usually a

scintillation counter with pulse amplification and shaping
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circuits), to measure the natural gamma radiation

originating in the volume of the formation near the sonde.

APl GAMMA-RAY ULNITS
o 200 400 600 aga 1060

ANHYDRITE
coaL 4
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BOLOMITE -

LIMESTONE

SANDSTONE

SHALY SANDSTONE
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SHALE Pl

DAGANIC MARINE SHALE

POTASH QEPOSITS

Fig 4.7 Range of radicactivity of some sedimentary rocks

The number of gamma rays reaching the counter fluctuates
even when the sonde 1s stationary in the hole, the
phenomencn being statistical in nature. A combination of
factors cause a divergence o©of the recorded radiocactivity
with respect to the true radioactivity of a formation. An
important factor of all radiation logging equipment is the
time constant which is the time in seconds Ovef which
radiation pulses are averaged. Commonly the time constant
can be chosen between 1 and 30 seconds. The true radiation
intensity of a bed can be determined only if the logging
speed 1s less than the bed thickness divided by the time
constant. Fig. 4.8a shows the influence of these factors
on the measuring results when the statistical wvariations
have been omitted. One can see that with rising probe
speed, the curve becomes more "rounded" and thin layers
become more difficult to reproduce. Fig. 4.8b 1is a more
realistic example since it contains statistical variations
as well. If the time constant becomes small, the logging
speed can be relatively high, the main disadvantage being

the rather large statistical variation. If the statistical
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variation is suppressed by a longer time constant, the
logging speed must be slower. In practice, a proper choice
of time constant and logging speed is determined by the
accuracy wanted or needed. The recorded radiation level
can be affected also by the eccentricity of the probe in
the borehole and the borehole rugosity.

—-

ol moavement

r
i
i

time censiont : Biec b sec. )
lapging spead Im,/men. & m min 15 m,/min.

OYNAMIC RESPONSE {statisticol vorinticn omitted |

noturet gamma radiation — -

time conrtant @ 1% s2c L 1IN § sac 6 1ec
Loggirg sperd 15 mAmin 15 mAmin, E mAnin 1 mAman

Fig. 4.8 Dynamic response of a natural gamma probe

4.4 THE CALIPER LOG

The caliper log represents the average diameter of the
borehole at various depths. Its major use is to evaluate
the environment in which other 1logs are made in order to

correct them for hole diameter effects and to provide
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lithographic information (some rocks are more liable to be
washed out than others), stratigraphic correlation and to

locate the fractures and other ocpenings.

Caliper sondes consist of devices, such as arms (Plate 7)
capable of sensing the wall of the hole. Averaging of the
hole diameter is achieved by recording the diameter rather

than the radius of the hole at a given depth.

4.5 INTERPRETATION PRACTICE OF FORMATION RESISTIVITY LOGS
IN THE CHALK

It is well known that the methods of analysis of the
resistivity logs which exist in the o0il industry cannot be

applied in groundwater rock.

Let us discuss the assumptions upon which these standard
methods, for the analysis of oil reservoirs, have been
developed and examine their limitations when they are
applied to groundwater.

During the logging of an oil well, the borehole is usually
filled with drilling mud, with resistivity of the order of
5 ohm.m. The formation may contain brine having a
resistivity of 0.05 ohm.m. Considering a formation factor
of 20 the true formation resistivity becomes 1 ohm.m which

is roughly five times less than that of the borehole fluid.

If the drilling mud has invaded the formation to a certain
radius, the borehole will be surrocunded by a region of
high resistivity, given by the product of the formation
factor and the resistivity of the saturation fluid, thus
being 100 ohm.m,

In such a case the following characteristic relationship

between the apparent resistivity curves is to be expected:
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Plate 7 Caliper probe with the arms open
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cbviously PLN<PS<PSN
where Pin is the resistivity measured by the long normal

Pq " " " obtained by the single point
resistance

PSN 1s the resistivity measured by the short normal
In the case where a formation is not invaded by drilling
fluid, the difference between PLN and PSN is smaller and is
due only to the greater effect of the borehole in the zone
of investigation of +the short normal. These are the
conditions which have been used by the o0il industry for the
identification of permeable zones, on the assumption that

only permeable zones will be invaded.
Thus, zcones for which

Pon 7Py
are considered to be permeable, and zones for which the
apparent resistivities are closer together are considered
to be impermeable. It is useful to examine to what extent
the above assumptions are valid for groundwater aquifers
{e.g. Chalk). Asgs most of the bhoreholes are drilled with
formation water, the value of the resistivity of the water
in the borehole PW 1s considered to be equal to the value
of the resistivity of the water in the pore space of the
formation. This assumption is valid if the logging process
is to take place some weeks after drilling, in order for
the fluid column to settle down to something like the
average resistivity at each level, and if the water in the
borehole at the specific level <can be considered as

chemically identical to the water in the formation.

Under these circumstances, there will be no invaded zone
and the effect of the borehole will be to lower the
apparent resistivity, according to the relative influence
of the open borehole in the zone of investigation of the

device (Fig. 4.1}).
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In this case we would expect the relation:

Pin > Pen ” Fs

Formation resistivity measurements made in boreholes driven
in Chalk containing fresh water depend strongly upon the
porosity of the formation. A very common result of this
effect 1s the higher walues which are obtained for the

resistivities of the Chalk rock and the Melbourn Rock ({(Fig,
4,10).

In the special case where the phenomenon of saline
intrusion into the borehole occurs, the interpretation of
the formation resistivity logs becomes complicated, since
in this case the apparent formation resistivity which is

measured by the logs is a function of salinity.

Monkhouse and Fleet (1975) have investigated the phenomenon
of saline water intrusion in the Chalk of the South coast
of England and have concluded that when the borehole and
agquifer contain highly saline fluid, the apparent formation
resistivity will be low. Conversely, when the fluid 1is
fresh, the apparent formation resistivity will be high.
Intermediate values will occur when the borehole fluid is

saline and the aguifer fluid is fresh or vice versa.

From the extensive recent literature {(Reeves 1979), about
the general hydraulic behaviour of the English Chalk, it
scems that the average horizontal hydraulic conductivity of
the extruded rock appears to be greater than the wvertical
one. Therefore, there is a possibility of having two or
more fissure Thorizons containing water o©of different
gqualities (i.e. electrical conductivities). this
phenomenon is more 1ikely to happen when dealing with
coastal boreholes because of the effect of saline
intrusion. The following Fig. 4.9 represents some of the
possible cdmbinations between fluid and formation, which

could exist in a borehole with saline water intrusion.
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Fig., 4.9 Possible combinations between fluid and

formation in a borehole with saline intrusion

Considering first the horizon which contains saline water
(D in Fig. 4.9), it can be assumed that the pore water
content of the surrounding formation is of similar
composition, although things are complicated from the fact
that the salinity of the roundwater in these levels
responds to both tidal and!gg% ;Eleffects (see Fig. 2.18).

By drilling a borehole through the formation, there 1is a
possibility of wvertical groundwater movement into the
borehole due to differences in the piezometric heads
between the different fissure zones. Thus, it is quite
common for saline water in the borehole to ke present at a

level where the pores and fissures or only the pores
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contain fresh water. (Zones C and B in Fig. 4.9
respectively). Eventually the water in fissure =zone B
becomes saline because of long term flushing of D type
water. Real situations are more complicated, but from the
above discussion one can consider that the following four
basic extremes of groundwater conditions (shown in Table
4.1) exist:

Table 4.1 Typical groundwater conditions in a borehole
with saline intrusion

Zone Borehole Pore Figsure . Apparent Formation
water water water resistivity

D Saline Saline Saline Low

B Saline Fresh* Saline Medium

C Saline Fresh Fresh Medium

A Fresh Fresh Fresh High

From all the above discussion, one can conclude that the
interpretation practice of formation resistivity logs 1is
more complicated than that used in the oil industry, and it
must be carried out, always bearing in mind the local

hydrogeclogical conditions.

4.6 THE RELATION OF FORMATION LOGGING MEASUREMENTS TO THE
HYDRAULIC CONDUCTIVITY OF AN AQUIFER

Extensive borehole geophysical logging has been carried cut
in the Chalk aquifer of England. The purpose of this
paragraph is to discuss to what extent the formation logs
described previously have been used for the assessment of
the hydraulic conductivity of fissured aquifers such as
Chalk,

*
eventually becomes saline
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4.6.1 Resistivity Logs

Electrical resistivity logs have been classified in terms
of resistivity marker bands (Gray 1958, 1965; Tate 1971),
and have long been used for stratigraphic correlation.
These marker bands have enabled stratigraphic correlation
of Chalk horizons from Surrey, in the south, through the
London Basin to East Anglia,

This 1is of particular importance because the drilling
methods employed during the construction of the boreholes
frequently provided very poor drilling samples making the
Chalk subdivisions difficult to identify. Fig. 4.10 shows
an idealized resistivity log for the full Chalk to Gault
succession showing the electrical marker bands and some

other features.

Apart from the wuse o0of the normal resistivity logs for
stratigraphic correlation, very little use has been made
0of them in order to evaluate the hydraulic properties of
the adjacent well formations, thus the gquesticon naturally
arises as to why such a 1little information has been

gained.

This is mainly due to the fact that the fissure zones which
are the main water bearing zones and are characterized by a
relatively low electrical resistivity, fail to show clearly

at all on the resistivity curves.

This failure is either due to the poor resistivity contrast
between the fissure zone and the formations adjacent to the
well or to some other factors. For example it is well
known that in some horizons in the Chalk, one can find
flint bands which are more resistive than the formation of
the Chalk. These flint bands can generate some
irregularities on the logs which could either be
misinterpreted as fissure effects or make the

interpretation very difficult. Fig. 4.11 is an example of
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a normal resistivity log carried out in borehole No. 5 in
the Brighton Chalk. By observing only the long normal
curve, one could misinterpret the recorded minimals A,B,C,D
as the effect of fissuring of the formation, but by
referring to the short normals it becomes apparent that the
inversion of the long normal curve at these points is due

to some thin resistive beds, probably flint bands.

64-inches 0O.m

---------------------

%Gvinches O.m

60

100

140

180

Fig. 4.11 Normal resistivity logs showing thin bed

reversal effects
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Fig. 4.12 represents a 1l6-inch normal resistivity log
carried out in a borehole in Hampshire by the IGS (Price et
al 1977} together with the results of packer tests. During
the packer tests, three main fissure zones were detected
and were confirmed by flow logging methods. The
resistivity log shows little or no evidence at all of these
fissure levels. Attempts to extract fissure information
from the normal resistivity logs may be successful in some
cases, especially when dealing with large fissure zones in

a non-flinty Chalk formation (or generally in a homogeneous

fissured formation}, but it is doubtful whether this
approach will result in a successful methed that will be
generally applicable. Thus one can conclude that the
quantitative evaluation of the characteristics of

individual fissure =zones, and hence their hydraulic
properties, from normal resistivity devices by applying

standard interpretation procedures, is almost impossible.

4.6.2 Gamma ray logs

Interpretive procedures for utilizing gamma ray logs have,
for the mest  part, been restricted to qualitative
identification of lithology and formation contacts. By
observing laboratory and x-ray logs of the Chalk, Ponsford
{(1255) came to the conclusion that Chalk is one o©of the
least radiocactive of the British sediments. This was
confirmed by the work of Smart et al (1964) and Taylor (in
Gray 1965).

The Upper and Middle Chalk produce a rather featureless
gamma ray log but in the Lower Chalk detailed logs are
obtained which can be used for correlation, since marly
bands in the Chalk have a substantially higher level of
radioactivity than normal Chalk. Fig. 4.13 contains a part
of a natural gamma log carried out in borehole No. 1 in

Brighton.



Fig. 4.12

One can easily identify the effect of Plenus Marl horizon
on the log at the depth of 190 metres.

Apart from its use for the location of marl horizons,

seems that there will be no use of the natural gamma log
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4.6.3 Spontaneous potential log

The assumptions involved in the quantitative interpretation
of the spontaneous potential log are seldom satisfied in
groundwater work. In most of the cases ©f SP logging, a
flat and featureless spontaneous potential 1is obtained
indicating that the ion content between the water in the
formation penetrated by the borehole and the borehole fluid
oppesite the formation is only sglightly different. Thus
the use of this method as a quantitative tocl is therefore

likely to produce erroneous results.

SP logs are usually run together with electric resistance
or electric resistivity logs and are recorded on the left
column of the Chart. In some cases reading of the log
consists in identifying positive or negative deflections
from a recognizable, arbitrary baseline, which represents a

permeable or impermeable formation.

Fig. 4.14 contains a part of a spontaneous potential log of
borehole No. 1 in the Brighton Chalk. Several permeable
zones c¢an be shown 1in the log. The 8P deflection is
produced by the difference in composition ¢f the borehole
and aquifer fluids. The "shale line" appears to be to the
right and therefore, deflections to the left are caused by

borehole fluid entering permeable Chalk horizons.

4.2 OTHER DEVICES FOR FCRMATION LOGGING

Apart from the systems already described, which are the
most ccommon logging methods for the water industry, there
are some others which are less common: they also originate
from the o0il industry. Some of them can be of particular

help for the solution of hydrogeoclogica)l problens.
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4.7.1 Lateral Device

4 B
The lateral is a,ﬁeep-looking device and gives best results
in beds whose thickness exceeds twice the electrode

spacing,

Three effective electrodes are present in the borehole
(Fig. 4,15) ., The potential electrodes M and. N are

positioned below the current electrode A. The reference
point is the mid-point O between electrodes M and N. 1In
most of the devices the distance A0 (spacing), has been

standardized at 18 ft. 8 in.

The advantages of the lateral device, compared to the
normal ones, is that it provides greater penetration of the
formations, and always shows a positive deflection when
passing through a resistive bed, regardless of the bed
thickness.,

Its limitation is that it does not record abrupt
deflections at the top and bottom of the beds because of
the wide spacing of the electrodes, therefore it 1is of
limited value for stratigraphic correlations. In addition
to this, the lack of symmetry of the obtained logs about a
given bed is another major disadvantage of the method.

In the water industry the lateral device is of limited use
since the shadow peaks and dead zcnes (Fig. 4.16) obtained
on the logging curve make the delineation of fissure zones
very difficult.

4.7.2 The Gamma-gamma Log

Gamma-gamma logs are records of the intensity of gamma
radiation originating from an artificial source (usually

60Co or 137Cs

) locate in the probe, after the radiation
has been backscattered and attenuated in the borehole and

the surrounding rocks. The gamma radiation absorbed 1is
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proportional to the electron density of most materials
penetrated by logging. Electron density in turn, is
approximately proporticnal to the bulk density of the
materials. For this reason, the gamma-gamma log 1is also
called the density log, and Eg. 4.17 is applied:

Porosity = (grain density=-bulk density)/
{(grain density-fluid density) (4.17)
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Fig. 4.16 Response of a lateral device opposite beds of
various thickness. (Courtesy of Schlumberger
Well Surveying Corp.)

Fig. 4.17 represents the physical principles of the
gamma-gamma log. If the same lithology unit is present
above and below the water table (or if gamma-gamma
measurements can be made before and after drawdown), the
specific vyield of aquifers can be assessed by the
gamma-gamma log, as the difference between the bulk density

of the saturated and drained sediments.
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gamma-gamma logs (Keys et al 1971)

4,7.3. Heutron Log

Neutron logs are records of the intensity of gamma rays
emitted from a formation under the influence of neutron
bombardment.

The neutrons are captured by the atomic nuclei of certain
elements resulting in gamma ray emission which are recorded
by the probe. Fig. 4.18 shows the physical principles of
the methed. Since neutrons have no electric charge the
orly way of losing energy when passing through matter is by
elastic collisicon. This process is called moderation, and

the slowed-down neutrons are described as thermalized,.
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Fig. 4.18 The equipment, principles, and interpretation
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The most effective element in moderating neutrons is
hydrogen. Because of the great number of hydrogen atoms in
the fluid contained in the pore space of the rock, the
induced gamma radiation provides an indication of the
amount of fluid in & rock, hence of the porosity (in the

saturation zone).

Neutron logs are used mainly for the measurement of

molisture content above the water table.

Recently a number of new logging techniques based on the
physical processes of moderation and absorption of neutrons
when passing through matter, have been applied in the oil

industry and are represented in a diagrammatic form in Fig.
4,19,
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The present application of the gamma-gamma oOr neutron
logging methods in the geophysical logging of Chalk
boreholes is wvery limited and all the existing tools are

used in a qualitative way.

The basic reason for this is that all the information which
can be obtained by using the above methods about fissure
zones can also be obtained by conventicnal logging methods
(i.e. caliper, single point resistance) and the high
porosity of the Chalk results in restraining the depth of

investigation of the nuclear logging tools.

In addition to this, all the logging techniques utilizing
an active radiation source require precautionary measures
to protect personnel as well as the environment from

radiation damage.

4.7.4 The Sonic Log

The sonic log was originally developed as an aid in the
interpretation of seismic data, but it has been proved so
effective 1in the determination of poresity that it has
already become the standard wireline methed of porosity

estimation in the o©il industry.

The sonic device measures the time of transit of a sonic
impulse through a given length of rock, usually either 1
ft. or 3 ft. The rate of propagation of the compression
wave through the rock depends on the elastic properties of
the rock matrix and its contained fluids. Fig. 4,20 shows
a sonic legging probe which isg compensated for
borehole-diameter changes, where Fig. 4.21 shows an

illustrative received waveform.
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Fig. 4.20 Principles and equipment for making borehole
adjusted acoustic velocity logs

By a sonic device the following acoustic-wave parameters
and the ratios between them can be measured: P and S wave
velocity; P and S wave amplitude, or attenuation; and

frequency.

Many empirical relations have been established in the oil
industry between the various acoustic parameters and

permeability of porous formations.
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There is also much literature concerning the effect of
fractures on acoustic wave propagation. Unfortunately, it
is all theoretical and not always supported by field
examples; often it is contradictory (Suau et al 1980).
Nevertheless, the sonic log may well prove to be the best
fracture finder, considering the new wave-train recording
capabilities obtainable with acoustic imaging methods
(Nelson 1982}, Fig. 4.22 is an example of a VDL* {(Variable

Density Log)} opposite a fracture zone.

The main advantages of the sonic log are that it is
basically a mechanical properties tool, not too sensitive
to borehole effect and free of statistical variations. On
the other hand, the sonic log may respond to formation
features other than fractures. In theory, the
compressional wave travel time is little affected by
fractures so long as there is a free matrix path between
transmitter and receilvers {as would be expected for
vertical fractures), but shear wave energy should be

strongly affected and so should its amplitude.

* Note of Shlumberger Corp.
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Fig. 4.22 Use of variable density log for identification
of arrivals

Morris et al (1964) based on the selective effect of
fracture orientation on P and § wave arrival and amplitude
were able to locate fracture zones and interpret their
primary orientations although they were not able to
determine fracture intensity. Although no similar work for
the location of fissures in the Chalk has been carried out,

the technique locks very promising.

¢
4.7.5 The Focufsed Devices
h

Measurement of +the resistivity o©f a homogeneous and
isotropic material can be made, simply, when (a) the body
of the material is infinite in all dimensions and (b) the
measuring electrodes can be placed within the body. In

such a case, the current leaving an electrode follows a
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spherical distribution and the mathematical expression for
the potential level at any distance from that electrode can

readily be derived.

If it is considered that the active electrodes are within a
borehole filled with fluid of a registivity different from
that of the formation, the current does not flow in a
spherical pattern near the current source or sink (Fig.
4.24) and the calculationsg of potential levels become more
difficult. Should the verfical dimensions of the
formations be considered as finite, such as the case of
fissured formations, the problem becomes so complex as to

preciude reasonable solution.

In efforts to eliminate the above problem, combinations of
two, three, and four electrode logging configurations of
the conventional +types have been used. In the guard
logging method, the current is forced to flow in a thin

disk normal to the axis of the logging tool.
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Fig. 4.23 Principles of the guard log
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The principles of the guard logging device are illustrated
in Fig. 4.23. The guard electrode assembly 1is made up of
an upper guard electrode, a measuring electrodé, and ‘a
lower guard electrode. The thickness of the current beam
is approximately the length of measuring electrode M and,
in commercial logging systems, ranges from 3 to 12 inches.
Variations in each resistivity within this disk-shaped
current beam control the amount of current flowing from the

measuring electrode.

Another focuging system is the laterclog method where the
solid conducters of the guard method are replaced by a
series of conventional electrodes AlAZ' Ml'MZ‘ and M1M2 to
focus the current (Fig. 4.24}. The advantage of the
laterolog compared with the guard log is that SP can be
measured at the potential electrode almost to the bottom of

the borehcole because the metallic guards are eliminated.

\\\\\\\

{a) (b)

MNon —Focusing System
[ Mormal Davica)
B T S

Focusing System
{Lalescley)

FPig. 4.24 Principles of the laterolog and schematic
comparison of current patterns from laterclog
and normal device

The instrumentation employed to furnish the necessary
current to the electrode system at the focused device and

to measure the voltage and exploring current wvalues and
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transmit them to the surface is rather complicated and
until now the advantages of groundwater exploratory have

been considered to be rather small.

The author believes that the focused devices could play an
important role in the evaluation of the hydraulic
characteristics of the Chalk, when it is to be used

together with other conventional resistivity methods.
Recently, a similar device has been built and tested in a

borehole in S$.E. Engiand (Bear, T., personal ccommunication

1982) and the results were very promising.

4.8 GENERAL CONCLUSIONS

For many years there has been a notable lack of egquipment
specifically designed for 1logging in water boreholes in
contradiction to the o0il industry which developed many
sophisticated logging techniques for use in
mud-filled boreholes. Recently a number of companies are
attempting to provide a fairly good selection of devices
which are purpose deéigned equipment of minimal diameter
for use in either new or existing production boreholes in
which the presence of a pump and ancillary equipment poses

access problems.

Although the water industry has been slow to adopt logging
techniques, the use of logging devices and interpretation
methods in groundwater work for the exploration, evaluation
and the measurement of geophysical parameters of aquifers
is increasing, There are about half a dozen borehole
measurements which are in common use by the water industry
compared to the several dozen currently available for the
0il industry. OCne can say that the stage of groundwater
borehcle geophysics today is that of the o0il borehole
geophysics 10 to 20 years ago. Nevertheless, potential

application of the existing techniques have important
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ramifications towards making useful conclusions about the

agquifer properties.

A review of the necessary elements of the theory of the
logging techniques most common to the water industry has
been done, and a discussion of the limitations o©f these
methods when they are applied for obtaining information

about the hydraulic properties of the Chalk has been made.

- The apparent formation resistivity measured by the
logs depends upon the porosity of the formation.

- For boreholes which are affected by saline water
intrusicn the apparent formatlion resistivity depends
on the electric conductivities of the borehole and
formation fluids and the local pressure heads of the
fissure zones. Four basic extreme cases have been
described.

- Attempts to extract fissure information from the
electric resistivity logs are complicated by the
presence of flint and marl Dbands but may be
successful when dealing with large fissure zones in a
pure Chalky formation.

- Apart from its use for stratigraphic correlation, the
natural gamma log has no application for the location
of fissure zones.

- Most of the 8P logs in the <Chalk are flat and
featureless indicating that the ion content between
the borehcle and formation fluid is only slightly
different.

- SP logs can be useful in locating permeable zones in
coastal boreholes where the phenomenon of saline
intrusion occurs.

- From the rest of the formation logging methods the
guard log and the sonic log lock very promising for

the study of fissure zones.

A detailed study of the relation between the geophysical
properties of the formation, measured by the logs, and its
hydraulic conductivity is needed and is the subject of PART

IT of this Thesis.
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PART IE

Having studied in PART I the principles of operation of the
different logging methods and the extent to which they have
been used for the evaluation of the hydraulic properties of
Chalk, the next step in the research is to examine the
possible ways of iearning more about the hydraulic
conductivity from parameters measured by the geophysical
logs. Such a study constitutes PART II of this thesis.

Before being able to correlate the measured gecophysical
parameters with the hydraulic conductivity of the
formation, a clear understanding of its hydraulic structure
must be established since this would permit us to simulate
the Chalk by realistic models, necessary for the accurate
evaluation of the possible relations that exist between

geophysical and hydraulic parameters.

This PART contains two Chapters: Chapter 5 deals with the
hydraulic structure of Chalk and Chapter 6 introduces the
theoretical basis for the relationship between geophysical
and hydraulic parameters.
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CHAPTER V

HYDRAULIC PROPERTIES OF THE CHALK

5.1 INTRODUCTION

In this Chapter the hydraulic characteristics of Chalk are
examined by adopting a discrete model approach. This is
achieved by applying a conduit geometry embedded in the
matrix of the Chalk in order to represent the fissures.
Conduits are assumed to have smooth parallel plane walls of
finite extent, with variable orientations, openings and

spacings.

Before proceeding to the task of £finding the combined
influence o©of these idealized properties the hydraulic
conductivity of a single parallel plane is evaluated, then
the equivalent conductivities of parallel sets of openings

are derived.

Next to be considered is the replacement of the matrix,
which up to now was assumed to be impervious, by a
semipervious media and to examine the overall effect of

this change.

An understanding of the Chalk's hydraulic structure is
necessary before trying to correlate the geophysical
parameters measured from the logs with the hydraulic
properties of the rock and the Chapter opens with a

consideration of primary and secondary porosity.

5.2 PRIMARY POROSITY AND HYDRAULIC CONDUCTIVITY

of

Electron microscopy has shown that the matrithhe Chalk

consists of calcium carbonate which usually takes the form
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of calcite particles about one micron or less in size and
being almost entirely or organic derivation (Coccoliths
etc.). Generally the Chalk can be divided into coarse and
fine fractions. The coarse fraction, which may constitute
20-30% of the Chalk, falls within the 10-100p range. This
contains material derived from the mechanical breakdown of
large shelled organisms and, to a lesser extent,
Foraminifera, The fine fraction is almost entirely
composed of coccoliths and may form up to, and sometimes

over, 80% of certain horizons.

In some Chalks many of the coccoliths are preserved (Fig.
5.1) whilst in others most of the coccoliths have broken
into their component laths.

Fig. 5.1 Electron microscope photograph cf a sample of
Upper Chalk (Price et al 1976)
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* The pressure required to force a liquid into a
spherical cavity of diameter d is:
-4 o Ccos8
p —4
d
writing p = pgh we obtain
-4 o cos
h =
dgp

For water at 10°C, ¥ = 0.074 N/m and @ for most
materials is effectively zero thus
-5

h =3.0 x 10 m head of water

w =
d

(The negative sign implies that water is drawn
into the cavity and that a suction or tension is
needed to remove 1it}.
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The most impressive feature of the texture of Chalk is how
little of the rock is actually occupied by the calcite.
Pore-size distributions of the Chalk measured using the
mercury injection method, have been made by Price et al
{1976) and some of their results for the Middle and Upper
Chalk of S.E. England are shown in Fig. 5.2 from which one
can see the degree of uniformity of Chalk pore size.
Laboratory experiments (Price et al 1976) have shown an
approximate correlation between intrinsic permeability and
porosity (Fig. 5.3). The poor correlation obtained in
Fig. 5.3 might be due to the influence of occasional larger

pores,
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Fig. 5.3 Intergranular permeability against effective
porosity for 36 Chalk samples (Price et al 1976)
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A number of characteristic wvalues for the porosity and
intrinsic permeability of the Chalk have been collected
from the existing literature and are presented in Table
5.1.

TABLE 5.1

Author Porosity % Permeability md
Scholle 1974 40-46 6-12
Carter and

Mallard 1974 35-47
Ineson 1962 0.001-0.25
Edmunds et al

1973 35-45 0.87-1.91
Bell 1977 28-45 0.14-2.85

From Table 5.1, one can see that Chalk has exceptionally
low intrinsic permeakility £for a rock with such high
porosity. Because of its high interstitial porosity the
Chalk contains large volumes of water. Each km of
saturated Upper Chalk contains on average some 300,000 to
400,000 M1 of interstitial water. On the other hand,
becavse of the small dimensions of the pores, nearly all
the water which they contain is held by capillary and
molecular forces, and very little can drain or move under
gravity. Of course in the unsaturated zone both
evaporation and transpiration can be expected to be tﬁe
only processes which can substantially deplete the water
content (Foster 1975).

The extent to which pore drainage occcurs under field
conditions will depend on the relaticonship bhetween the

larger and smaller pores and between the large pores and
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the fissures, but it is worth noting that interstitial
specific vield is more 1likely to be evenly distributed
throughout the aguifer and therefore available at all

groundwater stages (Foster 1975}).

5.3 SECONDARY POROSITY AND HYDRAULIC CONDUCTIVITY

Despite the very small value of the intrinsic permeability
of the Chalky matrix, it 1is not uncommon for a great
number of wells sunk inteo the Chalk to have yields up to
250 m3*/h for a depression of water level of only up to 3m.
Since the Chalk is essentially a soft limestcone with very
low primary conductivity, the source for the above high
yields is an extensive anastomizing system of fissures with
a high proportion of the groundwater discharging into the

well flowing through them.

The conductivity of the Chalk is determined essentially,
therefore, by the effective conductivity of the fissures as

conduits.

The analysis of the pumping tests is one of the most useful
means of determining the hydrogeological characteristics of
an aquifer but for the case of some Chalk, great hydraulic
anisotropy would not be likely to 1lead to an accurate
determination of transmissivity: rather it provides
evidence of the overall hydraulic response of the agquifer

and its boundary parameters,

Whilst it is not the primary purpose of this thesis to
discuss in detail the hydrogeology of Chalk, certain
aspects of i1t are of fundamental importance to the bhetter

understanding of the hydrodynamics of fissure flow.
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(a) Time~drawdown response

Time-drawdown analysis of a number of pumping tests of
various duration in the Chalk has revealed the following
(Fig. 5.4) typical time-drawdown response in most of the

pumped wells (Connoston and Reed 1978).
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Fig. 5.4 Typical time-drawdown response in a Chalk well.

The early time data appear to show the characteristic
relationship between instantaneous release from pressure
storage and delayed vield by gravity drainage (Boulot 1963;
Streltsova 1972; Neuman 1975). This is followed by a
straight 1line portion (portion b) which is a typical
example of a homogeneous, isotropic and infinite in areal

extend aquifer (Freeze and Cherry 1980).

The "straight 1line" response 1s followed by an abrupt
breakway departure ({portion ¢) with the precise timing of
the departure depending upon the hydrogeological regime Bf
the borehole (and its cone of depression) under

consideration.
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If the decrease in aquifer parameters associated with
variations of topography is neglected, the main factor
which determines the shape of the response curves 1is the
dewatering of major vyielding fissures in the immediate

vicinity of the pumped well.

(b} Fissure Distribution

Geological and geophysical logs of Chalk boreholes often
indicate that saturated flow is largely dependent on a
limited number of contributing flow Thorizons. The
accumulation of recent work on the Chalk supports the above
indication. Foster (1977) observed from geophysical logs
that in East Anglia <Chalk, discrete high permeability
horizons are concentrated above =20m OD. Price et al
(1977) have demonstrated by using water injection tests in
cored boreholes in Hampshire, that except from a discrete
number of flow horizons, the in situ conductivity of the
Chalk is very low. Headworth (1978) from the analysis of
geophysical logs for a confined aquifer in the same area,
showed that a number of distinct flow levels could be
identified. Connorton and Reed {1978) presented convincing

evidence for this in the chalk aquifer of Berkshire.

It is now believed that most of the Chalk's discrete
high-permeability horizons can be related to recent and
historic zones of water table fluctuation (Foster et al
1974). Fig. 5.5 shows a histogram of the occurrence of
major yielding fissures, with depth, constructed from the
results of geophysical logging investigations (Robinson, V.

personal communication 1982).,

The overall picture obtained shows that fissures appear to
be grouped in the upper part of each borehole from test
water level down to a certain depth generally regardless of

stratigraphic subdivision but with certain exceptions.
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{c) Vertical variation of hydrogeologic parameters

The non-linear decline of the number of fissures per depth
can be directly connected with the decline of
hydrogeoclogical parameters of some boreholes at
increasingly lower rest water levels. Fig. 5.6 represents
the wvariation of storativity and transmissivity with
defining rest water level for an observation borehole in
the Lambourn Wellfield (Connorton and Reed 1978). Similar
results have been obtained by Foster and Milton (1974).
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Fig, 5.5 Histogram of the occurrence of major yielding
fissures constructed from the results of geo-
physical logging. The presence of the casing

prevented results to be cobtained from all the
boreholes for depths less than 30m and this is
shown by the two smoothed distribution curves
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Fig. 5.6 Storativity and transmissivity against rest

water level

From the above one can deduce that in fissure flow
aquifers, it is not sufficient to know the overall
transmissivity T; the three dimensional distribution of

permeability which it represents, is also required.

The level and thickness of main permeability development is
more important than the overall saturated thickness, since
it directly relates to the heads that can be utilized in
groundwater abstraction and therefore the behaviour of

individual boreholes (Foster and Milton 1974).
This relationship between aguifer transmissivity, radial
position and water table level can be summarized by

Equation (5.1} (Rushton and Chann 1977} :

T = m.K(r,m) (5.1)
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where T Transmissivity
r radial distance from the well
m saturated aguifer thickness

K hydraulic conductivity

The above eguation shows that transmissivity is a nonlinear
function of (decreasing) hydraulic conductivity and a
linear function of (decreasing) saturated aquifer

thickness.

Thus, the understanding of the fissure patterns in the area
of a well is of great importance because the saturated
permeability will be a function of the configuration of the
physical discontinuities of the Chalk mass with respect to

the external or applied head.

5.4 FPLOW MECHANISM THROUGH THE CHALK

Detailed analysis of data suggests that the Chalk aguifer
possesses two major and distinct physical components each
with highly contrasting permeability and porosity; one of
these components, the integranular pore space, 1s almost
fully saturated with static water unless in the zone where
evapctranspiration is active. The other one, the fissure
space, is of varying levels of saturation and is
responsible for water transmission and free draining

storage.

For the case of infiltration it is now believed that this
mechanism involves piston displacement of water through the
‘fissure network via a discontinuous air phase. 1In addition
a slow seepage from the mass of the Chalk into the fissures
is operative, occurring where a pressure differential is
created between ground water in the fissure channel and in

the surrounding Chalk.
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Brooks and Corey (1966) have made a detailed experimental
study of the flow characteristics of both consclidated and
unconsolidated porous media. Applying their results for
the case of the Chalk, the following infiltration mechanism
is suggested (Reeves 1979).

First of all there is a making up cf any pore water deficzit
induced by evapotranspiration, followed by makinc up of any
microfissure flow threshold deficit induced either by
evapotranspiration or gravity drainage. Only when these
two stages are completed does the saturation of
increasingly large fissures start until the vertical
unsaturated hydraulic conductivity is sufficient to match the

rate of inflow.

Detailed study of the movement of pollutants in the ground
and especially of the thermonuclear tritium (Barker and
Foster 198l1), suggests that over most of the Chalk 80-90%
of the infiltration rates do not exceed 1lmm/d although for
some cases the flow rates through macrofissures can be of
the order of 1lm/d {(Smith et al 1970). In the saturated
zone, the movement of the groundwater is mainly controlled
by the intercommunicating fissure system and Jjoints, the

later being most commonly associated with bedding.

Fig. 5.7 describes the processes which operate to produce
the variability of the Chalk aquifer (Robinscn V., personal
communication 1982}. The two main parameters controlling
the development of the hydraulic conductivity of the Chalk
are: {a) the solution potential of the meteoric water when
it reaches the water table, (b) the flux of groundwater
which passes through any particular unit area. According
to this medel, an assumption is made that meteoric water on
reaching the water table moves in a laminar fashion down
gradient with increasing velocity towards the perennial
streams, where there is a large flux of water with a high
solution potential passing through al relatively narrow

zone which 1s not deeply buried.
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Plate 8 Well bedded Upper Chalk with vertical and
horizontal fissures in a fresh face of
Caistor St. Edmund Quarry, Norwich
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From the extensive recent literature a picture of the
fissure geometry of the Chalk can be constructed, and is

shown in ¥ig. 5.8.

e

2-10m

3-3mm

2-10mm —

Fig. 5.8 Fissure geometry of the Chalk

In the saturated zone, where flow is essentially horizontal
certain lateral fissures tend to become enlarged. On the
other hand in the unsaturated zone enlargement of vertical

fissures occurs.

As it has already been stated above, in the zone of water
table fluctuation both horizontal and vertical enlarged
fissures are present providing a =zone of advanced

permeability.

From the above model of the Chalk aquifer, it is evident
that at every point in the aquifer there is one direction
in which the permeability is greater than in any other. 1In
other words the Chalk aquifer is characterized by a high

degree of anisctropy.
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Verslugs (1915) was the first to explain anisotropic
permeability by modelling conductors as  arbitrarily
oriented bundles of tubes. Many authors (Ferrandon 1948;
Sheidegger 1954; Childs 1957; Snow 1965) have derived the
tensor form of Darcy's law and proved that the coefficient
of permeability is a second rank tensor. As a result of
this, the velocity is parallel to the gradient only along

the eigenvectors {principal axes) of the tensor.

In the hydrodynamic research of the Chalk aquifer, it
should be useful to study two different fissure networks,
resulting in two types of aquifers with nearly different
regimes. In the first type, there is a regular and
homogeneous fissuration consisting of independent fissures
and joints, with no hydraulic connection between them, so
that we would expect a different piezometric level at a

certain level between two aquiferous fissures.

In the second type, there is an irreqular and heterogeneous
fissuration with very many orientations so that there is a
possibility of hydraulic continuity and hence ©f a proper

aquifer.

Somewhere hetween these two principal cases, we could
locate the Chalk aqguifer. Even if it were possible to
overcome the enormous mathematical difficulties involved in
solving the fluid mechanics equations for a fissured
system, there has first of all to be determined the

configuration of this system: this is not possible,.

It would be easier to fellow the trend which is
characteristic of the mechanics of continuous media
generally, namely, the introduction of mean characterist%cs
of the media and flow (porosity, permeability, pressure,
velocity etc.). From this, +the basic concepts of
homogeneity and isotropy appear strictly related to the
choice of an appropriate volume and a corresponding scale
of representation. The larger the scale at which the

phenomena are examined, the more the detailed peculiarities
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disappear and the more the configuration becomes
homogeneous and isctropic. Such a criterion leads to the
adoption of the so called scale of homogeneity which has
been fruitfully applied in several practical situations
(Louis 1968). In the present thesis, the hydraulic
properties of the Chalk are going to be examined by using
the discrete model approach.

5.5 THE FUNDAMENTAL EQUATIONS FOR FISSURE FLOW

The importance of the investigation of flow phenomena in
fissures 1is great since these are the phenomena which
determine the groundwater movement through the Chalk
agquifer. In the following, the physics of £low through
fissures are going to be described, starting from the well

known Navier Stokes equations.

The motion cof a fluid is geometrically described if the
position of every material point of the fluid is known at
every instant. Three conditions determine such motion:
continuity, the rheological equation of state, and the
third Newton's law of motion.

These physical conditions are expressed mathematically as. a
system of differential equations together with an
additional set of initial or boundary conditions. The best
known of these eguations is that of Navier and Stokes which
are applicable to incompressible viscous fluids (Lamb 1932,
p.577; Muskat 1937, p.l26),. The Navier and 8tokes
eguation for the case o©f laminar staticonary flow in
arbitrarily inclined fissure has the form:

1

g.grad{z + pfy) = veu (5.2)

where:
static pressure
vertical c¢oordinate

specific weight of water

velocity

< B4 = N T

kinematic viscosity
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By substituting ¢ = z + p/y for the hydraulic potential,
the above equation reduces to the following three

equations, written in matrix form:

Ry \ D dwe D \
3 AR A >}
b — Dk U DU
3 =% - V'l 3 NG (5-3)
'b‘b 31&3 F\J'LL'; —b'l.kg
RED J AT VAL I }

According to the boundary conditions of Fig. 5.9 Usg, the
component o©of the velocities in the direction of the axis

(x3) perpendicular to the fissure plane must be zero:

u, = 0 {5.4)

On the other hand X1 X, is the plane of symmetry of the

fissure, across which there can be no shear:

U -0 DU
A

=0 (5.5)

DUy =0 . tggi.: o (5.6)
D2 ’ IpE

Thus the above matrix equation reduces to:

¢ 3
Eﬁi ‘ 'e) 0 Eﬁﬂﬁ
"a‘.'h ‘_b:_-x;
% = V.| o o  Bux
3' DAn A5 (5.7)
o o o) o
A3
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Hydraulic potential is seen to be constant along lines
normal to the flow, while the gradient 1in the flow
direction is proportional to the rate of change of shear,

oxr +the velocity gradient, as one moves normal to the

boundary.
T it
3.32._ :,/3“; ; %.3¢ = V_}uq; (5.8)
4, A3 RS Ay
Since ¢ is independent of Xyt
D . 3, ¢ — 3, (5.9)
3 7T,

FISSURE PLANE

Fig. 5.9 General flow in a fissure plane

Two successive integrations of the above equations, bearing

in mind the boundary conditions.

du DUz
—_— =0 f X220 . wh,=WUqa=0 = :
VA A For Fs=o Lt for A= EQ;
gilve
T T LY T, LS 7
1&:iJ(%-%) 3 U= %; @rdﬁ (5.10)
s0 the mean velocities are
L L
T, < 3309 . - _83a(2a3)

z
vy 12y
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and by substituting the potential gradients

-~ 30ay P . ==3000" 29

\ . .= (5.11)
(AR, Doy ) 12V Yy oY

These classic eqguations for parallel plate flow are given
in various forms in many texts (Lamb 1932, p.583; Long
196%1, pp.135-137; Borg 1963, p.246; Louis 1969, pp.21-22;
Snow 1965, pp.89-92).

Comparison of Eg. (5.11) with the original Darcy's equation
shows that for this case the hydraulic conductivity of the

opening is given by:

L
K -_30%4) (5.12)
o ARY

5.6 REVIEW OF SOME EXPERIMENTAIL RESULTS

The flow laws through joints were experimentally tested by
numercus scientists and some important empirical laws for
flow 1in joints have been proposed (Lomize 1951; Louis
1969; Rissler 1977; Sharp and Maini 1972).

Flow in a fissure mav be well ordered and smooth (laminax),
or it may assume a chactic fluctuating meotion (turbulent)

superimposed on the mean flow.

The character of the flow is determined by wall roughness
and Reynolds number. It is found that the pressure losses
occurring in the flow are given by the following functional

relationship:

A P= f (Hofi;:/ ’ LJP’PJk)

{5.13)

4ai is trne "nydraulic diumeter" = 2x(2ai)
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where:

Zai opening of the fissure
mean velocity
travelling distance

fluid density

= 7ot <

wall roughness

W dynamic viscosity of the fluid

From dimensional analysis (Lamb 1932) the above egquation

can be written in terms of four dimensional parameters:

AP -~ f%Puni Ik L

= ) (5.14)

K7 qas | ga; )

and experiments (Louis 1969) have shown that the parameters

may be combined to give

AP [/ Mai) _n/ PV(dai) k
PV ( L ) J( e ’ HQi) (5.15)

where 1 is the S0 called dimensionless resistance
coefficient. For the case of zero wall roughness this

equation can be written:

{5.16)

According to the different functional relations that occur
between), k/D and Re the laminar-turbulent flow can be
divided in three flow domains (Schlichting 1965}:

1. hydraulic smooth where A= £ {Re)
2. transition zone where 4= f(Re,k/D)
3. completely rough where A= £(k/D)

The functions f are called the laws of resistance, for

parallel flow.
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In nature, often fissures cccur which have irregular shaped
walls and which are uneven. Unfortunately the general flow
laws, which presume parallel flow, cannot be considered for

those cases which are beyond a relative roughness limit.

It has been found (Petzny 1964) that for the case of a
nen-parallel fissure, this can be considered as eguivalent
to a plane fissure 1if the resistance coefficient g is
replaced (Fig. 5.10) by the following:

QA Yai
4 Co59; ! Qi

Fig. 5.11 (Louis 1969) represents the different laws of

resistance which exist for flow in a joint.

LA AR

K Macro-roughness

T

x Micro-roughness

Fig, 5.10 Tllustration of a fissure surface
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1969)
5.7 EQUIVALENT HYDRAULIC CONDUCTIVITY OF A SET OoF

PARALLEL (HORIZONTAL) FISSURES

In order to describe the total hydraulic behaviour of a
Chalk mass which is rendered discontinuous by several sets

of parallel fissures, it is possible to separate the

individual Jjoint systems and to study each system in

detail.

fundamental hydraulic parameters which are required

are the hydraulic conductivity of each fissure
which depends upon the elemental fissure conductivity and

The
system,

the joint spacing.

After describing the hydraulic parameter of each individual

fissure system, it is necessary to relate the systems one

with another. This relation depends on the position and

orientation of each system in space.
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Assuming that the hydraulic characteristics of each single
fissure are isotropic all over its plane, then the
discharge for a single fissure (Fig. 5.12) is given by Eq.
(5.18):

Q - ALBA (5.5
D.OS(fo/rl)

(5.18)

Similarly, from the principle of superposition, for the
case where the number of fissures is m cne can write for
the total discharge:

Q < AW ™M ki (5 ) (5.19)
2og (fa/0)

where the hydraulic gradient Jl—JO is assumed to be the

same, which is not always true.

Let Ke be the equivalent hydraulic conductivity of the
system, then

~_2M-b ke (34-30) (5.20)
Q.OSC&/“)

so from Eg. ({(5.19} and (5.20) Ke can be written as follows:
Ke= w.{324) k. (5.21)

b
Consider that the Chalk is built up of n blocks each one

containing the same number of figsures m (Fig. 5.13).

One can write for the equivalent hydraulic conductivity,

KT , of the system:
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Set of equispaced fissures of the same opening

Fig. 5.12
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b
Fig. 5.13 Set of noen-equispaced fissures of different

opEenings
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K

:i;;: kei-Qi
T= C

(5.22)

where Kej is the equivalent hydraulic conductivity of the
Jth block.

By replacing Kej from Egq. (5.21), Eg. (5.22) becomes:
! E O
kT:T . leKSQS
b3 (5.23)

and because Kj ==3(ﬂﬁvhy Eg. (5.23} takes the following
form: '

3]

2
Ke= 3 Em, (204) 'Qi
e ARY bs

(5.24)

The above equation can be used to study the hydraulic
conductivity of a Chalk aquifer containing specific conduit
patterns, For example, 1f a well is crossing a single
block of joints of the same hydraulic characteristics, by
substituting in Egq. m = 1 and by = lj, 1t reduces to the
following Equation (L = 1).

3
xT=____M):‘ (5.25)
3

which is the one used by Foster and Milton (1974) to study

the hydrogeclogical properties of some Chalk aquifers.

A family of diagrams has been constructed for this specific
case, relating the fissure opening and the fissure

frequency to the eguivalent conductivity.
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5.8 INCLINED FISSURES

Considering a Chalk block containing three mutually
inclined sets of fissure planes, the equivalent hydraulic
conductivity of the medium takes the form of a symmetrical
seccond rank tensor with three mutually orthogonal principal
directions and three invariants, which depend only on the
geometry of the fissure. Only when the fissure sets are
mutually orthogonal and o©f the same geometry may KT be
replaced by the scalar coefficient of permeability, as
Darcy found empirically in 1856,

Thus for a general case the hydraulic conductivity tensor

is given by Eqg. (5.26):

(5.26)

Snow (1965) has found that for an inclined fissure (Fig.

5.15) the above tensor takes the following form:

l-nn, -nn, -nn,
plst!
= . -nn -
Ke = . ks nn I-nn  -n, (5.27)
\ -nn -nn l-nn
o z Y r 2

- . .
where n = {nx,ny,nz} the normalized wvector, perpendicular

to the fissure plane. For the special case of a horizontal

plane n_= ny = 0 and the above egquation takes the form

Ke = Qf:i ki © l 0 (5.28)
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Fig. 5.15 Coordinate reference for a set of inclined
fissures

It is known, in general, that the permeability forms a
second rank tensor, so Darcy's law can be written as

follows:

- ~ g
vV =-(Kij-pg /)3 (5.29)

where the matrix of kij ig assumed to be Hermitian (Szabo
1968; Whitaker 1969; Guin et al 1971; Chas and Cochran
1972).

During the usual laboratory measurements, the so called
Pas
"dimensional" permeability rather than the components kij

of the permeability tensor are measured.
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Scheidegger (1954) investigated the problem of relating the
directional permeabilities measured by many workers
(Johnson et al 1948; Johnson et al 1951) to the components
.Qij of the permeability tensor. He distinguished two

mathematically eqgual possible cases:

{A) The fluid wvelocity is measured directly and the
component of the pressure gradient in the direction

of the velocity must be used in barcy's law.

(B) The component of the fluid velocity taken in the
direction of the pressure gradient 1s measured

directly and used in Darcy's law.

P
In the following, the second case 1is adopted. Let kf be
the directional permeability in the direction o©f the
hydraulic gradient given by the unit vector?,and let £ be

the measure of the velocity component, of the flow, in the
direction of Ei One can write (The reader is reminded that

P
the symbol k is used to denote permeability).

U, :_fj{;&%}'ﬂ (5.30)
But
e - A E 4 ->
u;=§—'3=—%§--§-\<ai-\3\'§ 5.31)

comparing Egs. (5.30) and (5.31), the following result is

obtained:
-~ AP
k{_:’;"kii §
{5.32)
Fal
Since kij is Hermitian it can be diagonalized; using the

A‘ .
new principal axes, kf can be written:
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k, 0 0 f,
A
Ko ={f,,fa, £) - | 0 k, O f,
-~ (5.33)
0 0 k| |6
-—
where fl, fz, f3 are the components o©of £ along the
principal axes and il’ ﬁé, §3 are the principal
permeabilities.

-
If now a,p,y are the angles enclosed by f and the principal

axes the above Equation (5.33} becomes

A~ ~ - ~
k_; = ¥ C°51CL N k,‘.cos"‘p 3% \430::5"3
{5.34)

which o0f course gives our familiar elipsoid if Mﬂa is
rlotted for wvarious vectors'?. Baefore proceeding with the
evaluation of the equivalent directioconal hydraulic
conductivity for the general case represented in Fig. 5.16,
it is worth discussing the problem of superposition of

flows.

It has been proved (Snow 1965; Louis 1969) that there can
be no mutual interference of flows at the intersection of
two or more planar conduits, provided that they are not
dislocated, interrupted or otherwise changed at the
intersection. It is also known that the driving force
acting on the fluid in joints of various orientation may be
represented by a gradient field vector not necessarily
lying within the conduits but generally crossing the solid,
whether or not there be continuous pore-fluid connection

within the solid.

In order to determine the equivalent conductivity, (KfT) in
-3
the direction of the vector f, which is assumed to be the

direction of the regional gradient (Fig. 5.16).
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—>X
Y
Fig. 5.16 General case of a borehcle intersecting sets

of inclined fissures of difflerent orientationgs
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Equation (5.34) together with Equations (5.21) and (5.24)

have to be applied for each one fissure system. Thus Kep
is found to be:
¥
o~
Kee = 2.8 (o] Kin-Cost Q x
£7 Lv‘ Vv bv\ ( W OSO\Y}-k ')_T]C.DSR'\{- (5.35)
vi=| 1 - .
+ ka‘fos X\']) a\q
where
-~ A o~
k k. ,k are the principal permeabilities of the
M 2n’ "7 3n
n fissure system.

—
an:B, f, are the corresponding angles between f and

the principal permeability axes.

5.9 AN ALGORITHM FOR THE FAST CALCULATION QF THE
EQUIVALENT DIRECTIONAL HYDRAULIC CONDUCTIVITY OF AN
INCLINED FISSURE ZONE

The method developed in this paragraph concerns the
direct calculation of the equivalent directional hydraulic
conductivity of an inclined set of parallel fissures from a
knowledge of the orientation of the fissure plane, the
direction of the local hydraulic gradient and the number

and the geometric characteristics of the fissures.

The purpose of the development of such a method was to
provide a fast and efficient computer algorithm which could
be used with a portabkle microcomputer system and given to
the hydrogeclogist an opportunity to estimate the hydraulic
conductivity of certain fissure patterns indicated by

geophysical lcgging methods.,

The general structure of the algorithm is shown in Fig.
5.17. In step 1 the operator inputs the fissure opening
and the number of fissures per meter. In step 2 the

hydraulic conductivity of a single fissure 1is calculated
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using Eg. 5.12. In step 3 the operator inputs the X and Y
directicon cosines of the normal to the fissure plane where
in step 4 the third direction cosine is calculated and the

orientation matrix is constructed as in Eg. 5.27.

In order to save computer time and memory instead of using
standard "off the shelf" algorithms for the direct
calculation of the eigenvalues and eigenvectors of the

orientation matrix, it was decided to proceed as follows:

(a} Use the Ruckdeschel (198l) power method for the

calculation of the maximum eigenvalue of a matrix.

{b) Use the following two theorems for the theory of

linear algebra:

Theorem 1. The maximum eigenvalue of a matrix becomes the

minimum eigenvalue of the inverse matrix.

Theorem 2, The sum of the diagonal elements of a matrix

(trace) is equal to the sum of its eigenvalues.

In step 4 the subroutine (u) calculates the maximum
eigenvalue of the orientation matrix by means of the power
method. In step 6 subroutine(s) 1s used to invert the
orientation matrix and control is passed back to subroutine
(u} which calculates the minimum eigenvalue. Then control
is passed to step 8 where theorem 2 1is used for the
evaluation of the third eigenvalue. In step 9 the
components of the third eigenvector are evaluated by using
the orthogonality and normalisation conditions. In step
10 the principal hydraulic conductivities are evaluated and
in step 11 the operator inputs the two components of the
hydraulic gradient: the third is calculated. In step 12
the components of the hydraulic gradient across the
principal directions are calculated and finally in step 13
Egq. 5.32 is used for the calculation o©of the eguivalent

directional hydraulic conductivity.
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INPUT FISSURE OPENNING:Zai
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A
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l

EVALUATE THE COMPONENTS
OF THE THIRD EIGENVECTOR

FROM:
* = * =
VRV, =V oA, ¢
2 2 2
Vo T vy, vyt = 9

A 4
EVALUATE THE PRINCIPAL

CONDUCTIVITIES FROM:
KIEK*LI

K., =K*¥L2
2
K,=K*L3 10

) 4
INPUT THE X AND Y DIRECTION
COSINES QF THE HYDR. GRAD.

AND EVALUATE THE OTHER |

¥

EVALUATE THE COMPONENTS OF THE
HYDRAULIC GRADIENT ACROSS THE
PRINCTIPAT, DIRECTIONS FROM:

£f =v *f

1 1

f =v_*f

2 2
f3:V3*f 12

4

EVALUATE THE HYDRAULIC COND.
ACROSS THE DIRECTICN OF THE
HYDR. GRAD. FROM

2 2 o
=K, *E2 4K, * x
K=K T ¥R +Ry M

Fig. 5.17 Logic diagram of the algorithm for the
calculation of the equivalent hydraulic
conductivity of an arbitrary fissure set
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A computer program in a basic dialect incorporating the
abocve algorithm has been written and 1is presented in
Appendix A.5.1

5.10 THE DEPENDENCE QF THE HYDRAULIC CONDUCTIVITY OF A
FISSURE ZONE UPCN THE PRESSURE HEAD DISTRIBUTION NEAR
THE WELL

So far, a great deal of emphasis has been placed on the
particular case of flow from a set of parallel horizontal

or inclined fissures into a well which intersects them.

The purpose of this section is to examine the effect of the
pressure drop which occurs within the vicinity of a well on

the directional hydraulic conductivity of a fissure zone.

Pressure drop occurs as fluid flows towards the well. In
the case of fissure flow the drop is a very much more
severe cone, probably this behaviour is due to the limited
area available for flow of a fluid in a fissure and the

acceleration of the fluid as it approaches the cavity.

It is worth considering a hypothetical numerical model. to
illustrate this point because of 1its great importance,.
From the theory of well hydraulics it 1s known that the

discharge of a confined aquifer can be expressed as:

- Rmbks  (p.p)

{(5.36)
I (i /r)

A similar relation of course holds for a single fissure
discharging aquifer. For example, assuming the following

conditions (Fig. 5.18}:

b = 2.ai = 0.1mm
k., = (Zai y2.g/12
0 =1 1t/min
P = B00 cm
0
r = 3 cm
o
r, = 6 cm
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Fig., 5.18 Pumping well intersecting a single fissure

Then by substituting these wvalues in the above expression
one can see that for a distance ry = 6 cm from the well the
pressure iPl becomes 467 cm; in other words there is a
pressure drop of 58.5% in a distance twice the radius from

the well.

It is known from the literature that the potential lines inihe

vicinity of the well are described by Eq. (5.37):

CP _ R/fzai ﬂ"S N X1 (5.37)
AT Ky

where
¢ is the pumping rate
kj is the permeability of the fissure

JO is the natural gradient
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A computer program was written making use of standard
graphic packages already existing in ICCC (Imperial College
Computer Centre) and of Eg. (5.37) in order to plot the
pressure distribution in three dimensions. Fig. 5.19 shows
the drastic drop in pressure occurring in the vicinity of a

pumped well.

Fig. 5.19 Pressure distribution in the vicinity cof a
pumped well

In order +to study the dependence of the directional
equivalent hydraulic conductivity of a fissure zone upon
the changes of the direction of the local hydraulic
gradient cccurring during pumping, the following diagram

(Fig. 5.20) was constructed.

The orientation of the fissure =zone 1is described by the
directional cosines of its normal vector with reference to
the coordinate axes XYZ. In this particular example a

fissure zone inclined at 45° to the horizontal is shown.

The algorithm described in the previous section is used to
calculate the directional hydraulic conductivity of the
fissure zone as the hydraulic gradient c¢hanges during
pumping. The results obtained (units of  hydraulic
conductivity) are plotted against the angle between the

hydraulic gradient ?’and the normal to the f{issure plane N.
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T
4 7

ANGLE BETWEEN N and £

Usual variation of the direction of the local
hydraulic gradient during pumping
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Fi 5.20 Direction equivalent hydraulic conductivity

of a fissure zone Kfe’ during pumping
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From thege results (Fig.5.21), one can see that when the
angle between‘g and N is zero (the hydraulic gradient is
normal to the fissure plane), the directional equivalent
hvdraulic conductivity, Kfej* becomes negligible: by
increasing the angle between f and N there is an increase
in the hydraulic conductivity which takes 1ts maximum
value, Ke, when the hydraulic gradient becomes parallel to
the fissure plane (where Ke 1s given by Eg. 5.24). This
example shows that the perfcrmance of any set of fissure
zones 1is conseguently governed largely by what happens to

the pressure head near the well,

5.11 THE DEPENDENCE OF THE HYDRAULIC CONDUCTIVITY QF A
FISSURE UPON ITS CONTACT AREA

Since the hydraulic characteristics of fissures are mainly
governed by aperture size, it 1s expected that the
hydraulic conductivity of a fissure zone will also depend
upon the elastic properties of the formation, which
describe the deformability of the Chalk with the changes of
the stress field occurring during pumping in the vicinity
of the well.

Gangi (1975) has derived an analytical expression for the
variation of fracture hydraulic conductivity with confining
pressure and similar works are presented by Katsuhiko
(1975) .

The purpose of this section is to investigate the relation
between the hydraulic conductivity of a fissure and 1its
contact area, which is expected to increase during pumping.
This 1s because the Chalk is a non-elastic particularly
deformable rock as its low modulus of deformation (Table
5.20) shows.

The method that was adopted was to use an electric analogue

apprcach. A 30cm diameter circle of electrical conductive
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Plate 9 Electric analogue arrangement used to study
the effect that the contact areaof fissure has
upon its discharge
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paper was used £o represent the fissure. The pumping
process was modelled by driving a current from the
perimeter of the circle towards its centre which
represented the well as shown in Plate 1. The contact area
was simulated by cutting circle sectors of increasing area
laterally and radially. Next, the potential lines were
drawn using a standard Wheatstones bridge and the discharge
was calculated as usual. The diagrams obtained, together
with the calculated zresults, are included in Appendix
A.5.2.

Strenpth of the Chalk

Lower Chalk Middle Chalk Ugpper Chatk

(Yorkshire) (Norfolk) {Kent)

Unconfined compressive strength {MN/m?®)*

maximum 38.2 36.3 6.2

minimum 20.1 221 1.8

mean 284 27.2 5.5
Saturated unconfined compressive strength (MN/m?}

maximum 15.2 17.5 2.2

minimum 9.6 8.9 1.4

mean 13.7 12.3 1.7
Brazilian tensile strength (MN/m?)

maximum 3.4 2.8 0.6

minimurmnm 1.0 0.9 0.4

mean 2.6 2.1 ¢.5
Point lvad test (MN/m?)

maximum 0.9 0.7 -

minimum 0.4 0.2 -

mean 0.7 0.4 —

*Unconflined compressive strength: < 1.25, very weak; 1.25—5, weak; 5—12.5, moderately
weak; 12.5—50, moderately strong: 50—100, strong; 100—200, very strong; > 200,
extremely strong (in MN/m?).

Table 5.2 Elastic properties of Chalk

Fig. 5.22 1s a graphic representation of the results
obtained. From this, one can see that the flow carried by
a fissure decreases with increasing contact area but that
the decrease is a function of the areal distribution of the
contact area; in other words, it depends on the path of
fluid flow.
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units of flow rate

-4

- 0t

Fig. 5.22

Flow rate as a function of contact area
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5.12 FLOW THROUGH A CONDUIT BISECTING A SEMIPERMEABLE
MATRIX

Although it has already been mentioned that the groundwater
flow through the Chalk cannot be treated in the same manner
as that through porcus media,"because of ‘the ‘irregﬁlar
occurrence of fissures in the former, which play a large
part in the flow characteristicé, it neverthélesé appears
to be reasocnable to apply such treatment'in.the limiting
case in which the Chalk as a whole is largely free of

fissures, except for a limited number of ‘extended length.

In this case the flow system may be considered as a
composite synthesis of a uniform medium fepresenting the
Chalk matrix bisected by others of different permeability

corresponding to the fissures.

While these fissures are, in principle, flow channels free
of any poreous medium they may he given conductivities to
correspeond to their carrying capacity, as has already been

determined by classical hydrodynamics.

As these conductivities will be‘very much higher than that
of the Chalk matrix itself, whichhsikof the order of 1md
the flow will be essentially one in which +the Chalk's
matrix feeds its water into the highly permeable fissures
and these bring the fluid ~directly or by complex

interconnection through the joints of the outlet wells.

(a) Mathematical formulation of the problem

The diagrammatic representation of the problem is given in
Fig. 5.23. '
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Y\f

Fig, 5.23 Fissure bisecting a semipermeable matrix

An assumption is made that there is only one fissure in the
system, which bisects the otherwise extended and uniform
Chalk proper. Because of the very low conductivity of the
Chalk's matrix as compared to that of the conduit, the flow
ihto the well directly from the Chalk's matrix may be
neglected.

It will be convenient to take the fissure's width as the
unit length and both the media-representing the fissure and
the Chalk to be of infinite extent, the latter alsc to be
of infinite thickness. Because of the obvious symmetry of
the system, only one single guadrant of the (x,y) plane

needs to be considered.

The analytical formulation of the problem feollows from the
application of the eguation of continuity to Darcy's law,
which in the presence of the fissure for the case of steady

flow gives:
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div(pv)-k =0 A
_ K
i P “3 APsq=o
V= - X3 qcad P (5.38)
v
similarly, in the presence of the pores one can write
k
E—-;—Sﬁﬁmzo (5.39)
so the problem can be described:
locating pressure distributions P1 and P2 such that:
A 2 L
Pki3 /97 P
= t 7 JFA=0
v RE Y
(5.40)
~ 2 it}
PK‘ZS (rb}:"z +FDP1 )_q:o
4 oAt Y
gives, with the boundary conditions stated:
A=0 ’ %: 1 ) Q-SS‘-\'“"I'W‘% [ECPEY ‘,\\Ai
.‘._<‘1 J =0 ﬁ:o
y&1/2 1 Y >y (5.41)
“OFR = IR
3:%’ ’ 'Wq = Ky "b; A=A foc uwmit width
(5.42)
¥>1/2 x:o,ﬁ‘)g =D
ne
(b) Solution of the differential equations

It is well known that the general problem of the steady
state flow of fluids through porous media (Sheidegger

1960), may be reduced to the solution of Laplace's eguation
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with the appropriate boundary conditions. Since this
equation is so well known in other branches of physics, the
general methced of solution and in some cases even the
explicit solutions themselves for a number of flow problems
of practical interest, may'be taken over from those that
have already been derived for other purposes in other
branches of physics (Carslow and Jaeger 1980), by simply

translating them into their proper hydrodynamic equivalent.

In our case reference is made to a similar homogeneous set
of eguations describing an analogous electrical problem,
published by Muskat (1935). In order to wuse Muskat's
analytical results the system of eguations (5.41) and
(5.42) has to be reduced to an homogeneous one, modifying
of course the boundary conditions.,

In order to simplify the calculations:

= = &y

PR3 (5.43)
Y - Q,

PR3

then obviously system (5.40) is eguivalent to the following

homogenecus one:

2
’BIE —3"? =0
24" Dy
X 2 (5.44)
ﬂbﬁ% + :EHEE—::O
24 Y
where IB = R + Ry ~
2
Bo= Pa-Ra (5.45)

with the boundary conditions
'u;oJfEﬁ_=1
o

£ = 2R .

(5.46)
- P oy T OB oy
| =14 »:b—;—"'«"—-—krrz?-ﬁ.-_q
[
Nsifa i:o,BIP’ =0 (5.47)

D
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the solution of the later homogeneous system is already

known from Muskat's electric analogue problem (Muskat 1935)

Proxyr=(5-y) Log [1"‘ +{ 1/1—'\.()1} +ylog (A 4y~ 1 +1%ton —%

. 1iﬂaﬁﬁy+
da [/ 1 1\ acsaa (S0 _
'{"?,J o l:( S T)e +“£T{€ (SCOShCL/l‘I-Sl‘QhQ/l S)+ {5.48)
° ~afz2t+ya
+ (1-8)€e . 5mho./1”—q,'f“
® f
-0 “(S““f‘)‘l (5'49)
Beuyy 2|32 | cinhye -2e = . Seshi-smhafcoxa, o o
? a My a - smh(o/a+)¥) t R
where
= k,/k, = tanhy, assuming that & <1
A = -2(Scosha/2 + sinha/2) (5.50)

for computation purpcses the integretation constants are
removed by subtracting the value of p at x = 0., Thus by
locking across the line y = % one takes:

Pi (x,1/2) - B (0,12) = —51-403 (1) + 20 ke (1/23) +

e
syl oM 1a/2da

ey h(o/2+Y)+smh (af2-¥) {-a®
: - 919 +Y)+ 5 N i-a.
o smh (Qfa+Y) { yrsm }

[42]

T 510 2o sinh (a-y) oAt
2 ol smh (a+y) da QUL {5.51)

for large values of x the above result can be written

P= QC";i‘X » [1.2#0%?0331] - @t

(5.52)

from which

P acoshy __.QQ')L_'XQ’)Q‘

)t ¥ ' 3

(5.53)
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A
multiplying both sides with kl.p.g/v

KPa P RP3 [ aceshd gy o 0% (5.54)
v ~ Vv ¥y ' ot

and because of Equations (5.43)

2R nQy = KPY | 2wshy kP3P

i 5.55
o v ¥ VoL ( :
which can be written as follows
e s 2.q = A c
Dd X T T @t @ (5.56)
where
A KiP3  acoshy
v L4
C.=-—£iﬁi-3u1¢ﬁ for unit conduit discharge
v D
The solution of this equation is
Q)= nd L (5.57)

1’1 4 11..

This relation is very useful for studying the dependence of

o~ A
Q on the permeability ratio kz/kl'

P
EXAMPLE By considering a distance of 104 units, k; =

- 1 8.
1.3

3
x 1007 ecm2?, p = 1gr/em3®, g = 103gr.cm/sec?, v X

lO_2 cm2/sec. The above relation can be written

6 /
Q = JI-}xSO—E;ﬂﬁ-\- C
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Fig. 5.24 Fissure discharge as a functicn of the
permeability ratio between matrix and

formation
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and by taking in mind that

i
V- (tomhy)?

Cosh% =

. ~
and Y= tonah (K /&)= 1/2 e (M,‘_
“'Qz/ﬁ

we take the following expression

.5
Q (Ka /)= 13x18 . 2 e
Vi ry™ - DRl
2 [k (‘-KZ/K; {5.58)
This result is represented graphically in Fig. 5.24., From

this cone can see that for a constant fissure hydraulic
o~

conductivity kl’

P
increasing matrix hydraulic conductivity k

fissure discharge decreases with
o9 In other
words less fluid is carried by the fissure as the matrix

becomes more permeable.

5.13 GENERAL CONCLUSIONS

The primary porosity and hydraulic conductivity of the
Chalk have been discussed, showing that the Chalk has
exceptionally low intrinsic permeability as compared with
its high porosity. An extensive anastomizing system of
fissures is responsible for the yield of wells driven in
the Chalk with a high proportion of the groundwater
discharging into the wells flowing through them. The

fissure space is of varying levels of saturation.

Geological and geophysical logs of Chalk boreholes have
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indicated that saturated flow 1is largely dependent on a
limited number of contributing flow horizons. Thus, the
understanding of the fissure patterns in the area of a well
is of extremely great importance since the saturated
permeability will be a function of the configuration of the
physical discontinuities of the Chalk mass with respect to
the external applied head.

After discussing the flow mechanism through the Chalk, the
conclusion that the Chalk aquifer is characterized by a
high degree of anisotropy has been reached. The
fundamental eguations of fissure flow have been discussed
and the hydraulic conductivity of a single parallel plane
has been derived. Some experimental results of flow lows
through Jjoints have been described. From this the
equivalent hydraulic conductivity of a set of parallel
fissures grouped in blocks, has been calculated and a
number of diagrams relating fissure opening and fissure
frequency with the equivalent hydraulic conductivity have

"been constructed.

The tensor form of the permeability of an inclined fissure
has been discussed and an analytical formula for the
calculation of the equivalent hydraulic conductivity of an
arbitrary set of inclined fissure zones in the direction of
the pressure gradient has been derived. A new computer
algorithm has been constructed for the assessment of the
equivalent Thydraulic conductivity of <certain fissure

patterns.

The pressure head distribution near a pumped well has been
studied and the previously constructed computer algorithm
has been used to study the dependence of the directional
hydraulic conductivity upon the changes of the direction of
the lgcal hydraulic gradient which occur during pumping.
The results indicated that during pumping the directional
hydraulic conductivity of a fissure zone 1is not constant
and that it is largely governed by what happens to the

pressure head near the well.
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A new technigque using an analogue electric model for
studying the relation between contact area and flow rate
through a fissure has been introduced. The measurements
showed that the flow rate through a fissure decreases with

increasing contact area and that depends on the path of
fluid flow.

Eventually an analytical formulation of the problem of flow
through a fissure bisecting a semipermeable matrix has been
given and a formula correlating the discharge through the
conduit as a function of the permeability ratio (between

matrix and conduit), has been derived.

After studying the hydraulic structure of Chalk and the
main factors which are responsible for its hydraulic
properties, the next step is to try to derive any possible
relations between geophysical parameters measured from the
lcgs and the hydraulic conductivity of the Chalk.
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CHAPTETR v I

SIMULATION OF CHALK CONDRDUCTIVITY BY A DOUBLE POROSITY
MODEL AND EVALUATION OF IN SITU HYDRAULIC CONDUCTIVITY
FROM GEOPHYSICAL FORMATION LOGS

6.1 INTRODUCTION

The purpose of this Chapter is to examine the extent to
which the hydraulic conductivity of a fissured Chalk
agquifer can be assessed from parameters measured by the
geophysical formation logs. This <can be achieved by
simulating the Chalk aquifer with a simplified double
porosity model consisting of a set of parallel conduits
embedded in the matrix of the Chalk and by the use of the
existing empirical relations for porous media (eg. Archie's

law) .

Before proceeding to the task of investigating the physical
aspects of the relationship which is presumed to exist
between geophysical and hydraulic parameters, the formation
factor - porosity relation is investigated and is applied

to a simplified double porosity model.

The possibility is examined of being able to obtain from
geophysical logs alone enough data to permit a quantitative
evaluation of the hydraulic conductivity to be made.
Consideration is also given to the problem of formulating,
for use in the £field, simple semiempirical relationships
between structural features such as number and opening of

fractures, and the hydraulic characters of the ground.

Firally +the effect of fissures on some geophysical
parameters determined by the formation resistivity logs is
being discussed and the principles of operation of a new

logging technigue are introduced.
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6.2 FORMATION FACTOR-POROSITY RELATION

An important, clearly defined, and easily measurable
property of porous media is the so called formation factor
F which is defined as the ratio o©f the resistivity of a
porous sample that is 100% saturated with an ionic soclution

to the bulk resistivity of the same ionic sclution:
F = RO/Rw (6.1)

where RO is the resistivity of the 100% saturated sample

and Rw the resistivity of the electrolyte solution.

The formation factor measures the influence of pore

structure upon the resistance of the sample.

Obviously according to the above definition ¥ is a
dimensionless guantity whose value is always greater than
one, and it is defined only for porous matrices of

negligible electrical conductivity.

The influence of pore structure on the electrical

conductivity may be attributed to:

(1) the reduction of the cross-section which is available
for conduction.
(2) the orientation and topography of the conducting

pores.

It is evident that for isotropic disordered media, the
ratic of the cross section available for conduction to the
bulk cross section is equal to the bulk porosity @&, so an
inverse relation between F and ¢ is expected. In fact it
has been found empirically that F varies more than just in

inverse proportion.

Maxwell (1881} first derived a relation between porosity
and formation factor for uniform nonconducting spheres

embedded in a fluid continuum:
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F= (3 -6¢)/(2¢) (6.2)

Empirical relations between porosity and formation factor
have been used extensively in the o0il industry, and have
also been applied frequently to hydrological problems.
Archie (1942) first recognized a relation between porosity
and formation factor, as a result of experiments on various
sands from the Gulf Coast region. Archie restricted the
validity of his equation to sandstones ranging from 10 to
40% porosity, and saturated with brine containing £from
26,000 to 100,000 ppm of sodium chleoride. '

Archie's relaticon had the form

F=29 {(6.3)

where m is the "cementation exponent" and was supposed to

have values between 1.3 and 2.5 for various types of rock.

A great deal of further experimentation followed Archie's
work. De ILa Rue and Tobias (1959) studied random
suspensions of spheres, cylinders, and sand in an aqueous
solution of zinc bromide of approximately the same density
as the particles and they found the above equation to hold
with m = 1.5 with a high degree of precision over a range
of @ extending from about 0.25 to 0.55.

Researchers following Archie proposed covering the same
sandstone spectrum as studied by Archie, a light modified
relationship (Winsauer et al 1952) of the type:

F=c.p " (6.4)
where C and m are constants.
The most famous examples of such constant m and C relations

are the Humble formulae in which C = 0.52 and m = 2.15 and

the Wyllie formula in which € = 0.75 and m = 2.0.
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In Fig. 6.1, typical examples of the above relations are

shown.

It is seen that Archie's lines for m 1.8 tom 2.0 and
the Humble line essentially yield the same @ range for a
given F value or conversely the same F range for a given @

value for a fairly wide band of porosities.

Humble formula
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A great many determinations of m have been made over the
vears on cores from various carbonate reservoirs throughout
From the available data it appears certain that
(Chokbart 1960)
than,

the world.
the exponent m does vary in carbonate rocks

is a and

a goocd deal wider

within range which

different from, that found in sandstones.
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In a paper, important to formation evaluation, Carothers
(1968) measured a large sample (981 samples) of formation
facter data. This wealth of data suggested that the
formation factor-porosity relation for sandstones was:

F = 1.45/@1'45 rather than F = 0.62/(252'l

5
which was the relation suggested by Humble and for

carbonates was:
_ 2.14
F = 0.85/¢ rather than F = 1/¢2

Carothers et al in further work (1970} used log measure-
ments to determine the formation factor-porosity relation
in the Pliocene in South California as

Fo=2.45/¢"°% ana F = 1.97/¢1" 22

as the relation for the Miocene in the Texas-Louisiana Gulf
Coast. These relations differ Ffrom Carothers' initial

relation and the Humble relation.

Recent work by other workers (Lang 1972) indicated that
different average relations may be more applicable than
those commonly used. The Archie, Humble and Willie
equations have been around a long time and unfortunately
are the keystone o¢f analysis technigues, as witnessed by

all of the service companies' interpretation manuals.

Keller and Frischknecht (1966) having summarized the
findings of a number of workers concluded thaﬁ the wvalue
for the parameter 'C' in Eq. (6.4) varies from slightly
less than 1 for rocks with intergranular porosity to
slightly more than 1 for rocks with joint porosity, while
the exponent m is somewhat larger than 2 for cemented and
well-sorted granular rocks and somewhat less than 2 for

poorly sorted and poorly cemented granular rocks.



199

It appears, however, that no "worldwide" average relation
accurately fits a specific reservoir rock. Thus no one of
the above equations should be applied to a formation until

experimental control has established:

{a) the validity of the equation in the formation

(b) the value of the constants C and m for the formation

Sen et al (1981) have investigated a thecoretical model of
clay free sedimentary rocks and have shown that it vyields
Archie's law. For spherical grains these authors found
that the constant C in Archie's law has the value of 1, and
the constant m has the value of 1.5. The value of m fails
in the observed range and in fact is close to the minimum

observed value.

Measurements by Jackson et al (1978) on marine sands
indicated that the value of m depends upon grain shape, the
lowest wvalues associated with spherical grains and larger

values arising from oblate grains.

Veinberg (1966) investigated a theoretical model consisting
of grains which were approximated by ellipscids of
revolution at random orientations. A more dJeneralized
approach to the later model has been published recently by
Mendelson and Cohen (1982), The later authors found that
the presence of aspherical grains leads to an increase of m
above 1its minimum wvalue of 1.5. The presence of oblate
spheroids is more significant, prolate spheroids having
little effect on m.

This observation becomes reasonable since disk-shaped
grains will have a greater effect that needle shaped ones,
in blocking current paths and SO increasing the
resistivity, i.e. increase m. They found also, that even
the presence of spheroids with quite large eccentricities

will not raise m above the maximum observed value of 4.
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It has long been recognized that the value of m in some way
reflects the texture of the rock. However, 1t has been
supposed that it also reflects the degree of consolidaticon
of the rock.

From the analysis of Mendelson and Cohen {1982} it also
appears that grain anisotropy has an important affect on m,
and that for unconsolidated sediments is the main factor

governing m.

Under the conditions prevailing in the o©il industry Eg.
(6.3} can be a very useful relaticon. From a small amount
of core analysis in an oil field, it is frequently easy to
establish the correct porosity-formation factor relations
for the wvarious strata and porosity determinations in the
remainder cof the wells can be made on the basis of electric
logging data alone. Berause most of the o©il fields are of
limited extent, it 1s seldom necessary to apply the
relations at any great distance from the region represented
in the laboratory contrel. In addition to this, the
reservoir rocks are at a depth where the stresses are such
that most of the fissures are closed and pores are the main
voids. These conditions, however, are rarely duplicated in
hydrological work, where aquifers are normally of much
greater size than o0il fields, in their areal extent, and
are normally near the surface, and thus at low stress, and
have open fissures. 1In addition to this, the opportunities
to obtain core data are far fewer in a hydrologic study

than in any o0il reservoir investigation.

Because of the difficulty in obtaining adequate control,
there has been a tendency among hydrogeophysicists to make
use of Eg. (6.4) without such control, using arbitrarily
chosen values for € and m. Used without control,
therefore, the equation 1is at best a method of rough

approximation.
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6.3 THEORETICAL INVESTIGATION OF THE FORMATION
FACTOR-POROSITY RELATION

Although the porosity-formation factor relation 1is an
empirical one, its basic form can also be derived from
thecretical considerations. Consider a porous block with a
non-conducting matrix and introduce into the left face of
the block an electric current which flows out of its right

face as shown in Fig, 6.2,

Fig. 6.2 Models illustrating the resistivity and
equivalent resistivity of a porous block

Let RO be the resistivity of the block under 100%
saturation
Rw be the resistivity of the water in the pores
@ be the porosity of the block
I. be its length

S be its cross sectional area

Since the only conducting medium in this block is water, it
is possible to draw an equivalent block of water which has
the same resistance as the pore block. The current flown
through the porous block takes a tortuous path so that the
length Le of the equivalent block is greater than the
actual length L.

Since the total amount of water must be the same, the cross

sectional area of the eguivalent block is

Se=¢5L/Le (6.5)
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On the other hand, the resistances of the porous block and

the equivalent block respectively are:

2
L {
ﬂwzpm'L/s > fw= NH‘E-.E;E
- (6.6)
since r = r one takes the equation:
- !
Ro :(LLE). 3 R (6.7)

which indicates that the resistivity of a porous block
filled with water should be directly proportional to the
resistivity of the water contained within the block,.

The constant of proportionality depends only on the
"electric tortuosity" (Le/L)2 and the porosity @ of the
rocks, and is independent of the water in the pore space.
By introducing the formation factor

F o= RO/Rw (6.8)

Eg. (6.7) reduces to:

)
P ted !
T\ L ) {6.9)
which is in the form of Archie's law.

By comparing Eg. (6.9) with Archie's relation (Eq. 6.3} the
following relation between cementation factor m, electric

tortucsity T and porosity ¢ can be cobtained:

vy = 4 (CP/TW) /,Qn;lﬂ

(6.10)
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Fig. 6.3 Porosity as a function of tortuosity for
constant values of formation factor and
cementation factor (Willie et al 19590)

Fig. 6.3 1is a plot of the porosity as a function of
tortuosity for constant values of formaticon factor and
cementation factor. The dashed horizontal line relates to
the porosity of the cubic packing of spheres, which is the
maximum theoretical regular packing porosity that can be

obtained.

6.4 TYPICAL FORMS OF ARCHIE'S LAW FOR CHALK

Chombart (L960) writing on well logs in carbonate
reservoirs, stated that for pure Chalky type-II carbonates
{these possess a very fine structure with a high porosity
associated with extremely low permeability), the
cementation factor in Archie's original equation varies
between 1.7 and 1.9.

Smart et al (1964) and Gray (1965) used these values in the
evaluation of the borehole geophysical logs in the chalk.
Schlumberger (1972a) recommended the use of the relation F
= éefor Chalky rocks.
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Philips petroleum (written communication  1982) have
established a relatively narrow range for m between
1.92-2.00 for the North Sea Chalk reservoirs.

Oteri {1982) studying the formation factor porosity
relation of the Upper Chalk in the Tiltmastone area of SE
England, suggested the relation F = 1.22®‘1'55; this falls
in the range given by Chombart indicating that the results

obtained are correct.

The following Fig. 6.4 shows, in a log-log plot, typical
examples of the formation factor-porosity relation for
Chalk which have been collected from the literature.

6.5 SIMULATION OF THEE CHALK AQUIFER BY A DOUBLE PCROSITY
MODEL

The following approach uses the empirical relations that
have been derived for porous media in the hope that it will

be useful in the study of fissured formations.

Fissures have always been attractive to the hydrogeclogists
because they frequently provide the key to the
producibility of water wells.

The hydraulic conductivity of a Chalk aquifer, as has
already been shown (Chapter 5}, 1is a function of the
configuration of its physical discontinuities, with respect

to the external head.

By assuming the permeability of the intact matrix to be
negligible, the yield of a well could be directly related
to the number of fissures intersected by the well. of
course, detection of even a large system of fissures will
never guarantee production. It will only raise the

possibility of production.
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Adequate hydraulic conductivity of each fissure system is
necessary for a reasonable production of water but this is
not easy to evaluate from the formation logs. Expressed
simply; what is in the Chalk, and what will come out of it
are often two different matters. The formation logs

pertain chiefly to the former.

Numerical investigations have been made concerning the
relationship between formation factor and permeability of
porous media. Many of these have been experimental (Tixier
1958; Schlumberger 1958; Komarov and Keivszar 19672 :
Barker and Worthington 1973; Griffiths 1976) while others
have been thecretical (Schopper 1966; Dullien 1979).

For example, Fig. 6.5 shows the relations obtained by
Archie (1950) between the permeability and the formation
factor for a number of consolidated sandstone cores of the
Gulf Coast o0il reservoir. From this figure one can see
that the permeability decreases with increasing formation

factor.

Fig. 6.6 shows a similar relation obtained by Jones and
Budford (1951) for a sandstone aquifer. In this case, the
permeability increases with increasing formation factor.
This relation was used by Croft (1271) to estimate
transmissivity from electric log measurements. Clearly,
formation factor alecne is insufficient for the needs of the

hydrogeclogist.

6.5.a Pore system description and analysis

Although an important characteristic of Chalk is that the
total amcunt of its fissure ({secondary) porosity, when
compared to its matrix porosity, is very small, when the
logging probe is opposite a fissure zone, then the effect
of fissure porosity becomes very important to the response

of the logging tool.
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In the following analysis the Chalk is being treated as a
double porosity system. The idealized model considered in

this analysis is presented in Fig. 6.7.

= 1T

Fig. 6.7 Double porosity system for the Chalk

Let SAV be the average cross section
S be the fissure cross section
SO be the voids cross section
RO be the matrix resistivity at 100% saturation
Rw be the water resistivity
Req be the equivalent resistivity
@ be the tctal poresity
®f be the fissure porosity
@O be the matrix porosity

In the above definitions, all the porosities are considered
as areal porosities (Freeze and Cherry 1979). Because the
matrix of the Chalk can be considered as non-conductive
(Oteri 1980), the electric current on its way through the
Chalk can be considered to follow two paths, one of which
is throughout the fissures and the other throughout the
saturated pore space of the Chalk's matrix. In other
words, it i1s like having two different porosity systems

connected in parallel.

By considering Fig. 6.2, the fcllowing relations can be

written:
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= Rel
SAV—Sg
fw = mﬁwz ; | - l + |
s Veq o = (6.11)
J‘eq - Req- Q
Sav
from which
S1’\\/ = 55 4+ 5;\\;-—5;
Req R Re
: = 5& ._i_ 6; |
Reg Sav Ru .+0 .§::)‘ ?;; (6.12)

Because an important parameter in this analysis 1is the
apportioning of total porosity between matrix porosity and
fissure porosity, the term "Chalk Fissure Index" (f} 1is
introduced as the fraction of total pore volume contained

in the fissures:

P

{= 5 (6.13)
obviously for the total porosity one can write:
= Sav=-5.} P +5 /
¢> l:( AV 5{-) ck: ‘5’} 5A\/ (6.14)

on the other hand
P, = 54/5“ (6.15)

so the above relation bhecomes

CP‘-SAV = 5AU-¢0—5&'41+5& g 5;/5Av ‘(f-q)a):?“q)o

(6.16)

and because éf Eq. (6.13)
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d)(l_ci)a) (6.17)

and 41 _P-% (6.18)

Returning to Eqg. (6.12) one can write:

] - f ¢ +(‘ _4¢)

6.19
Req Rw ( )

]
Re

This is a very important eguation because it is the 1link

between the two pore systems.

Similar eguations have been met in the literature of
fractured oil reservoirs (Pirson 1963; Pirson 1967;
Aguilera 1974; Aguilera 1977), but these appear to contain

errors as outlined below:-

Pirson (1967) , on his analysis of the multiple porosity

systems gives the equation:

P AT
Req Ruw Ro (6.20)
The difference between the above equation and Eq. (6.21)

cocurred because Pirseon during his evaluation of the

resistance of the matrix, used the formula

fo = 'Ro-Q/(‘-‘Po-SM)

AV—Sf has little effect
means that the term RO describes

Of course, using SAV instead of S
but using the term QO'SAV
the pore's water resistivity and not the 100% saturated

matrix resistivity as Pirson intended.

Aguilera (1977), in his very interesting paper about the
analysis of fractured reservoirs, states that he 1s using

Pirson's formula, but guotes it as:
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P, i-f
Req R Ro

(6.21)

in which it is clear that he omitted the factor @ in the
second term of the right hand side factor. If this was
intenticnal, it introduces a significant error in his later
analysis. It is therefore concluded that Eg. (6.19) is
similar in form to the relationships derived by others, but
differs in detail and is considered to be the more correct
relationship between resistivity and porosity than those
presently in print.

Rearranging Eq. (6.19) results in:
Rw R
Reg = 2w 1120 (6.22)
4 PRa+Rw (1-59)
and by introducing the system formation factor
F =R /R
eq’w
one can write
F _ PO
- 6.23
£ DRo+ Rw (I-fP) (6.23)
It is worth examining the behaviour of Eg. (6.24) in the

following limited cases:

(a) fissure porosity is zero.

In this case the chalk fissure index becomes zerc and Eg.
(6.23) +turns out to be the defining relation for the

formation factor of the porous medium

F = R_/R (6.24)
(@] W



212

(b) matrix porosity is zero.

In this case the Chalk fissure index becomes one and since
there is no matrix porosity and the assumption has to be
made that the matrix of the Chalk is non conductive Ro must

be infinite so Eg. (6.23) can be written as:

Ro-r o

I
=1/¢ (:i'ﬂ Pt 2209 (6.25)

indicating that for a pure fissured system the cementation

exponent should be close to one,

Introducing into Eg. (6.23) the matrix formation factor Fo’

yvields
|

F= =9
| (6.26)
$&+ (1-59)/F,

and by using Archie's expression, the follewing interesting

formula is obtained:

- l

- tpr & (1-1) (6.27)

This, together with Eg. (6.17), is going to be used in
order to study some possible combinaticons of the porous

system needed to describe fissured Chalk aquifers.

The reader is remined that in the above formula (6.27), ™
represents the initial cementation factor of the porous
formation, where m 1s the total cementation factor for

porous and fissured formation.
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6.5.b Discussion of the results

Starting from the two 1important equations (6.17) and
(6.27), computer runs were made (the computer program is
given in Appendix A.6.1), in order to study all possible
combinations of a two porosity system representing a Chalk

agquifer,
The analysis has considered the following ranges:

range of m,* 1.5 - 2,060
range of @: 0.2 - 0.45
range of f: 0.02 - 0.22

The complete results are given in a form of a table in
APPENDIX A.6.1.

Figures 6.8a tc 6.8f represent in graphic form the results
for the cases: m, = 1.60, 1.64, 1,66, 1.70, 1.74, 1.80.

From these charts, one can see the following:

{(a) For a constant Chalk fissure index "f", the total
cementation factor increases with increasing matrix
porcsity., An obvious explanation of this result is that
when the channels o¢f current flow are changing from
straight and are relatively constant area to tortuous, the
cementation factor increases. It has already Dbeen
mentioned that for a single porosity model consisting of
straight hydraulic channels, the cementation factor tends
to be 1. Obviously by introducing in a single (fissure)
porosity system some more channels {pores), more current is
going to travel through the pore system with an obvious
increase 1in tortuosity. The effect of the "fissure

porosity" Qf on the total cementation factor is shown in
Fig. 6.9.

It is wvery c¢lear that with increasing ®f, m decreases;

also that the slope of the curves m = g(®f) becomes less as
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0.2
160 J
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Fig. 6.8 Relation between the formation parameters

of the double porosity model
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Fig. 6.9 Total cementation factor vs. fissure porosity
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the matrix initial, porosity increases. In other words,
the effect of @

increasing @o.

g On m becomes less important with

From the above argument, one can say that for a double
porosity system m is mainly controlled by the degree of
change of the initial porosity.

(b) For constant @o, m increases with decreasing f. This
is due to the fact that +the more compact the "rock"

becomes, the bigger becomes the cementation factor

{c) Another important result which is shown on the
interpretation charts, and which verifies the correctness
of the model, 1is that when £f tends to zero, the total
porosity tends to the initial porosity; the same also
happens when the total cementation factor m becomes equal

to the initial cementation factor mo

From all the above, one can conclude that a characteristic
property of the total cementation factor m of a double
porosity system, 1s that it decreases appreciably with
increasing f. Since f is a quantitative measure of the
degree of fissuring of the Chalk, if m could ke measured
(methods of measuring m from resistivity and porosity logs
are an established procedure in the logging industry), then
for a given primary porosity ®O and for a given matrix
cementation factor m one could, by using the
interpretation charts, estimate f and from this the total

fissure porosity Qf.

In the following paragraphs, the ©possible ways of
correlating f with the hydraulic conductivity of the Chalk

are going to be examined.
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6.6 RELATION BETWEEN THE FISSURE INDEX OF CHALK AND ITS
HYDRAULIC CONDUCTIVITY

The dramatic effect of fissures on the  hydraulic
conductivity of the Chalk has already been stressed. 1In
the previous section, a method for measuring the degree of
fissuring of the Chalk has been introduced by using for its
guantitative measurement, the fissure index of the Chalk
(f). Thus it would be logical to investigate the existing
relation between f and the hydraulic conductivity.

The following analysis starts from the fact that £
represents the fraction of the total porosity through which

a path of least resistance to fluid flow exists.

Fig. 6.10 Chalk block with one fissure per unit length

By considering a unit block of Chalk cointaining a single
fissure of width s, (Fig. 6.10) and assuming the hydraulic
conductivity of the matrix of the Chalk to be negligible,

one can write for the equivalent hydraulic conductivity:

_ 3 V-
k= —= {5¢) (6.28)
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By referring to the following relations:

D=,
f= @[, Pe= S5/ qb*” =,
(6.29)
The equivalent hydraulic conductivity of the block can be
easily expressed as a function of the Chalk's fissure index

f or as a function of the total porosity @:

_3 ,(cp—-cbo)"

2y 1~ P, (6.30)
2
K - 3¢ 2
— . . 1
—f (6.31)
which, by expressing @ in terms of @o and f, becomes:
2 2
3¢ 5 (6.32)
l?'v ‘-"{'(l-q)o‘ |

Pl

By writing k as %.3ﬁr where k 1is the permeability, the

above formulae can be written as follows:

A | ¢_¢
k [+]
" L—q% (6.33)
and
2
-~ 2 {
Kk = . (6.34)
12 ° I"{‘U-‘(Po)

A graphic representation of these results is shown in
Figures 6.11 and 6.12.
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By observing Fig. 6.11 which is the graphical
representation of the relation between the permeability and
the degree of fissuring of the formation, o©ne can deduce
that even a small error in the calculation of the fissure
index introduces a large error in the calculation of the

permeability.

This result explains the great difficulty encountered in
any attempt to measure the hydraulic conductivity of a
fissured formation from standard formation logging
techniques. Fig, 6,12 represents the relation between
permeability and the +total porosity of the formation,
considering a constant matrix porosity @O. One can again
see that a small increase in the total porosity (due to

fissuring) produces a larger increase in the permeability.

Since the most important factor in deducing a quantitative
estimate of the  hydraulic conductivity o©of £fissured
formations from geophysical formation logs is the degree of
accuracy with which this secondary porosity can be
measured, 1t is evident that the higher the initial
porosity becomes, the less accurate the evaluation of the
hydraulic conductivity. For formations with high initial
porosities such as the Chalk, it is doubtful whether it is
possible to obtain accurate measurements for the hydraulic

conductivity from geophysical measurements alcne.

For the case of fissured formations with low initial
porosity, such as highly cemented limestones, igneous or
metamorphic rocks, one should be more optimistic about the
existing possibilities of deducing a quantitative measure
of the lamation's hydraulic conductivity from geophysical

formation logs alone.

In the above analysis, a single fissure per unit length of
formation was considered but similar relations c¢an be
derived for the most general case bf having fissures of
different orientations and conductivities and by using the
formulae for the equivalent hydraulic conductivity

developed 1n Chapter V.
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The following diagram represents the basic principles of
the method proposed in this Chapter for the evaluation of
the hydraulic conductivity of fissured formations from

geophysical formation logs.

¥ A l

Laboratory core Establish a value| [Measure ¢| [Resistivity logging

analysis,literature] {for m, and.ﬁb and m porosity logging

Use similar graphs
or tables to 8.10

and A.6.1 respect-—

ively

Use the relation
between £ and k to

deduce a value for

k

6.7 HYDRAULIC CONDUCTIVITY-VS,-ELECTRIC CONDUCTIVITY

It would be very useful 1f the mutual relation between
hydraulic and electric conductivities could be emphasized,
as 1t has already been shown that both of them depend on
the degree of fissuring of the Chalk, or in other words,

its fissure index,

The main difference between the two conductivities arises

from the fact that they originate from two different
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physical laws: the Hagen-Poissuele and Ohm's law. Because
of this, the electric conductivity varies in proportion
with the area S of the conductor whereas the hydraulic

conductivity in laminar flow varies with S2.

It is instructive to consider a hypothetical sample con-
sisting of n identical parallel capillaries with a total
constant c¢ross-—-sectional area equal to S. Obviously the
cross-sectional area of each capillary is Sy= S/n. 1Imagine
that n is increased beyond any limit, while § 1is kept
constant, thus leaving the electric conductivity of the
system unchanged. The hydraulic conductivity, however, is
proportional to n.Si2 = n.(5/n)2 = 82/n; which becomes

vanishingly small with increasing n.

From the above simple example, one can see that the determinat-
ion of the electric conductivity or equivalently, the
formation factor, are not enough to determine the hydraulic
conductivity, since the first +two are sensitive to a
different aspect of pore structure whose contribution to
the permeability is only negligible. This relation between
the two conductivities becomes even purer when we consider
the typical Chalk aquifers in which the fissure porosity

becomes a minor part of total porosity.

6.8 AN INVESTIGATION OF THE EFFECT THAT FISSURES HAVE
UPON SOME PARAMETERS MEASURED FROM THE FORMATION
RESISTIVITY LOGS

In surface-based resistivity soundings, the measured
resistivities are controlled by the average response of
the earth over very large volumes, volumes with dimension
comparable to the depth to which measurements are being
made. On the other hand, resistivity measurements made in
well logging are highly detailed over distances of a few cm

to a few metres vertically through a well, One must
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therefore ask the gquestion: how sensitive are these
resistivity measurements for defining £fissure 3zones and
what is the best way of treating the data?

Consider a hypothetical section in the Chalk consisting of
layers with two resistivities, =B} for the fissures and Py
for the formation, Fig. 6.13.

ol
ffor—

e

Fig. 6.13 Geoelectric model of fissured formation

By definition the transverse resistivity Py is given by:

O
=

—“H (6.35)

_Lhif z zm (1-asln) /g |
H

from which:

Re =2-m-(R-R)*8

(6.36)

Similarly the longitudinal conductivity is given by:
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%U’“/R‘) ! 3 ! V
R Z——-ﬁq——+(H—(2Qi)'Y])/ﬁ_-T (6.37)

from which

_ 2Q4 ! I (
S == 'q'[p' P ]* q (6.38)

The coefficient of anisotropy is given by:

i1,
A= (ﬂr'eﬂ)

(6.39)
which by using the above relations becomes:
f
2
9= | (RPd) _(mm ) ('_ 2047 )+| (6.40)
PR\ H : |

From this later equation, one can see that for the case
where there are no fissures in the formation (p1=p2) the

coefficient of anisotropy becomes equal to unity.

Figures (6.14) and (6.15) represent the dependence of the
above geoelectric parameters upon the percentage of
fissures per unit cross section (33§1L-x 100%), for a

hypothetical section with Py = 25 and p, = 150 ohm.m.

The fraction of low resistivity beds in the section was

varied by increasing the number of fissures.

The values of longitudinal and transverse resistivity wvary
from 2% ohm.m for the case in which the entire section is
composed from water to 150 ohm.m in the case that there are
no fissures at all (Fig. 6.15). In the case cof the longi-
tudinal resistivity, the wvalue remains close to 25 ohm.m

until the fracticon of fissures becomes less than 80%.
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On the other hand, the transverse resistivity decreases
rapidly over 150 ohm.m even for a small fraction of low

resistance beds in the section.
From the above observation one can say that:

(1) the 1longitudinal resistivity is dominated by the
fisgsures in the section.

(2) the transverse resistivity is less sensitive to the
fissures in the section and depends more on the high

resistive beds.

From the above analysis, it is evident that, even if it was
possible to correct for the effect of limited bed thickness
upon the measured apparent resistivity, it would not be
possible to determine the geometric characteristics of the
individual £issures (i.e. 2ai) from the values of Pp,. ©OF
Prv since both Py and PR depend on the product n x (2ai),
and different combinations of n and (2ai) can produce the

same value for the product n x (Zai).

Although it has been shown that the wvalues of the
longitudinal and transverse resistivities are not adequate
for getting a quantitative estimate of the opening of the
individual fissures, hence their hydraulic properties, an
accurate knowledge of the values of Pip and P, versus deéth

could be very useful in defining fissure zones.

By looking in the diagram of Fig. 6.15, one can see that
fissures have a different effect upon the values of the
longitudinal and transverse resistivities, From tﬁis
result, it is logical to think that calculating the differ-
ence p, ~Py and plotting this difference with depth would
be wvery indicative of the degree of £issuring of the
formation. It is worth noting here an important result
which brought to light by Maillet and Doll (1932). These
authors found that the resistivity measured with a system

of electrodes aligned perpendicular to the bedding planes
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is not affected by the effect of microanisotropy (produced
by the microscopic structure of sediments), and that the
values obtained are close to the values of longitudinal
resistivity (Paradox of anisotropy). In the analysis
presented in the present section, the strata were con-
sidered[p consist of a series of isotropic beds whose

resistivity were determined from the resistivity logs.

A theoretical proof of the fact that the difference PPy
is more sensitive to the percentage of fissure volume per
unit cross section is given below, for the simple case of
Fig. 6.13.

From equations 6.35 and 6.38 one can write:
cpzh{p-plip-—tB k= @on/H —s
(6.41)

Br-F=- (‘L(P.'Fi)z*h (P.-Pj

The latter shows that the difference between transverse and
longitudinal resistivities depends on the second power of

the percentage of fissure volume.

6.8.a Example of Borehole No. 5

Here the variation of the difference between Py and Py
versus depth is going to be examined for a real case. No
reference 1is made here on how the data are treated, since
this is described in detail in PART III of the thesis. The
general approach feollowed is to divide the normal
resistivity logs into a number of different zones and th;n
to calculate for each zone an average value for Piyr Pj and
Py ,"P; which are considered representative for the specific

interval.

Fig. 6.16 represents the variation of the difference P 7Py
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as a function of depth for borehole No. 5 in Brighton, and
shows that this difference tends to decrease with depth.
This is shown more clearly in Fig. 6.17 where a regression
line has been fitted through the data. This observation is
in agreement with the well known fact that the degree of

fissuring of the Chalk decreases with depth.

The difference between the Py, and Py values plotted as a
function of depth is referred to as T-L log (Transverse-
Longitudinal) and will be examined in detail in PARTS III
and IV of this thesis. It is sufficient to note here that
this T-L 1og holds considerable potential for the geo-
physical assessment of in situ hydraulic characters of

fractured aquifers.

6.9 GENERAL CONCLUSIONS

In this Chapter the existing pcssibilities of measuring the
hydraulic conductivity of a fissured formation from geo-
physical formation lcgs alone have been examined. After
studying the formation factor-porosity relation (Axchie's
law) and its most common forms for the case of Chalk, a
simplified double poresity model has been introduced in
order to study the possible relations between geophysical
formation parameters measured from the logs and hydraulic

conductivity in detail.

The general conclusions reached can be summarised as

follows:

(a) A quantitative measure of the degree of fissuring of
the formation has been introduced by the "fissure

index".
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(b} A generalized form for  the formation  factor
corresponding to a fissured formation has been
evaluated and has been shown to be in agreement with
existing results for the limited cases of pure porous

and pure fissured formations.

(c) The way that the different formation parameters
introduced by the model, correlate with each other
has bheen given in a form of graphs or tables which

show that they describe correctly the limiting cases.

{(d) A theoretical relationship between the formation's
fissure index and its hydraulic conductivity has been
established and has explained the great difficulties
encountered in the problem of deducing a guantitative
value for the hydraulic conductivity from geophysical

formation measurements alone.

{e) A general procedure for measuring the equivalent
hydraulic conductivity of a fissured section from
geophysical formation logs has been proposed although
its application is limited by the present low level
of accuracy in porosity measurements when carried out

in high porosity formations such as the Chalk.

(f) A detailed investigation of the effect that fissures
have upon some dJgeoelectric parameters measured from
the resistivity 1logs has been made and a new
parameter, very sensitive to the degree of fissuring,

has been introduced.

Since the analysis carried out in this Chapter has shown
the advantages of knowing the values of some new parameters
developed from standard geophysical logs, the next step in
the present thesis will be to develop some fast and
accurate methods for obtaining the above parameters.
Obviously the only way to achieve this is by employing a
microcomputer system, and this will be discussed in PART
IIT.
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PART ZIE

The purpose of this Part is to describe the development of
a microcomputer based software and hardware package for the

automatic evaluation of the geophysical well logs.

Having already shown in Chapter VI how the different
geophysical parameters measured by the logs could be linked
together in order to provide; in certain cases, useful
information about the hydraulic characteristics of the
formation, the necessity of the existence of a method to
process the data in a fast and accurate way becomes
obvious. The amount of calculation involved in analysing a
log' is enormous and if one was to use standard hand
calculating methods, the number of cases that could be
studied would be very limited. In addition  the
difficulties of using the methods revealed by this research

would prevent its application in practice.

The Part contains two Chapters: Chapter VII describes the
hardware and software of the designed system and Chapter
VIII describes the procedure for meodelling the response
from a geophysical normal resistivity tool; a procedure
which could be very useful to the hydrogeologist and
geophysicist when using normal resistivity logs to study

fissure zones.
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CHAPTER VIT

DESIGN OF A MICROCOMPUTER SYSTEM FOR THE AUTOMATIC
EVALUATION OF THE LOGS

7.1 INTRODUCTION

In the previous Chapter, the importance of being able to
process the information which is contained in the
geophysical well logs was emphasized. It was also shown
that certain parameters, such as the difference between
transverse and longitudinal resistivities, could be very
indicative in certain cases of the hydraulic
chafacteristics of the formations logged. It is thus
desirable to apply the proposed techniques to a number of

real cases.

The geophysical log, by being a continuous signal
representing the measure of some geophysical parameter,
contains a large amount of information. One can thus see
that any attempt to perform by hand all the necessary
operations for the evaluation of the previously described
parameters, would ke a very tedious and time consuming
process, thus only a few cases could have been examined.
This 1is why 1t was decided, before proceeding in the
discussion of some actual cases, to look for a fast and
accurate method which could be used to perform all the
necessary calculations. It was decided to use a
microcomputer. The objective of the present Chapter is to
describe the design of a cheap but effective portable
microcomputer system, and its necessary software, that is
able to evaluate geophysical well logs 1in a fast and
accurate way. A number of useful computer algorithms have
been designed and the problem of how to combine them in
order to obtain a useful package for hydrogeologists and

geophysicists is discussed.
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7.2 CURRENT STATUS OF THE USE OF MICROCOMPUTERS IN
HYDROGEOPHYSICAIL LOGGING

Digital computing methods have proved to be very useful for
the analysis of well log data and for the development of
new techniques of data processing, and their wuse has
resulted in a more accurate knowledge of the properties of
the formations encountered. This is achieved by applying
standard signal theory techniques to extract and enhance
all the information which is included in the signal rather

than treating the signal solely as a measuring device.

In the o0il industry today, the advent of digital and
logging equipment and associated interpretive software
allows sophisticated handling of sonde <c¢alibrations,
trouble-free logging operations, and accurate wellsite log

interpretation analysis.

Logging engineers and geophysicists in the o0il industry
have been quick to adapt most of the log interpretation
procedures to portable microcomputers and in doing so, they
have eliminated much of the tedium of calculating by hand
calculators, nomograms and charts. In the water industry,
the digital processing of geophysical logs has just begﬁn
to be developed. This is probably due to the fact that it
has taken a lot of time for the hydrogeologists to realize
how useful the geophysical well logging methods can be for
the solution of many hydrogeclogical problems. Most of the
logs are interpreted from a qualitative peoint of view,
which obviously does not require computer processing
methods, apart from some applications in lithostratigraphic
correlations. The main reason for this may be the fact
that most of the instruments used in the water industry for
geophysical well logging were designed with the qualitative
use of the obtained geophysical logs 'in mind. Therefore,
the obtained measurements were not suitable for

quantitative work.
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Furthermore, the full advantage of the geophyusical logs
come when quantitatively interpreted on site; for example,
they give an idea of the distribution of permeable beds
permitting the correct placing of well screens etc.
Obviously it is not possible for the small water contractor
to carry with him a digital computer costing thousands of
pounds, being very complicated in its operation and very
sensitive to tough field conditicons, and this may also have
been a strong disincentive for the provision of logs and
logging systems suitable for quantitative analysis. These
probably are the main reasons which constrained the use of
digital computers for the evaluation of geophysical logs in

the water industry.

Recently, mainly due to an ever increasing use of
geophysical well logging methods by the water industry, the
growth rate of geophysically derived data has been
increasing. In addition +to this, the microelectronic
revolution, which started a few years ago, has now come to
a point where it can change the'position of the computer in
hydrogeophysical well logging. The new logging
instruments, incorporating the microelectronic technology,
have been very effective in the accurate measurement of the
different physical parameters of the formations crossed by
the well, In addition +to this, the introduction of
portable microcomputers in every-day 1life, costing less
than £1,000, can be extremely wuseful to the water
contractor. For these reasons, there is now new interest
by hydrecgeoclogists and geophysicists in the processing

capabilities offered by the microcomputer.

7.3 DESIGN OF A MICROCOMPUTER SYSTEM - GENERAL
REQUIREMENTS

This Section outlines the guiding philosophy behind the
design of the microcomputer system and the development of

its software. The system is designed to eliminate tedious,



time consuming and error-prone wellsite hand calculations
and to permit new interpretation procedures by offering
several unique advancements for fast, reliable,

computerized interactive formation evaluation at the
wellsite.

7.3.1The Hardware

The development of the hardware of the system has been

based on the following requirements:

- to provide a method to digitize the logs

- to provide a microprocessor to process the data

- to provide a system of data storage and retrieval

- to provide an interactive graphic system to display
and update the information '

- to be cost effective, simple, portable, fast and

accurate

To fulfil the above regquirements, a 6502 8-bit
microprocessor based microcomputer was used and Table 7.1
shows the type and price of the instrument and auxillary

equipment purchased,
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TABLE 7.1
INSTRUMENT MANUFACTURER-TYPE 1982 PRICE
(£)

Digitizer Lynton Computer

System 1,400
Microcomputer Acorn Atom 250
Printer Microline 80 . 340
XY Plotter Phillips 500
Recorder Panasonic 45
TV Monitor Boots Audio 70
D/A/D Constructed (Acorn

Type 100

7.3.2 The Software

Before proceeding in the description of the software
package, it is essential to emphasize some basic

principles.

Computer programs are available to perform operations on
various classes of geological data, such data usually are
used for statistical analysis, but other uses include
mapping, reduction of geophysical measurements, modelling
of geophysical parameters etc., such programmes are usually

parts of large data-handling systems.
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In the present case, what is needed is a set of programs to
(i) replace the work of a human well leg analyst and
probably (ii) to derive some new methods of analysis which
could be used on site to provide some useful information
about the hydraulic characteristics of the different

formations crossed by the well.

Since the software are mainly going to be used for on-site
investigaticon, they have to run on a Ilimited memory
machine, they must be as simple as possible and alsc be

economic in computing time.

As a part of the digital processing of the geophysical
logs, it is generally reguired that the output from one
program be used as an input to another program, Thus a
computerized quantitative study of a series of logs might

result in the steps shown in Fig. 7.1 below.
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Fig. 7.1 Typical procedure for the automatic processing
of geophysical logs
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From the above, it is evident that several computer runs
incorporating different programs would be required to do
the various computations needed for the gquantitative
evaluation of the geophysical logs. 1In the following, the
main requirements of the software package developed in this

work are listed:

(1) simplicity of operation

{2} economy in program memory

(3) accuracy

(&) ability to apply various corrections on the log data
(5) ability to calculate various petrophysical parameters

for a specific section of the well, defined by the

operator

(6) ability to correlate bhetween different logs

7.4 THE STRUCTURE OF A MICROCOMPUTER

Before proceeding with the details of how the data
representing a geophysical log can be stored and processed
by a microcomputer, it is essential to describe the general

architecture of the computer.

The three main units of a computer are:

1. The central processor - the 'brain' of the computer -
which, under the instructions of the computer program,
co-ordinates and controls the activities ~o©f the other
units, and performs all the arithmetic and logic processes

applied to the raw data stored in the memory.
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2. A storage - or memory - device which holds the
instructions forming the computer program, and stores the
raw information, ready for retrieval for processing. The
computer's memory can be likened to a large number of
lccations or addresses each one containing a single number
between zero and 255 (00000000 to 11111111 in binary}.
Computers use bhinary code to store information, so the
largest number that can be held in an address in binary is
11111111, which is eight bits (Binary Digits) long. This
unit of eight bits is cften called a byte. A computer with
one byte (1K) of memory has 1024 bytes. In cases where
numbers greater than 255 have to be stored by the computer,
it is possible (by a dimension statement) to set aside four
bytes for each number so that values approximately between

minus 2000 million and 2000 million can be stored.

3. Input and output devices - the peripherals - through

which data are fed into and read out of the computer.

7.5 ORGANIZATION OF THE INFORMATION CCONTAINED IN THE LOGS

In order to be able to process with a digital computer the
analog information represented by the logs, a sampling
technique of digitization must be used for converting all
the analog signals into digital form. In doing so, one can
incorporate an analog to digital converter in the output of
the logging instrument, 4in order to record the analog
signal directly in a digital form or, in the case where the
information already exists in the form of logs, to use a

digitizer.

The digitization of geophysical logs must take into account
a number of important considerations. These involve the
precision with which the log should be sampled and how

often the samples should be taken.

A  basic sampling theorem states that in order to

reconstruct any given signal from discrete samples, the
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sampling frequency must be at least twice that of the
highest frequency which is desired to be maintained in the
sampled digitized signal. This is known as the Nyguist
theorem, and the 1limit of the frequency which can be
reconstructed from a given sampling rate is often termed as

Nyquist frequency.

Another wvery important section of the Nyquist theorem
states that not only will frequencies higher than the limit
imposed by the sampling rate be lost, but they will also
produce a false signal which will appear as a much lower

frequency. This process is defined as aliasing.

Fig. 7.2 illustrates an example of a 64-inches resistivity
log carried out at borehole No. 1 in Brighton. If the log
were to be reconstructed from a number of sample points
pickefiup through a digitization process from the coriginal
analog signal, the accuracy of the resulting log would
depend on the digitization interval. As this figure showé,
most of the essential details of the original log are
present in the two-meters sampling process although some
thin streaks have been lost. If the log had been sampled
every four or eight meters, then the reconstructed log
would have lost considerable detail, as it is shown in the
figure. In the present work, the digitization interwval
taken was 0.2m, and was considered to be more than adequate
to prevent any al%@ing effects. The usual depth scale of
the logs is 2m/cm, and thus a digitizing interval of 0.2m
means that a sample 1s taken every one millimeter of actual
log record and that for 200m of logged formation, one takes
1000 numbers, If these numbers are scalfed to be bhetween 0
and 255 in value (see Section 7.4}, then it is possible to
allocate only a single bvte of computer memory per number,
instead of four. (A set of numbers stored in this way is
called a byte wvector). This is especially useful when

memory 1s restricted.
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Fig. 7.2 Example of log digitization with different
sampling intervals
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From the above one can see that the memory requirements for
storing a geophysical log representing 200m of logged
strata are 200m x (1/0.2m} = 1000 bytes = 1K byte

Together with the sample data, one must provide information
about the kind of the log being digitized, the construction
characteristics of the well, its location etc. in order to
create an efficient data bank that is easy for later use.
A speclal program was written to ask the operator during
the digitization process about the above information which
is automatically stored in the first 100 bytes of the byte
vector representing the sampled data themselves. A

printout of this information is listed below.
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7.6 CORRECTTIONS

Theory and experience demonstrate that geophysical logs
yield T"apparent", rather than "true" wvalues of the
petrophysical properties which they reflect. Whether or
not the apparent values read off the logs can be corrected
back to the true values depends upon the facts of each
individual situation. The gap between apparent and true
values in a given formation depends upon the following

elements: -
1. the nature of the property being measured

2. the property contrast with the adjacent formation
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3. the spacing of the device

4, the thickness of the given volume possessing the true

property wvalue considered

5. the diameter size of the hole
6. the properties of the water (fluid} filling the hole
7. the position or "eccentricity" of the device with

relation to the walls of the hole

8. the effect of noise on the measurements

Since the spacing of the logging devices have
non-negligible dimensions, all logs mark the boundary from
one true level of properties to another true level by
"transition patterns" straddling the boundary, rather than
by sharp, instant level change at the boundary. Again the
shapes of transition patterns and the thickness over which

they extend depend upon all the elements listed above.

Generally speaking, the following facts should Dbe

remembered when selecting values from logs:

{a) Apparent property values shown by transition patterns
are most generally beyond correction. The one use 0f such
patterns 1s to 1indicate that changes in property level

occur.

(b) For a device of given spacing, the property logged
must maintain the same level over a minimum thickness

before this level can make its existence known on the log.

(c) Because of geometrical effects, apparent values
suitable for possible corrections and use in quantitative
analysis appear in the form of peaks or plateaus towards
the high property levels and depressions or valleys towards

the low property levels.
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{d} Again, for a device of a given spacing the property
logged must maintain the same level over a certain
thickness if the log is to yield a "representative point"
or preferably a "representative segment” for that level,
whose apparent wvalue <c¢an be adequately corrected for
thickness and fluid effects, thus resulting in a value that
is sufficiently good to be entered into the relationships
for later quantitative analysis. This thickness again is a

complex function of the factors a,b,c previously stated.
In the following the problem  of obtaining true

resistivities from the apparent resistivities shown in the

normal resistivity logs is going to be examined.

7.6.a Corrections for changes in the conductivity of the

fluid column

It has already been stated in CHAPTER IV of this thesis
that the formation resistivity when measured with a normal
resistivity device depends upon the conductivity of the
fluid column and the diameter of the well. The functional
relation between the apparent resistivity shown by the
logs, the true formation resistivity, the conductivity of
the fluid column and the diameter of the well is calculated

from Egq. 4.9.

A common method which is used in the water industry teday
for the determination of true resistivity values from the
apparent resistivities measured by the normal resistivity
logs, 1is to use a graphical representation of Eg. 4.9
scmetimes known as departure curves. Obvicusly in the
present case where the microcomputer has to perform all the
necessary corrections, these departure curves are of little
use. On the other hand, any attempt to program the micro-
computer to perform the mathematical operations described
by equation 4.9 would result in a substantial loss of

memory and computing time.
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The method adopted in the following discussion was to
represent each one of the departure curves corresponding to
different well dJdiameters, by a third degree polynomial

through a least squares process.

The departure curves used were taken from the manual "LOG
INTERPRETATION CHARTS", page 46, published by Schlumberger
Inc. 1969. An adequate number of evenly distributed points
was picked from the curves. These points were fitted by a

cubic polynomial using the subroutine E202 of the CERN
Library.

According to the-above the true resistivity can be written:

R =F {A-(—f%‘-)i B-(——%—)+C(€: )+D (7.1)

where the values for the constants A, B, C and D are given
in Appendix A.7.3. Because of the great importance of the
sukject of curve fitting, a special APPENDIX has been
included in the present Thesis. In it the necessary
elements of the theory are presented together with a
computer program for curve fitting written in Standard
Basic. Programming a microcomputer to perform the above
correction is an easy process. One has to start from the
memory map ©f the particular microcomputer used {see
APPENDIX A.7.1} and dJdefine three spaces,. Cne for the
program which has to carry out the calculations, one for
the apparent resistivity values contained in the 1log and
one for the fluid conductivity wvalues. The results of the
calculation (true resistivity values) can be sent directly
to an output device (printer, cassette, disc), written over
the apparent resistivity values, or stored in a 4th place

in the computer's memory for use in a latter stage.
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7.7 ZONATION OF THE LOGS

A common technigue used during the interpretation of
geophysical logs is to employ a zonation process. By this
method, a number of boundaries that divide the log into
intervals are selected such that the measurement being
considered 1s relatively constant compared to the change in
the measurement from that interval to the depth adjacent
intervals. For example, the following Fig. 7.4 is a
schematic representation of a part of the 16N resistivity
log of Borehole No. 5,
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Fig. 7.4 Typical zonation of a log

The log consists o©of measurements of some value P
(resistivity in this case} displaced as a continuous
function of depth z. A log interpreter might, by visual
inspection, select a number of zone boundaries as shown in
Fig., 7.4. In addition to the zonation, the interpreter has
to select a representative value of P in order to
represent any interwval, say |~}. The average value of P

within the interval is cften used.
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In orxrder to design the algorithm for the automatic
zonation of the logs, one can either use the variation of
the data with depth, by locating the different boundaries
at points where the data exceed a pre-defined threshold
value, or use some functional relation of the data. Such a
function could be, for example, the standard deviation of a
number of data or their average value, In the literature,
there are quite a few such algorithms for the zonation of
sequences of data. (Testerman 1962; Gill 1970; Hawkins et
al 19878: Webster 1978). Since these algorithms were
mainly designed for use with large computers and in the
present case the software have to be compatible with the
restrictions imposed by microcomputers an N point moving
average of the data was used. A similar technique was used
by Sounder et al 1973.

7.7.1 The Program "WINDOW"

A computer algorithm was designed by applying the N point
moving average technigue of Sounder et al (1973). The wéy
in which the algorithm operates is as follows. An average
amplitude of a segment consisting of N data is compared to
the average amplitude of the adjacent segment. If the
difference between the two averages are greater than a
predefined threshold value D, the program assigns a zone

boundary at the corresponding point.

After the zone boundaries have been chosen, the program
divides each zone by 3, and then computes the mean value of
the central portion, assigning the later to the total zone
interval. It is also possible, by a small modification of
the software, to use a picked value for each zone instead

of a mean value.

Fig. 7.5 shows the detail structure of the algorithm
designed for this.
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At step 1, the operator enters the number of data, N, which
have to be processed, the starting point W, the width of
the smoothing interval B and the threshold value D. A loop
is 1initiated at Step 2, and Step 3 sets the dummy
parameters, A, to null each time loop 2 is executed. Loop
HE is initiated each time loop 2 is executed and the

computation of function

| TAN-t 2 -
— S Vi— > |-p
B 7.2)
=4 §=1-N (7.
is made and assigned to A, where Vg is the arr&y

containing the data from the digitized log. Steps 7 and 8
force A to be positive or zero and in Step 9 the value of A
for each I from 1 to N is stored in the array C(I). Step
10 assigns initial values to the dummy variables E, F{W), G
and indicates the location of the first =zone boundary as
the starting point on the log N. The parameter G is a
device by which the ccomputer will compare two successiye
points in the data array C{I) to determine if onhe of suéh
points is a maximum in that local region of the array. E
is a counter that will be increased by unity each time a
maximum is found so that at the completion of loop 11 the
value of E will be the total number of zone boundaries. At
step 12, G is tested to be "true" (moved towards a maximum
from I-2 to I-1) or "False" (moved away from a maximum).
If "false", C(I) is tested against C(I-1) in step 13 to
determine whether C(I) 1is increasing or decreasing in
magnitude. If it is not increasing, control i1is simply
passed to the end of the loop and loop 1l continues., If
C(I) is increasing, G is changed to “true" in Step 18 and
control passes to the end of the loop. If G is "true" in
test 12, C(I) is compared toc C(I-1) in Step 14. If CI(I)
>C(I), {the magnitude continued to increase), control is
passed to the end of the loop. Note that C(X) <C({I-1),
means the array has passed the maximum which was at I-1.
Therefore E is updated and the array F(E), which contains
the zone boundaries, 1is set to E-1. Next G 1s set to

"false" and
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control passes to the end of the loop. In 19, a loop is
initiated which will step the wvalue of M through all the
zones. Step 20 calculates the length of the subzones lying
adjacent to the zone boundaries and the middle subzone. K
is the location of the upper boundary of the middle subzone
and H is the other boundary. At Step 22, the variable S is
set to zero. Step 23 initiates a loop which will cycle the
dummy index I from the first point K of the middle subzone
to the last point H of the middle subzone. At the end of
the loop in Step 24, the accumulating variable 5 will be
the sum of all the data V (I} 1lying on the middle subzone.
The wvalue of S5 1s divided by the length of the middie
subzone to obtain the average value of the amplitudes lying
on the middle subzone in Step 26. This average value 1is
given a subscripted variable Q(H), and is assigned to the

corresponding zone in Steps 29 to 31,

A program "WINDOW" was written in a Basic dialect (ATOM'S
BASIC}) from the above algorithm and 1is presented in
APPENDIX A.7.4.

The following Figure 7.6 contains one example of the
automatic =zonation which was carried out by the above
program for the lé-inches resistivity log of Borehole No. 5
in Brighton. Three different values for the parameters B
and D were used and resulted, as one can see from the
figure, in a change in the accuracy of the zonation
process., Table 7.4 contains some values of the parameters

used by the program in part of the above log.

7.8 EVALUATION OF THE FORMATION PARAMETERS

The use of electrical resistivity well logs for the direct
evaluation of the formation gecelectric parameters, and
from them the T-L logs, is very important since in certain
cases 1t can pfovide an indication of the formation's

hydraulic properties, as has been shown in Chapter VI.
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Examples of the zonation of a geophysical log
by using program "WINDOW"
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The purpose of this paragraph is to set the theoretical
basis of a procedure which could be used with a
microcomputer for the fast and accurate evaluation of the
formations geocelectric parameters, and the T-L log from

normal resistivity logs.

It is reasonable that equations 6.35 and 6.37 of Chapter VI
might be used directly in compiling average transverse and
longitudinal resistivities from electric logs. A log would

be interpreted in terms of a series of beds, each having a

specific thickness and resistivity. However, it is felt
that this procedure would be too tedious for a
microcomputer. The procedure used in the following

analysis is based on the fact that the sums involved in
equations 6.35 and 6.37, which give the transverse and
longitudinrnal resistivities, were not ordered. Thus if
there are several beds with the same resistivity, they
could be replaced by a single bed having the same
resistivity, and thickness equal to the sum of the
thicknesses of the single bed.

By sampling a specific section H, of the log, randomly, one
could estimate the equivalent portion of the section having
any particularly resistivity, and from this construct the
resistivity frequency distribution, with a density function
N (P} . The transverse and longitudinal resistivities may

now be directly computed as follows:

JP- (p)-dp
fir = —=— (7.3)
_ H
P = r-’l’—‘—ﬂip (7.4)
P

The determination of a resistivity frequency distribution
has been the approach used in the following. A computer
algorithm was designed to perform all the necessary
calculations and Fig. 7.7 shows the way in which this

algorithm treats the data.
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Fig. 7.8 contains the detailed structure of the above
algorithm. A computer program was written to perform the
above operations and is presented in APPENDIX A.7.7. Table
7.2 contains a sample output of this program.

=k INTERVAL BETWEENES. BORBABBMETERS AND7Z2. BRRORADAMETERS o
TRANSBVERSE RESIGTIVITY [515@. 6020020, m

LONGITUDINAL RESISTIV, IG141, 8469280, m

Rer-Ri 15:3. 75Z@72280.m

ANISOTROPY INDEX IS1.@2370I9z10

INTERVAL'S DARTA ARE

137 137 125 75 125 125 171 131 131 131
205 205 140 143 14@ 131 151 131 131 1721
SORTED DATA ARE:
125 125 125 125 131 131 131 171 131 131
! 171 138 131 137 =7 149 169 140 205 205
T4 125
37z 1Z1
75 137
78 140
| Rt 205
: RES. DISTRIE. FROM7Z.0000000T0O7E. GROBORDMETERS
4 1z
9 131
e 1x7
3 160
2 2es .
+# INTERVAL BETWEEN7Z. QROROREMETERS AND7E. DDBAGRAME TE RS 1
TRONSVERSE RESISTIVITY 15179, 1500080, m :
LONGITUDINAL RESISTIV. IS176. STE2850.m
Rur—~R1 I[S:2. 617714460, m
ANISOTROPY INDEX 1S1.08@354@31 §
i
INTERVAL'S DATRA ARE :
131 131 131 171 133 171 131 171 131 131
131 178 138 138 128 2 17e 178 178 141
SORTED DATA ARE:
131 171 131 131 17t 131 131 131 131 131
1731 138 178 138 1ze 138 138 138 ) 141
731 13t
x99 138
408 141
RES. DISTRIP, FROM7E. 3Q0D@RATOSO. CAOGARAME TERS
i1 131
g 138
1 141

Table 7.2 Sample output from program "WINDOW"

7.9 DIGITAL FILTERING OF LOGS

The processes of smoothing, differentiating, integrating
and removing noise £from measurements are very Ccommon
options. Often such processes are linear transformations
on the data and here 1is where the great importance of

digital filters comes, since a digital filter is a linear
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compilation of the input data and possibly the cutput data,
and includes many of the operations that are performed when

processing a signal.

In the following paragraphs, various types of digital
filters are introduced and their application to the
evaluation of geophysical logs used by the water industry
will be discussed. One of the most obvious types of data
filtering is the smoothing by a simple moving average. The
smoothed value P is calculated as

K

P - T (7.5)

where:

k = (m-1})/2

m is the length of the smoothing interval.

Cne of the most serious consequences of this type of
filtering is the shift of peaks and troughs in the smoothed
curve. TFig. 7.9 represents a digitized 16N log of Borehole
No. 5, and the log smoothed by 5-, 10-, 15-, and 20-term
moving average filtering. Note how the long term features
of the record are emphasized at the expense of shorter

variations.

In Fig. 7.10, the 64N log cof the same borehole is included
and 1is compared with the 20-term average version of the
1l6N. Note the similar appearance of the 20~term filtering
of the 16N and 64N logs.

Fig. 7.11 contains the caliper log of the same borehole
together with its versions filtered by 5-, 10- and 15- term
moving average filters. From this example, one can see
that th high freguency content of the log is reduced
drastically when the moving average filter used is more

than 5 terms long. Obviously when filtering very high
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N=20

Fig. 7.9 Example of a l6-inches resistivity log
filtered by 5-, 10-, 15-, and 20-term
moving average filtering
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16~INCH 16-INCH SMOOTHED BY 64-INCH
20 TERMS MOVING AVE-~

RAGE FILTER

Fig. 7.10 Comparison between 20-term moving average
filtered version of l6~inches resistivity
log with the 64-inches resistivity log
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N=|5
N=I0 N=5 N=|

Fig., 7.11 Example of 5-, 10-, and 15-term moving
average [filtering of a caliper log
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frequency logs such as the caliper, the moving average
technique 1is not the ideal one. Some other simple
smoothing filters have been collected from the literature

and are discussed below.

(a) Sheppard's 5-term equation
R e33R+ n(R.+R R
i 35 i t |2( it i"‘)‘-B (l?+2+ i-’L) (7.6)
(b) Spencer's Zl-term eguation
- !
P = 505 L60R+5H(Rut R} 447 (Rt Pua) £33 (Rt Rs) +
+ lB(PHH +R-L{)+6(R+5+ R—S)—Z(PH-G +R-6)"’5(Pi+?+¥>i~’l-)"
-5 (Pug+Ree)3 (Rig+Bog) - (Rro +P) (7.7)
(c) A 7-term equation having properties intermediate

between Spencer's and Sheppard's equations
= [
Ry {7']?'*'6 (Put B} 43 (Ria+Pa) -2 (H+3+Pl"3):l (7.8)

Fig. 7.12 shows the filter response of the above equation.

1 1

:[] \—«/,—J-\\n““-—wv——- EU _.._,_',/d\___._._._.._

Fig. 7.12 {2) Three-term moving average, {b) Sheppard's
five-term equation, (¢} Spencer's
twenty-one—-term equation, (d) Spencer's and
Sheppard's seven term equation.
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Fig. 7.13 is an example of the caliper log of Borehole No.
5 and the result obtained when it was filtered by 7-term
Spencer's-Sheppard's and a 2l-term Spencer's filters. One
can see that although the high frequency has been removed,
the individual "microfissures" show quite clearly in the

filtered versions.

A computer program able to carry out an L points moving
average (L. defined by the operator), Sheppard's and
Spencer's filtering has been written {in ATOM'S BASIC) and
is presented in APPENDIX A,7.5.

7.10 OPTIMUM OPERATION OF THE SOFTWARE PACKAGE

After having designed the individual algorithms and
presented the corresponding microcomputer programs, it is
necessary to describe the way in which these programs can
be combined for a fast and an effective evaluation of the

geophysical well logs.

Fig. 7.14 illustrates how the software package was used,
for the evaluation of a number of normal resistivity logs

which are going to be discussed in the next Chapter.

An important fact in this process is the general structure
of the memory of the microcomputer which is used, since the
operator has to define the parts of the memory which will

contain the data, the programs and the results.

By referring to Fig, 7.14, one can see that the data from
the digitized log can either be fed directly to a memory
location or, in the case where filtering is necessary, to
pass them through a filtering process, with the help of
program "FILTER".

Next program "WINDOW" is called to perform the zonation of

the log and after this the zoned data are corrected for



276

CALIPER CALIPER SMOOTHED BY CALIPER SMOOTHED RY

Sh-Sp FILTER SPENCERS FILTER

Fig. 7.13 Example of a caliper log filtered by 21-
term Spencer's filter and 7-term Spencer'=n
and Sheppard's lMilter
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8400
- ZONNED
8CO0
DATA
PROGRAM -~
4000
WINDOW
t
PROGRAM
CORRECT
COR 8600
DATA

}
.-

RESULTS
PROGRAM
FORM
1]
, 16
/// 8600
— / L
\\\\\ o ,//:::>—_—__*_
89E8
PROGRAM 1 s FILT.
FILTER \DATA

Fig. 7.14 Operation of the software package
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fluid conductivity effects with program "CORRECT". If the
changes in the fluid conductivity are small, instead of
using the fluid conductivity (or resistivity) log a
representative mean value for the fluid resistivity could

be used. Program "CORRECT" provides such a facility.

After having obtained the true resistivity values from the
apparent resistivity values program "FORM" is called to
evaluate the geoelectric parameters as specified by the
operator over a section of the well. "FORM" will perform
ali the necessary calculations for the construction of the
T-L log, which can be presented in a graphic form on an X-Y
plotter by passing the data through a Digital to Analogue
12-bit convertor especially constructed for this process
{APPENDIX A.9.3).

It is very useful to have in the computer's memory, the
data representing the 1l6-inches and 64-inches normal
resistivity logs because a number of other parameters can
now be possibly found. For example, by using the true
resistivity wvalues and a defined form of Archie's law, one
can directly construct a porosity log. Fig. 7.15 contains
an example of a caliper log of Borehole No. 1 and compares
it with a porosity log derived by the above process from a
l6-inches resistivity log assuming an Archie's formula of
the form ¥ = ¢ '"/’/. The good degree of correlation
between the two logs is obvious. Having the lé6-inches and
64-inches resistivity logs in two different parts of the
memory, further allows one to evaluate the difference
between them and to plot this difference in the form of a
new log. It was found that the later can be very useful in
defining the boundaries between Upper-Middle and Lower
Chalk.

Fig. 7.16 combines a PIG"_P64“ log together with its
filtered version, using a Spencer's filter. It is obvious
that the boundaries between the different sections of the

Chalk can be defined very easily.
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Fig. T7.15 Comparison between caliper and porosity logs
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7.11 GENERAL CONCLUSIONS

In this Chapter, the construction details of a portable
microcomputer software and hardware package have been
described. Lfter discussing the optimum way of
transferring the analog signal, representing the
gecphysical well log, into a digital form so that it may be
processed by a microcomputer, a number of very powerful

computer algorithms are presented, as follows:-

(a) A method for the automatic correction of the normal
resistivity logs from the effect of fluid
conductivity has been proposed. This was achieved by
fitting the existing "departure" curves through a
least squares process with a third degree polynomial
and by keeping its coefficients in the memory of the

microcomputer.

{b) An algorithm for the automatic zonation of wvarious
geophysical logs tco varying degrees of sensitivity,
as specified by the operator, has been designed and
demonstrated to be very effective.

(c) A new method for the automatic evaluation of the
geoelectric parameters, from a section of the

formation has been proposed.

(d) The effect of different digital filters on the
geophysical logs has been discussed and a general

purpose filtering program has been proposed.

From all the above, it has been shown that it is possible
£0o build and put into operation in a limited period of time
a very ©powerful, cheap and useful system for the

hydrogeclogists and geophysicists,
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CHAPTER VIII

MATHEMATICAL-MODEL SIMULATION, USING A MICROCOMPUTER,
OF THE RESPONSE OF AN ELECTRIC LOGGING TOOL

8.1 INTRODUCTION

From the early days of the application of the resistivity
logging method, an important tool in the interpretation of
the data has been the comparison of the apparent
resistivity curves derived from field observations with
apparent resistivity model curves for assumed models of the

subsurface stratification.

Such models, for a limited number of cases, can be found in
the logging manuals of the major logging companies
(Schlumberger, 1949, 1950, 1969; Dresser Atlas 1975) and
in many other publications (Lynch 1962; Pirson 1963}.

Although the expected response of the electric resistivity
tool for some characteristic subsurface stratifications
{(thick or +thin, resistive or conductive beds) is well
documented in the above publications, it would bhe very
useful if it were possible to determine the expected
response of the resistivity logging tool to a bed that has

arbitrary geocelectrical/geometrical characteristics.

The electric potential distribution about a point source in
the wvicinity of one or more parallel plane interfaces
separating two or more homogeneous isotropic materials has
been solved previously by many researchers (Guyod 1944;
Jakosky 1950; Smythe 1950; Keller et al 1977; Koefoed
1979) and has been successfully used for the evalﬁation of
surface resistivity surveys. Subsurface electrical
measurements about a thin bed with material of egual
resistivity above and below and with all electrodes in a
line normal to the interfaces 1s another practical case of

the problem.
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Usually the mathematical model computations for the
potential distribution are too laborious and costly (see
Eg. 4.9}, to be used directly in the field. In the
following paragraphs, a method for the rapid calculation of
the response of the electric resistivity logging tool as it
passes through a horizontal bed with arbitrary gecelectric
and geometric characteristics is described. This method
can be inexpensively handled by means of a microcomputer in
the field, wusing the approach developed dJduring this
research and reported in this Chapter.

8.2 GENERAL PROBLEM

Consider a material of resistivity pys @ plane interface at
z = B > 0 with material P, above and a second plane
interface at z = B4D with material pé below and Py = Py
above (Fig. 8.1).

If a point current source is placed at the origin of a
cylindrical coordinate system (z,r,®) then the potential

distribution is described by the Laplace equation:

4 m——
R3S e 1) e T

3 LS
Y i 3
DV L Y] L Y (8.1)

with the following boundary conditions:

Y/
=% , \/l'_'.'.\ll )F;.'Br =P!’}‘J'L

2L YA
7. = B+D , Vl:\la' ) ?SH.BBV; = P—:.)%

Ve O, (4L — o (8.2)
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Fig. 8.1 Current source outside the thin bed
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Fig. 8.2 Current source inside the thin bed
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If JO( r) is a Bessel function of zero order and ©(3) and
X (A} are arbitrary functions chosen to satisfy the above
boundary conditions, then the 3 solutions of equation (8.1)

can be written as follows (Koefoed 1979):

N

W=dZ [ (E7 s ame™ sXmeT ) s

ym

V= BT mé“ 2 0,98 + X, (€T} T (A
T s

(8.3)

v, = RL_ L [+ 0,08 X (& %N

3 LT

The solution of the system of equations (8.3) with boundary
conditions described above is one of the classical problems
in the theory of partial differential egquations and is well
documented in the literature (Smythe 1950). Figures 8.1
and 8.2 contain the solution of the problem for the case
where the current source is outside and inside the thin bed

respectively.

8.3 EVALUATION OF THE POTENTIAL

The use of the above expressions for evaluating the
potential distribution is too laborious and costly to be

practical, because of the infinite series involved.

In the following, these expressions are simplified in order
to reduce them to a more useful form. All the calculations
have been calibrated to a base unit of one by introducing
all the physical parameters in terms of bed thickness. In
this way, it can be assumed that the unit impulse response
of the logging tool that 1s to be simulated is known.
Since the points along the Z-axes are of interest, r = 0
can be replaced, and from the expressions it can be seen
that all the infinite series reduce to the same form, 1if

the thickness of the bed is replaced by 1.

o]

Z A" (8.4)

2+t

n=o
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where t is a variable term.

ke m
F{t) is defined as F(8) :E:‘_mﬁL__
w4k

(8.5)

since the zero term does not appear in all the series,
Another - important fact is that the value of F does not
depend on the sign of A, In cother words, it has. the same
value if the resistivities of the bed and the surrounding

medium are interchanged.

With this notation, the sclutions can be rewritten as a
function of F(t) and since the apparent resistivity given
from a two-electrode device is

- HTS (8.6)
Thus its calculation is straightforward. Expressions for

the apparent resistivity in units of ohm.bed thickness are
shown below.

Table 8.1 contains the calculated values of the functional
I* for t between =1 and 10 and for pz/pl = 2 or 0.5. By
following the above approach, it 1s easy to construct

similar tables for different resistivity values.

The method adopted here for the rapid calculation of the
theoretical response of the logging tool was to approximate
the functionals F(t) by third degree polynomials of t. The
program contained in APPENDIX A.7.3 has been used and the

following polynomial form F(t} was found:
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F(t) = -0.000254¢t2 + 0.0039683t2 ~ 0.02094t

+ 0.060855 (8.3)
corresponding to a resistivity ratio of 2

or 0.5.

t
il

.086017
.060855
.043629
.032816
.026892
.024332
.023612
-023209
.021599
.017258
.008661
.005715

1 ;
—
COCOO0O0CCOoODOOO0O

O Wm~IO U WA - o

—

Table 8.1 Values of functiocnal F for different values of
t and for resistivity ratio 2 or 0.5

8.4 RESISTIVITY LOG SIMULATION

Imagine logging a zone of thickness D with a hypothetical
normal resistivity tool. The wvalues of the apparent
resistivity that are expected for the different locations
of the current electrode are already known. For the case
where the spacing of the tool is larger than the thickness
of the bed, the values of the apparent resistivity as the
tool passes through the interwvals —0001020304+oo are given
in Fig. 8.3 and for the case where the bed thickness is

larger than the spacing, in Fig. 8§.4.
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LOGGING INTERVAL Ha ﬂiﬁﬁﬁé A
- oo Ol A
0,0, B
0,05 ¢
050, F
0, oo A

Fig. 8.3 Example of log simulation for the case

that the tool spacing 1s larger than the
bed's thickness
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LOGGING IKRTERVAL

-Q0 Ol

0,0,

0205

0304

Fig. 8.4

Example of log simulation for the case that the
tool spacing is shorter than the bed's thickness
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A computer program was written to simulate the above
process, a f£lowchart of which 1is presented and explained in
Section 8.5.

The program permits the following factors to be varied:

(a) The thickness of the bed D.
(b) The electrode separation S,

{c) The logging interval.

A number of subroutines can be added at the end, giving the
functional term of the factor F(t) for the specific
resistivity ratios. In the present program, there is only
one subroutine corresponding to the resistivity ratic of 2

or 0.5,

A plotting routine can be added at the end of the program
in order to plot directly the values of the apparent

resistivity.

Figures 8.5.a to 8.5.f show the theoretical response of a
normal resistivity logging device of spacing CP 0.7m, as
it was calculated from the algorithm, when passing through
some beds of different resistivity thicknesses. Note the
characteristic reversal of the normal curve opposite thin
resistive beds (Fig. 8.5.a and 8.5.b). Also, the thickness
for "non-thin" beds appears on the resistivity curve to be
one electrode spacing CP more than it actually is, the main
resistivity hump being one half an electrode spacing CP
above the bottom boundary and one half an CP spacing below
the top (Fig. 8.5.d,e,f).

8.5 FLOW DIAGRAM OF CCOMPUTER PROGRAM

In step 1 (Fig. 8.6), the operator has to give the computer
the geometric and geoelectric characteristics of the bed,

the resistivity of the surrounding formation, the starting
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point of the log (with reference to any point on the axis

of the borehole), and the spacing of the logging topl.

In step 2 the parameter A (reflection coefficient} 1is
evaluated, and the spacing of the tool is reduced in units
of bed thickness. In the same step the parameter z is
initiated to the starting point of the log.

Step 3 assigns an initial value of =zerc to the dummy
variable M which increases by one each time the logging

tool is displaced by the appropriate logging interval.

In step 4 a decision is made on whether the spacing of the
tool is bigger or smaller than the width of the bed and the
control 1is passed in one of the two branches of the

progranm.

A loop is initiated at 5 and is executed until the
parameter z exceeds the value 2B+D-R (see Fig. 8.7). Each
time the loop is executed, parameter z is increased by the
logging interval K (step 6). In the same step also the
distance between the current electrode and the lower
boundary of the bed is reduced +to units of ohm.bed

thickness.

In step 7 a decision is made as to whether the potential

electrode has entered the bed.

If it has the control is passed to the next decision, step
10.

In step 8 the appropriate wvalue of the parameter t is
assigned and control passes to subroutine s for the

evaluation of F(t).

The next step calculates +the wvalue o©of the appareht
resistivity for the specific interval and control passes to
the end of the loop where the dummy variable M is increased
by 1.
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Inside the loop there are four decision steps' where the
appropriate equations (see Figures 8.3 and 8.4) are used
accordingly for the evaluation of the apparent
resistivities. The present algorithm is designed for only
one resistivity ratic but an unlimited number of them can
be included in the program simply by inserting a "switch"
just after step 1 according to which the control passes to

the appropriate subroutine for the evaluation of Fit).

At the end of the program a plotting subroutine can be
added to provide a direct plot of the results.

8.6 RANGE OF VALIDITY OF THE ALGORITHM

Since the functionals F(t) were calculated for a specific
range of the parameter t (between -1 and 35 except for the
resistivity ratio of 2 for which they were calculated for
the range between -1 and 10), it 1is necessary to
investigate the range above and below the bed in which the
above algorithm, which calculates the values of the
apparent resistivity, is wvalid (Fig. 8.7}).

The following variables have been used during the various

stages of the calculation:

i
If

2(H + 1)~L, (Eq. A, B, E)
t =L - 2H, (BEg. E and F)

where L has a negative sign for Z > B+D.

In each case, t must satisfy the condition

-1<t<35

Substituting t = L-2H gives



300

=2R+D~R .
________________ *___-.—.‘..44- — ama m—
H=(B-Z)/D (-ve)
P=RB+D . __
7A= ) -

H=(B-Z)}/D (+ve}

7=R y_ _START OF LOG

e U S

REFERENCE LEVEL O

Fig. 8.7 Range of wvalidity
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-1<L~2H<35
-(L+1) /2<-H<(35~L) /2

-(L+1) /2<(2-B) /D< (35-L) /2
B~ {I+1)D /2<Z<B+{35-L}D/2

(8.8)

The latter condition is always true since Eg. FE and F
correspond to the case where the current electrode is
inside the bed.

Substituting t = 2(H+1l)-L gives

-1<2H+2-1<35
(L-3) /2<H< (33+L) /2 (8.9)
(L-3) /2< (B-Z) /D< (33+L)/2

For example, let D = 0.5m, 8§ = 0.7m and B = 30m,.
Then L = §/D = 1.4 and the above condition gives
21.4<2<30.4 (8.10)

which is the condition satisfying the limits of validity of
Eguations A,B,E. When the current electrode passes the
upper boundary of the bed, the parameter L takes a negative
value and the upper 1limit 1is extended to 31.4m (by
replacing L with 1 in the right hand side of the above

equation).

Concluding, in the specific example, the above algorithm
can be used safely for the simulation of a logging process
for the interval between 21.4m and 31.4m.



302

8.7 CONCLUSION

An attempt has been made to demonstrate that it is possible
for a microcomputer to handle, by relatively simple
operations, complex analytical processes which may be used
to advantage by the log analyst to simulate directly in the
field the response of a logging tool.

Imagine, for example, a typical Chalk section made up of a
series of fissures of varying openings. Each individual
fissure will have some effect on the response of the
logging system. A continuous log would record a curve
which would show the response of the system to each
successive fissure, and usually the recorded curve will
appear quite different from the individual compcnents which
make it up, but it will nevertheless truly represent the
sum of all the effects of the formation's properties on the
logging system. By applying the approach developed in this
Chapter, the hydrogeoclogist could simulate the combined
effect of all the individual fissures zones by replacing
them with a low resistivity layer, for which he will vary
its length until the obtained curve from the model matches
the field curve. Obviously in this case the thickness of
the "model layer" is directly related to the degree of
fissuring of +the formation and hence its hydraulic
conductivity.

Finally the above method can be easily adapted to simulate
a three electrode resistivity tool {lateral log}.
Flexibility and the speed of execution should make this
methed o©of analysis a wvaluable tool for its direct

application on site.



303

PARP? IV

This PART contains two Chapters: Chapter IX detailing the
casé histories of logging-in various boreholes, and Chapﬁer
X, which is devoted to a statement of the general
conclusions of the research.
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CHAPTER I X

9.1 INTRODUCTION

The purpose of this Chapter 1is +to apply the methods
introduced in PARTS I1I and III to a number of boreholes and
discuss the results obtained.

The author has taken part in the geophysical logging of a
number of boreholes during the summer of 1980 with the
geophysical logging section of the Anglian Water Authority
at Cambridge and at certain intervals between September
1980 and October 1982 with the geophysical logging section
of the Southern Water Authority at Brighton.

The geophysical logs were digitized and then processed by
the software package introduced in Chapter VII following
the procedure shown in Fig. 7.13. Aall the relevant details
for the studied boreholes are contained in APPENDIX A.9.1.
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9.2 BOREHOLE NO, 1: VICTORIA GARDENS NORTH (BRIGHTON
CHALK BLOCK)

Introduction

The 16 and 64-inches normal resistivity logs together with
the caliper log were digitized and scaled to 0.08 cm/m in
order to fit an A4 size page. Fig. 9.1 contains these logs
together with a 1lithologic information log obtained from
the driller's 1log. The procedure shown in Fig. 7.14 of
Chapter 7 was followed. First of all, the resistivity logs
were zoned by using program "WINDOW" and the obtained zones
were superimposed on top of the logs. After the data have
been corrected for fluid conductivity effects, program
"FORM" was used 1in order to evaluate the geoelectric
parameters of the formations crossed by the borehole. This
evaluation was carried out at 4 meter intervals (every 20
samples) and a detailed output o©of the program for the
64-inches log is contained in APPENDIX A.9.1. A copy of
the differential temperature and spontaneous potential logs

(reduced by 8) is presented in Fig. 9.2,

Discussion of the results

By looking at the resistivity logs and the driller's logs,
the base of the Middle Chalk is expected to be around 185m
and the base of the Upper Chalk is expected to be around
126m.

Since the values of the formation's geocelectric parameters
are already known and are contained in the output of
program "WINDOW", it was decided to <check if these
parameters could be indicative of the boundaries between
Upper, Middle and Lower Chalk. The values obtained for the
longitudinal resistivity were plot versus depth and are
presented in Fig. 9.3. The data points have been joined
together by a cubic curve and a regression line of order 9

has been fitted throughout them as well. It is evident



306

that the boundaries between Upper, Middle and Lower Chalk

are shown very clearly in this graph.

The caliper log shows that below the lining which extends
to l1B8m, down to about 50m there are many diameter
enlargements to more than 400mm. Some distinct diameter
enlargements occur at depths of 103, 106, 120, 188 meters,
where at 203 '‘and 205 meters there are two unusually large
enlargements.

The fluid temperature increases from 10.7°C at the top of
the borehole to 11.5°C at 123m. This increase is in the
form of continuous steps of the depths 42, 44, 54.5, 59.5,
66, 72.5, 90 and 123m and are not shown very clearly in
Fig. 9.2 due to the large reduction. It is obvious to
suspect that there might be some fluid entry points at the
"above depths.

From 123m to the bottom of the borehole, the temperature
increases continuously to 13.5°C. In this latter interval
the differential temperature log suggests that minor water
movement might occur at the depths 138, 171, 204m.

The spontaneous potential log on the other hand, indicates
several permeable zones in the bottom half of the borehole

at the following depths:

FROM TO
171.5 173
1%0.5 192
197 199
205.5 212
223 225
229.5 232

The differences between Transverse and Longitudinal
resistivities were computed for the complete length of the
borehole and plotted versus depth in a form of a new log
(T~-L log). This was done for both the l6—inches and
64-inches normal resistivity curves, and the obtained

results are shown in Fig. 9.1.
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9.3 BOREHOLE NO. 2: FINDON (BRIGHTON CHALX BLOCK)

The l6-inches, 64-inches, caliper and differential
temperature logs were digitized and scaled to 0.08cm/m,
These logs together with a driller's log are represented in
Fig. 9.4.

As the resistivity logs show the borehole is constructed in
the Upper and Middle Chalk, the base o©f the Upper Chalk
being at approximately 105m. The borehole was acidized and
this 1is revealed by the rough, caliper log. The level of
acid injection was probably around 90m as one can deduce
from the greatest hole enlargement which has taken place at
this depth. The effects of the acid appear to extend from

approximately 100m to the base of the casing.

The digitized data representing the 64-inches log were
processed and the corresponding T-L log was plotted, as is
shown in Fig. 9.4, Until the depth of 105m the T-L log
showed no wvariations, indicating the uniformity of the
formation. Two maxima occur at the depths of 112 and 121m
indicating an abrupt change in the geoelectric properties
of the formation at the specific levels and probébly the
presence of fissure zones. This is confirmed by looking at

the differential temperature peak occurring at 119 meters,
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9.4 BOREHOLE NO, 3: BRICK KILN FARM (CHICHESTER CHALK
BLOCK)

This is an example of a borehole in highly £fissured Chalk.
The l6-inches, 64~-inches, caliper and differential

temperature logs were digitized and these logs are shown in
Fig. 9.4,

The fissured nature of the formation is indicated by the
caliper log. The calculated T-IL log for the lé-inches is
characterized by a great variation being in agreement with
the caliper but, the same curve obtained for the 64-inches
tool is much smoother indicating that most of the fissures
indicated by the caliper are concentrated near the face of
the borehole and do not continue deep into the formation.
Intervals most likely to contain productive fissure, might
be expected at 38, 45, 52, 61 and 75m. There is also a
characteristic wvariation on the differential femperature
log occurring as a depth of about 45m.
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9.5 BOREHOLE NO, 4: PARK BOTTOM BARN ARUNDEL (CHICHESTER
CHALK BLOCK)

The 1l6-inches, 64~inches and caliper logs were digitized

and are shown in Fig. 9.6.

The caliper leog suggests possible fissure zones between 49
and 57m., This is confirmed by the shape of the T-L log for
both the 16 and 64 inches tools, The T-L log shows another
two maxima at about 81 and 10lm which probably are

indicative of fissure zones at these levels.

The fluid conductivity and temperature logs (kept by the
Southern Water Authority) have confirmed the existence of a

fissure zone at the depth around 8lm.
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9.6 BOREHOLE NO. 5: KINGSTONE MIDDLE RD. {BRIGHTON CHALK
BLOCK)

The 16-inches, 64-inches and caliper logs of this borehole
after have been digitized and rescaled, are presented in
Fig. 9.7 together with the driller's log. As one can see
from the driller's log, this is an example of a borehole
driven in a very anisotropic Chalk formation. The same
result is obtained from the T-L logs whose oscillating
nature reveals the variation of the formation's gecelectric

properties.

In this case, the T-L log is of little use in indicating
fissure zones since it is not possible to distinguish from
the T-I. log alone which wvariations of the formation's
geoelectric properties depend upon fissure activity and
which depend upon other factors such as the effect of
flints etc. |
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9.7 BOREHOLE NO. 6: S8T. PETER'S CHURCH (BRIGHTON CHALK
BLOCK)

The lé6-inches, 64-inches and caliper logs were digitized,
scaled and are represented in Fig. 9.8 together with the
driller's log. As one can see, this borehole passes
through the Upper, Middle and Lower CHalk. The base of the
Middle Chalk occurs at 178m where the base of the Upper
Chalk occurs around 115m.

Although the <caliper log indicates that the Chalk is
heavily fissured between the base of the casing and a depth
of about 40m, it 1s more likely these diameter variations
are the result of placing the casing or dislodging isolated
blocks ffom the well wall, rather than of true fissures.

This can be confirmed by loocking at the T-L logs.

The highly anisotropic nature of the formation makes the
T-L log difficult to separate the effect of fissure =zones
from the effect of variations in the lithology itself. The
high oscillating nature of the T-L log occurring around
115m is indicative of the transition between Upper and
Middle Chalk: and the same happens at 178m where the
transition between Middle and Lower Chalk occurs. Any
fissure activity existing in these zones is very difficult
to recognize from the T-L log alcne, and the use of fluid
logs is necessary. By 1leooking at the temperature and
differential temperature logs (Fig. 9.9), one can see a
change in the gradient at 120m and there is a similar
variation on the differential temperature iog at this
level. Similar features occurring on the conductivity log
{(not included in the present thesis but are kept in the
Southern Water Authority) suggest the presence of inflow
levels at around 118m. The SP log indicates that there is
a well develcoped self potential below the depth of 150m
indicating the presence of fissures at this interval, This
is in agreement with the variations indicated by the T-L

log.



s 1 kWA b

PEPTH

{m)}

.60

| 100

| 140

180

L.220

BANDS OF HARD
CHALK & SOME
FLINTS

HARD CHALK &
FLINTS

FLINTS & WELL
FISSURED CHALK

LAYERS OF HARD
& SOFT CHALK

GREY CHALK &
MAZL

HARD CHALK &
MARL BANDS

LIGHT GREY ROCK !
CHALX

TOUGH GREY
MARL. BANDS

200
f
3J-5
Vv
[
[xe]
CALl ER

Geophysical and driller's logs of Borehole No. 5




320

200my

2
G
TN O S

ol
f

)

P o
I 2

e (\(..\‘

i

differential temperature and

Temperature,

9.9

Fi

6

logs of Borehole No.

S.P.



321

9.8 BOREHOLE NO. 7: ST. CATHERINES HILL, WINCHESTER
(THAMES CHALK)

Fig. 9.10 represents the lé-inches, 64-inches and caliper
logs together with the driller's log where Fig. 9.11
contains the temperature and differential temperature logs.
Iin the same figure, a flow velocity log obtained by the
heat pulse flowmeter is shown. The T-L log suggests two
fissure zones at about 45m and 80m. Both of these fissure
zones are confirmed by the features occurring on the
differential temperature log at the corresponding levels.
Note the change in the temperature gradient at 80m and the
measured increase in the fluid velocity above the above

Jevels.
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9.9 BOREHOLE NO. 8: MADEHURST (THAMES CHALK)

This 1is an example of a relatively large diameter borehole
(550mm) , and the effect of the high diameter seems to occur
in both the l6-inches and 64-inches resistivity logs (Fig.
9.12). The caliper log is not indicative of any fissure
zones but the shape of the T-~L and the fluid logs suggest
the permeable nature of the formation. For example, the
recorded high on the T-L log curve at around 108m
corresponds very well with both the change in the
temperature gradient and the feature on the differential

temperature log occurring at this level (Fig. 9.13).
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9.10 BOREHOLES NO., 9 AND 10: LUDGERSHALL (THAMES CHALK)

The 1l6-inches, 64~inches and caliper logs o¢f these
boreholes were digitized and are shown in Fig. 9.14. The
nature of the T-L locg of borehole No. 9 suggests the
existence of an anomaly in the gecelectric properties of
the formation at around 40m. This corresponds with the
feature reccorded on the differential temperature log and
with the change in the temperature gradient occurring at
the same level (Fig. 9.15). The T~L log of borehole No. 10
suggests the occurrence of similar variations in the
formation's geoelectric properties at the same level

although this cannot be confirmed by the fluid logs {Fig.
9.16).
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9.12 BOREHOLE NO, 11: ADCOTE (THAMES CHALK}

The l6-inches and 64-inches resistivity logs were digitized
and are presented in Fig. 9.17. A copy of the caliper log
together with a fluid velocity log obtained by the heat
pulse flowmeter is shown in Fig. 9.18,

From the features indicated by the T-L log, the one
occurring at about 75m corresponds very well with the
fissure =zone indicated by the caliper and the measured

increase in fluid velocity recorded at the same level.
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9.13 BOREHOLE NO. 12: HOUNDEAN BOTTOM (BRIGHTON CHALK
BLOCK

An example of an in-situ application of the above methods.

After the analysis of a number of geophysical logs and the
discussion of the obtained results, it was decided to try
to apply the same methods of analysis directly in the
field. For this reason a 12 bit Analog to Digital
converter manufactured by AC#bRN COMPUTERS was modified in
order to 1link the microcomputer with the loggihg unit
(APPENDIX A.9.3). The idea was to feed directly the analog
signals obtained by the logging unit through the AD
converter into the microcomputer's memory in a digital
form. In order to keep the number of accessories needed to
a minimum {TV monitor, tape recorder, cassettes etc.), all
the necessary software were stored in the computer's memory
in the form of EPROM (Eraseable Programmable Read Only
Memory) . For this reason, an EPROM Programmer was
constructed and all the technical details are given in
APPENDIX A.9.4. A small portable printer was linked to the
computer so that the calculated values of the T-L log could
be printed directly as a function of depth. The hardware
were tested successfully in the laboratory after simulating
the output of the 1logging unit by a variable wvoltage

obtained from a potentiometer.

On the 26th October 1982, the Areal Resource Planning
Office of the Southern Water Authority permitted the author
to make use of its geophysical logging unit for the logging
cf a well for which fissure flow was suspected.
Unfortunately because of reasons outside control, the idea
of linking directly the microcomputer with the logging unit
was abandoned and the author decided to develop a method to
derive a simplified form of a T-L log directly in the
field.

Since the geophysical logs are usually plotted on charts

which are divided in one meter intervals, it is relatively



335

Plate 10 Adjusting the geophysical logging probe
inside Borehole No.|2
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TABLE 9.1 Hand calculation of the T-L log
-3

DE{;’)I‘H oa fa, zon. DElz:‘Si INT. h, Py Zhl'F’i b hi/_ﬁ’i x10 " B = (hi.pi)/m 3 =4/[hi/Pi T-L

(0.m) (0.m) {(m) {O.m) (O.m.m) (G} {(O,m) (O,m) (0.m)
30 210
31 205
32 205 208 30-34 4 208 832 0.019 208 208 o]
33 208
34 210
2w T [
o o R 34-38 B65 0.018 216,25 216.22 0.03
38 223 219
39 227
40 230 4
" 535 o3 18- 232 928 0.017 232 232 o
42 237
43 225 ]
44 227
45 228 227 42-46 4
hy . 227 908 0.017 227 227 o
47 230 2
48 227 227
49 235 2 924 0.017 231 229,88 1.12
50 235 235 46-50 235
51 236 >
52 235 l 235
53 228 228 50-54 1 228 936 0.017 234 233.91 0.09
54 238 238 1 238
55 223 ¥
56 219 221 2 221
57 214 54-58 , 862 0.018 215.5 215.47 .03
58 212 210
59 210 210 3
60 207 210
61 206 58-62 825 0.0194 206,25 206.04 0.207
62 195 195 1 195
63 202 ;
64 203 203 203
65 205 62-66 824 0.019 206 205,87 0.13
66 215 215 1 215

LEE



DEPTH DEPTH INT. h o IR = . = -
| fa Pa,zon, | P50 i Py | Zhyepy Zhi/ﬁ’i x10 7 |Re= (hy.py)/an| ey =a/lh/p, L
{0.m) {O.m) {m) (O.m) {O.m,m) () (O.m) (0,m) (O.m)
68 232 912 0.0176 228 227.79 0.21
70 221
71 220 221
72 220 70-74
73 221 4 221 884 0.0181 221 221 o)
74 220 .
75 200 200 1 200
76 190 | 190 74-78 785 0.0204 196.25 196.04 0.21
77 190 J 2 190 ’ )
78 205 205 1 205
79 190 190 1 190
80 170 | 170 78-82 1 170 645 0.0253 161.25 158.17 3.08
82 130 | . 1 130
83 130 | -3
84 150 145 82-86 1 130 526 0.031 131.5 129,37 2.13
2
85 140 145
86 110 L 106
87 103
88 103 106 86-90 . 106 424 0.0377 106 106 0
89 106
90 106

BEE
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easy to digitize the log by hand every one meter. After
having the log in a form of a column of numbers, it can be
divided into a number of individual =zones. Within each
zone the wvariation of the resistivity 1is 1less than a
predefined limit (for example 10 ohm.m). The next thing to
be done is to calculate the Transverse and Longitudinal
resistivities over a predefined depth interval (for example
4m) from the thicknesses and resistivities of the
individual zones contained in this depth interval, and then
plot the difference T-L as a function of depth, This
method was applied to the 64-~inches normal resistivity log
of the borehole examined after the log was taken from the
logging unit. Fig. 9.19 contains the 1lé6-inches and
64-inches resistivity logs and Table 9,1 describes all the
above procedures. Fig. 9.20 represents the 64-inches
resistivity 1log replotted from the digitized samples. By
comparing Fig. 9.19 with Fig. 9.20, one can notice that
almost all the information contained in the original log is
also contained in its version reconstructed from the hand

digitization process.

The obtained 7T-L log is shown in Fig. 9.21 and suggests
that there is a change in the geoelectric properties of the
formation at around fifty and eighty meters. The
differential temperature log confirmed the existence of a
fissure level at about fifty meters and a similar feature
was recorded at the depth of 76ém. This log 1is shown in
Fig. 9.22 together with the caliper log which confirmed the
existence of the fissure levels suggested by the T-L log as
well,

9.14 GENERAIL CONCLUSIONS

This Chapter has recorded the practical application of the
analytical methods intreduced in Chapters VI and VII to a
number of Chalk boreholes and the Transverse-Longitudinal
(T-L) logs. The general conclusions from this part of the

research can be summarised as follows:
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The software and hardware package proved to be very
efficient for the processing of the geophysical logs

0f the examined boreholes.

In almost all the cases, there was a satisfactory
correlation between the T-L log and the other
conventional fissure sensitive logs such as the

caliper and the fluid logs.

For a uniform formation, it is possible from the T-L

log alone to identify existing fissure zones.

Since the T-L log depends only upon the geocelectric
properties of the formation, it 1is difficult to
distinguish between anomalies caused by changes in
the formation's lithology, such as boundaries between
Upper, Middle and Lower Chalk, flints, etec. and
anomalies caused by the presence of fissure =zones.
In this case the caliper and fluid logs must be used
as well.

By comparing the caliper and T-L logs, it is possible
to distinguish between real fissures and borehole
enlargements. For example, it was found that wvery
few of the fissure-like responses recorded by the
caliper for most of the boreholes just below the

casing represented real fissures,

A simplified method for the manual construction of
the T-L log proved to be very efficient when applied
in the field.
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CHAPTER X

GENERAL CONCLUSIONS OF RESEARCH AND RECOMMENDATIONS

The purpose of this research was to examine the use of
borehole geophysical measurements for assessing the in situ
hydraulic character of fractured aquifers and in particular
the Chalk,

In doing this, it became necessary that the subject of the
research be broadened somewhat towards the following
directions:-

A detailed study of the philosophy and techniques of
borehole geophysics used by the water industry today in
examining the hydraulic character of fractured agquifers was
made. This pointed out that there has not been any serious
attempt to correlate the geophysical and hydraulic
parameters of the surrounding well formation.

An attempt was made to link the geophysical parameters
measured from the normal resistivity logs with the
hydraulic conductivity of the formation. 1In doing this,
the aquifer was simulated by a double porosity model and
from the laws of fluid mechanics an analytical evaluation
of the hydraulic conductivity of the model was done. This
was followed by correlating the geoelectric parameters of
the model with some very close related to its hydraulic

conductivity properties such as total and fissure porosity.

A procedure for the automatic evaluation of the geophysical
logs was introduced. This was consisted of a microcomputer
based software package which when applied to a number of

actual situation, proved to be very efficient.

The fundamental conclusions obtained during the research

are summarized below:-
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1, Fluid geophysical logs play a very important role in
the water industry since they can be useful in defining the
limits of fluid entry, but they cannot provide any
quantitative measure of hydraulic conductivity of the
formation surrounding the well. The accuracy of these logs
can be affected by many factors such as the thermal
instability of the fluid column and special care is needed
during their interpretation.

2. Detailed theoretical and experimental work was
carried out in order to define the limits of usefulness of
the heat pulse flowmeter. The analysis has shown that
below velocities of 4mm/sec the influence of buoyancy
effects becomes very important. Even so, with the present
design, the device can be very useful for exploring fissure
filows into water wells, even under nature gradient
conditions, which hitherto have not been amenable to proper
experimental investigation.

3. A review of the most common geophysical techniques to
the water industry has pointed cut that for many vyears
there has been a notable lack of equipment specifically
designed for logging in water boreholes, in contradiction
to the o©0il industry where many sophisticated logging
techniques have been developed. |Nevertheless, potential
applications of the existing techniques have important
ramifications for making useful conclusions about aguifer
properties. There has not been any attempt to correlate
geophysical parameters measured from the geophysical logs
with the hydraulic conductivity of fissured formations.
Attempts to correlate normal resistivity measurements with
fissure zones may be complicated by the presence of flint
and marl bands and the effect of saline intrusion. In the
later case, four basic extremes have been discussed. The
spontaneous potential log was found to be useful in

locating permeable zones in coastal boreholes.



345

4. The hydraulic characteristics of Chalk have been
examined by adopting a distinct model approach consisting
of a conduit geometry embedded in the matrix of the Chalk
in order to represent fissures, From the fundamental
equations of fissure flow, formulae for the equivalent
hydraulic conductivity of sets of parallel fissures have
been derived and a new computer algorithm for the on site
assessment of the equivalent hydraulic conductivity of
certain fissure patterns has been introduced. The
dependence of the directional hydraulic conductivity upon
the change of the direction of the local hydraulic gradient
which occur during pumping was investigated and the results
indicated that during pumping the directional hydraulic
conductivity of a fissure zone is largely governed by the
pressure head near the well. A new technique incorporating
the use of an analogue electrical model for the study of
the relation between fissure contact area and its hydraulic
conductivity has been introduced and the results showed
that flow rate through a fissure decreases with increasing
contact area and that it also depends upon the path of
fluid flow. The problem of flow through a fissure
bisecting a semi-permeable matrix was examined and a
formula giving the fissure's discharge as a function of the

permeability ratio between fissure and matrix was derived.

5. The existing possibilities of expressing the hydraulic
conductivity of a fissured formation from geophysical
parameters measured from the logs were examined with the
help of a double porosity model, and a quantitative measure
of the degree of fissuring of the formation was made by the
introduction of the <Chalk's fissure index. The way in
which the different formation parameters introduced by the
model correlate with each other was described in terms of
a generalised equation which proved to be in agreement
with existing results for the limited cases of pure porous
and pure fissured formations. It was also possible to
express the hydraulic conductivity of the formation in
terms of the formation's fissure index and a general

procedure for measuring the equivalent hydraulic
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conductivity of a fissured section from geophysical
formation logs alone, has been proposed. After a detailed
study of the relation between geoelectric and hydraulic
properties of a fissured formation, a new formation
parameter very sensitive to fissures was found and a new
formation geophysical log capable of indicating permeable

zones was introduced.

6. A microcomputer based on software and hardware package
was designed in order to process the geophysical data in a
fast and accurate way. In doing so a method for the
automatic correction of the normal resistivity logs from
the effect of changes in the hydraulic conductivity of the
fluid column was proposed. In addition to this, an
algorithm for the automatic zonation of the logs and a new
method for the automatic evaluation of the gecelectric
parameters of the surrounding well formation were
introduced. An attempt was alsc made to simulate the
response of a normal resistivity logging tool with the help
of a microcomputer and the proposed method proved to be

very efficient.

7. After applying the above methods of analysis to a
number of Chalk boreholes and constructing the
Transverse-Longitudinal (T-L) log, it was observed that
almost in all cases the correlation between the T-L log and
the other conventional fissure sensitive logs was
satisfactory., It was also found that in many cases it was
possible to distinguish between true fissure =zones and
borehole enlargements by comparing the caliper and the T-L
logs, and this was verified by the fluid logs. The results
also suggested that very few of the fissures recorded by
the caliper just below the casing represented real fissures
and they were probably borehole enlargements produced
during driiling or the placement of the casing. The T-L
locg proved to bhe a very effective method of indicatihg
fissure zones but one must be careful in its interpretation

when the stratigraphy is complex, since any changes in the
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geoelectric properties of the formation could produce the
same effects as that derived from the fissure =zones. In
this case the T-L log should be examined in conjunction

with the caliper and fluid logs.

Geophysical well logging can offer a great deal in the way
of practical applications to hydrogeclogy but unfortunately
the use of geophysical logging is generally restricted to

either research projects or to a small number of municipal
wells.

A very common argument used to support this approach is
that the cost of well 1logging is not Jjustified by the
marginal benefits gained on small-yield domestic wells
(Fetter 1980). This is not guite true and if one compares
the drilling costs with that of geophysical 1logging, he
will realize that drilling is the most expensive item on
the budget of a groundwater investigation, and that in most
of the cases the cost of geophysical logging turns out to
be less than 2 per cent of the drilling costs per meter of
borehole. Bearing in mind that correctly interpreted
geophysical logs can be used to reduce future drilling
costs by guiding the location, proper drilling and
construction of wells, one will realize that the above

argument is not wvalid.

If one comes now to the case ¢f the Chalk aguifer, it will
be seen that in most of the cases the geophysical logs are
used in a qualitative way, mainly for stratigraphic
correlation purposes and for defining the inflow levels and
the extent of saline intrusion in boreholes. This
gualitative approach to the problem of geophysical logging
probably is based on a number of factors such as the fact
that groundwater geophysical logging is an outgrowth of the
oil industry and its application in groundwater
investigations is still restricted and has not yet attained
the scope it merits. The fact that in the case of
fractured oil reservolrs any reliable definition of

permeability from geophysical logs continues to be an
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elusive goal does not mean that the water industry should
nct start to look at the problem of defining the
permeability of fissured agquifers from geophysical logs.
The author believes that it is a wrong attitude to expect
all the progress in equipment and interpretation technigues
to come directly from the o0il industry; it is time for the

groundwater geophysical logging to carry its own way.

As it was demonstrated by both experimental and analytical
work, it became possible by taking advantage of the special
gecelectric characteristics possessed by the fissures, to
suggest a general methodology of location of fissure zones.
This was achieved by using normal resistivity data alone,
and introducing a new logging technigque, the T-L log which
proved +to be a very useful tool during groundwater
investigations but its use in the o0il industry could prove
rather limited hecause of the fact that there is a great
difference between the geoelectric properties of water and

oil.

This shows that there are research topics where the
interests of the water and oil industries do not seem to
converge, thus research results which could be of great
importance when dealing with aquifers might be disregarded

as useless when referred to o0il reservoirs.

During the recent years, a dazzling variety of physical
measurement techniques has been adapted to the o0il well
environment, while new applications are continuously making
their debut. Many of these techniques are concerned with
the task of calculating the permeability of fractured
reservoirs from combination of new and existing logs and by
using empirical technigues. This approach might be
successful in specific areas or rock types, but it is
doubtful that this will result in a generally applicable
method for the water industry. The task of determining the
hydraulic conductivity of fissured aquifers from

geophysical methods alone is a very difficult one and more
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research, both theoretical and experimental needs to be
done., It seems that it is better at the present stage to
work on methods that will not attempt to measure directly
permeability but give an accurate quantitative measure of
the factors upon which permeability depends. Such factors
are the fissures, and their detection has been discussed
extensively in the present thesis. The T-L log can prove
to be a breakthrough in the accurate location of permeable
zones in the Chalk if further research is carried out.
Most of the present work was carried out by using a small
do-it-yourself microcomputer, in a limited amount of time
and with even a more limited amount of available money.
There axe many Iimprovements which can be made to the

method, and two of them are presented below: -

(a) Instead of calculating both the T and L resistivity
values from the same normal resistivity device, it might be
better to use the 64-inches normal for the calculation of
the Transverse resistivity and the guard log for the
longitudinal. Both these measurements could be taken
simultaneously by using ar appropriate electrode
arrangement which should be linked to a microcomputer based

device to provide directly the wvalues of the T-L log.

b) Investigate the existing relations between T-L logs
calculated from different electrode geometries (for example
different electrode separations which would have as a
result different depths of investigation} and fissure
characteristics. Recent experiments carried out by the
author and not included in the present thesis proved to be

very promising.

Finally, as a general rule, the more complete the set of
geophysical logs that is available for a single well and
the more wells that are logged within a given
geohydrologic environment, the greater the benefits than can
be expected from the logging. Keys and MacCary (1971,
p.l15}) state it more clearly:
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"The synergistic character of logs is due to the fact
that each type of log actually measures a different
parameter, and when several are analyzed together,

each will tend to support or contradict conclusions

drawn from others",

At the beginning of this thesis, it was étated that the
main object of the research was to examine the use of
geophysical well logs for assessing the in situ hydraulic
character of fractured Chalk aquifers. This has now been
done and it is clear that in geophysics linked to the data
handling facilities of microcomputers, the water industry
has a powerful and underdeveloped logging technology that
is ripe for development as a low-cost quantitative

investigation technique.
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2.1 CONVERSION FACTORS

standard International

3686

thesis. Conversion to the conventional F.P.5. system

following table.

{SI) units were used as units of measurement in this

can be made by using the

QUANIITY LYUIVALENTS
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L omde (U5, statute; = 3 16043 m
tonantiend e {50 [t = |32 m
Mazs I, = 45050 e = 354 kg = 003108 shig
|k = 22046 Wby, = 68521 % 1Y ug
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1 newton = 0.2248 b, = 104 dynes
{ krogram foree = 9.507 newtons
1 poumdal = 0.1383 newton
Fime Uhr = 60 min = 3600 see
f

Femperature

Fnergy

Power

Pressure

Voinme

ensity

Viscosity

Kinematie viscosity,
diffusivity
Energy flux

Mass fux

Thermal
vondurtivity

Heat transfer
conductance

Sy Tt

dary cmean solarj = %64 % 10° 2e¢ (mean solar)
546 X 10 see fmean solur)

vr fealendar) = 3.
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A.3.1 PHYSICAL PROPERTIES OF THE WATER AT 10°C

Kinematic Thermal Specific Thermal Density | Vol. coef.
viscosity | conductivity heat diffusivity of expansion
~
A k c k P a
2 . ’ 2 3 .
(m”/s) (W/m./C) (¥y/¥g.C) {m"/s) (Kg/m™) {1/C)
-6 -7 -4
1.3x10 0.585 4.195 1.39x10 999.2 0.28x10
A.3.2 PHYSICAL PROPERTIES OF Pt

A.3.3

Thermal conductivity :

Density

Specific heat

: 0,031 Btu/l1b.F

THERMODYNAMIC DEFINITIONS

Grashof rumber (Gr}: This can be considered as a dimensicnless group representing

41 Btu/hr.ft.F

1339 1b/ft>

the ratio of buoyancy forces to viscous forces in a free-convection flow system.

Prandtl »number (Pr): This can be considered as a dimensionless group representing

the ratioc of viscous effects to thermal effects.

Peclet rumber (Pe): This can be considered as a dimensionless group representing

the ratio of buoyancy effects to thermal effects,
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A.3.4 PROOF OF EQUATION 3,32

By substituting &A(k) = ((O.5+k)/L)2 in eqg.3.31, one takes

=t wé/
T, x)= EEE_’A(S___.E ; fe“ﬁ .exp{-—l/p. [ (l—g.yu-tp-)' y24n {k)j.[ i+ %4—
K=0 o
€3] {Te 2
+ . .3.
) :] } [ i \ g}k )-¥ :l A.3.1

The exponent in the above eguatiocn can be written as

-8 Ty (B TV X 1 -y
- _ A - 1Y 2 A a0 —pwled |
w 0y YOI (6‘ ) e R A S¥*
, 2
Alk) _('CP-Q )+ A.3.2
" & oy -~
et S
So equaticn A.3.1 takes the fellowing form c 1_1‘ ,‘ n
ot ) Ny e C-SP vA]Y To E1-A(k)]'«‘1'2_ N
T)= TP g o a p § (‘5
Ty ) 15 e e .e e g
K=0 o ;C
— ; ;2 ) 2.3.3
.4 4+ Te:2 + (Cp'q )+
2 sp S

; ; z T V2 T 2 .
and by expanding the terms involving E_L and (.S__?‘) in terms of _Sf'_ and (%E)respectl-

vely, one takes

PN 1 « .,
ec.. P/é-’ _ 1_QQ'-.§_L+1/2'&'3?"(‘CP/Y)

tp/g) = 4- p(%) %Pa(r%?_)“_q,q

. -4 }MS-/CP (1-8_‘*}1# )
- - (onrHA(K ‘e 1A 2 2 ) g
T = S f Fle P e ) Jfpih e
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3

A-B = 1—9'(%’*)2'3?*‘ %"P‘l(%f«ﬁ?i'q-— (_61_’_) Y +ap ( ) T -
o ;_.F,l.(z,,/g)s.f + _;_a"(tp/bjlj’t %&.%.(%)7 gf"+

2 9 _ s |
Ep (%) o

and ignoring the terms involving (rp/g Yy yM23 EBg.A.3.4 becomes
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N LT
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The above equation can be written
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A.3.6 COMPUTER PROGRAM "THERM"
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A,3.5 EXPERIMENTAL RESULTS OF HEAT PULSE PROPAGATICN INVESTIGATION

FLOWRATE MEAN VELOCITY TRAVEL TIME
gr/sec mm/sec sec
49,2 2.8 11.7
77.3 4.4 8.7
135.4 7.7 4.9
221.5 12,6 2.3 £
L% ]
15.4 1.7 -
330.5 18.8 1.1
392 22.3 1.3
45.7 2.6 13.7
80.9 4.6 4.0
117.8 6.7 2,7
£
o
[FaY
168.8 9.6 1.8 -
—
216.2 12.3 1,6
319.9 18,2 1.1
393.8 22.4 1.2
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APPENDIX A4
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A.4.1 THE HYDROLOGGER

The geophysical logging unit used in the present research, was that manufactu-

red by Guidard Ltd. and owned by the Southern Water Authority. It is shown in
PLATE 11.

PLATE 11: A view of the hydrologer, mounted at the back of a LAND ROVER

The unit has the following specification:-

Measuring depth : 300m
Probes available:

PLUID LOGS - Temperature/Conductivity
Differential Temperature/Conductivity
Heat Pulse flowmeter
Impeller (Braystoke) flowmeter

Sampler



379

FORMATION LOGS - Natural Gamma
16/64" Normal Resistivity
4'8" Lateral Resistivity
Caliper
Spontaneous Potential

Point Resistance

The general layout of all the units and controls for the Eydrologger is shown

in Fig. A.1 and the logging select module switch positicons are as fecllows:-

SWITCH POSITION

LOG REQUIRED :
TOP BOTTOM

Temperature/Conductivity (T/C)

Differential Temperature/Conductivity {AT/C)
Point Resistance (PR}/Spontaneocus Potential (SP)
Normal 16"/64" Resistivities

Lateral 4'8" Resistivity

e N s
w
=g

Impeller Flowmeter
Heat Pulse Flowmeter
Sampler

Natural Gamma
Caliper 9

MO~
oh o b

The peng are zerced so that, as far as possible, all the logs have zerc output
on the left-hand side when the log 1s orientated with greatest depth at the boettom
of the sheet.

The channels used on the pen reccrder for each set of logs, together with the

pen zeroc position and logging direction, are shown in the table below:-

cows | 7R e
LOG RECORDER LOGGING
CHANNEL | CHANNEL |CHANNEL | DIRECTION
1 2 1 2
T/C T | C RH RHE UP /DOWN™*

AT/C AT | C CENTRE RH DOWN

PR/SP PR | Sp CENTRE | CENTRE
Normal 16"/64" Resistivities| ¥ [ 14" LH LH up
Lateral Resistivity Not {LAT Not LH up
Heat Pulse Flowmeter Used HPF Used CENTRE -
Natural Gamma 1 ¥ l LH UP
Caliper CAL LH up

NCTE ;- * T/C is usually run down the hole, but if AT/C is reguired,
this should be run first to reduce disturbance for AT as
much as possible. In that case, T/C may be run up if
required.
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Fig. A.l: Hydrologer equipment layout
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A.4.2 DETAILS OF HYDROLOGER FACILITIMS

Specification and Ranges

The module has the following capabilities:-

(a) Temperature/Fluid Conductivity

{b) Differential Temperature/Fluid Conductivity
(c) Spontaneous Potential/Point Resistance

(d) 16"/64" Normal resistivities

(e) 4'8" Lateral resistivity

In the case of (a) to (d) inclusive, both parameters are recorded
simultaneously on a dual pen chart recorder.

(i) Temperature

Uses Chart Recorder Channel 1 (top channel).

Measures temperatures between OPC and 30°C (output = 100 wmV/SC)

Five switchable scales, with ranges set by chart recorder
sensitivity control (see section B.5.1.1.).

End points of chosen scales can be offset {(reduced by up to
10°C using a 1O0-turn back-off potentiometer (1°C = 1 turn).

Absolute accuracy 19C, calibration by external variable
resistors adjustable from the front panel.

{ii} Fluid Conductivity

Uses Chart Recorder Channel 2 {bottom channel).

Measures conductivities up to 100 mS/cm {100,000 uS/cm}.

Six switchable scales with ranges set by chart recorder
sensitivity control (see section B.5,1.1.).

End points of chosen range can be offset by up to 100%
of chosen scale using a 10-turn back-off potentiometer
{10% = 1 turn).

Accuracy <5%, calibration by external resistor.

Uses Chart Recorder Channel 1 (top channel).

Measures difference in temperature recorded by two thermistors,
within the range 0° and 30°C,

Scale ranges set by chart recorder sensitivity control,

{iv} Point Resistance

Uses Chart Recorder Channel 1 {top channel).
Measures PR up to 2000 using five switchable ranges as follows:-

o - 10Q )
0o - 200 )
O - 500 ) top ends of ranges represent 100 mV output.
0 - loon )
0 - 2001 )

Calibration by external resistors.
End points of chosen range can be offset by up to 1 volt
using a 10-turn back-coff potentiometer,

R e ST C L L Sl lrasgl T e e e o P v LT T R ey e w D e, g




382

Uses Chart Recorder Channel 2 (bottom channel).

Output = I x Input.

Back-off approximately ¥80 mV avallable using a 1lO-turn
back-off potentiometer,

(vi} 64"/16"™ Normal Resistivities

Uses Chart Recorder Channels 1 and 2 respectively.
Measures resistivities up to 2000m, using five switchable
ranges as follows:-

0 - logm )
0 -~ 200m )
0O -~ 50am } top ends of ranges represent 100 mV output.
0 - 1o0o0m )
0 - 2000m )

Calibration by external resistors.

(vii) 4'8" Lateral Resistivity

et ettt e e S o " 2

Uses Chart Recorder Channel 2 (bottowm channel).
Ranges and calibration as for 1&"/64" Normal.

Power Supply

Operates off two lines:- + 12v @ 80 mwA.
- 12v @ 80 mA,

e e mrama e - A SO i T e W e e e L R L T e e S A g A R T g f
N N - o & h o X
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A.5.1 CCMPUTER PROGRAM FOR THE EVALUATION OF THE DIRECTIONAL HYDRAULIC

CONDUCTIVITY OF AN INCLINED FISSURE ZONE (see Chapter V)

1IAEM THIS PROGISY CALCULATES THE DIRECTIONAL Hvﬂﬂnuh.LJv
OREM 05 & FUNCTION OF THE DRIENTATION OF
SN THE DIRECTION 7 HYDR, GRADIENT TH
I5REN
SBREN N
=3
£aacy o

ey e e

7‘639 ST0ZRZD T oE:

VN

i

TG, PER METER FOR CRE SPECIFID JOvI

R LY

:; x!:."t"j\ﬁ

S@RES : CHLGNE AND CALT: ;
W, (=TI LR R (D SR, ]

TiEPLUENTER THE W-DIR, OUS. OF THE NDAM. TD THE FIS. A

2533, 'THE ggy
PEAF INPUT

LHB%ZZF
Q‘»nx,i-

TYRTF
u...‘ﬂg..

-Jt.!'z_,:m!“"%r’m_
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A.5.2 DRAWINGS SHOWING FLOW PATTERNS OBTAINED FROM AN ELECTRICAL ANALOGUE

USING TELEDELTOS PAPER

The following drawings (1-6}, represent 1/2 the actual size of the patterns
used " for the calculation of current flow. The results obtained are shown

in the following Table,

TABLE A.5,2

Ne 1 2 3 4 5 6

s 13.6 3.84 4,12 5.46 2,83 1.15
L 1.20 0.70 0.80 1.20 0,80 0.70
S/L 11.33 5.48 5.15 4,55 3.54 1.60

S /L 25.67 21.93 20.63 18.20 14.15 6.60

E 7.42 14.84 22.75 30.66 48,83 6l.54

E30 4,20 8.4C 12.88 17.36 27.64 34.84

S:lengih of a section
of & potential line

L:distance between two
potential lines

St/L:sum of the ratios 5/L
‘ for all the sections

E:fissure contact area
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00% POTENTIAL

. / RADIAL FLOW
N N / LINE
N
N | /
~ P /7
N i EQUIPOTENTIAL
LINE
—
- -
- - g
=
"~ e
~— g -
N
AN
N

HOLE CUT IN COND. PAPER

TC REPRESENT AN AREA OF

FISSURE CONTACT ACROSS

WHICH NO FLOW CAN OCCUR

FIG. A.2. Equipotential and flow lines
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PROGRAM FOR GENERATING TABLE A.6.1

PROGRAM  TABLE

00010
{0020
00030
00040
00045
00046
0C050
0CC60
00570
000C80
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
0220

READY.

DIMENSION A(11),B(110),R(100},2(100),C(100)

DIMENSIONT (100),E{100),Q(100),s(100)

A(1)=1.58
DO 20 L=1,11
WRITE(6, 10)

10 FORMAT ("= e oot "1

A(L)=A(1)+L*%0.02
8(1)=0

DO 20 I=1,10
B(I)=B(1)+I*0,02
R(1)=0.15

DO 20 J=1,5
R(J)=R{1)+J*0.05

P(J)=R(J}/(1-B{I)+B(I1)*R(J))
T(3)=(R(J)**A(L))*(1~B(1)*P(J))
C(J)=ALOG(B(I)*P{J)+T(J))/ALOC(P(J))

E(J)=1/(P(3)**C(J))
Q(I)=8(1)*P(J)
S{3)=Q(J)/(P(J3)-q(J

WRITE(6,15) A{L),B{

15FORMAT (8F10.5)
20CONTINUE

STOP

END

)

)
)

D
y 1L

{J

*

n{
[N

T
J

v ATy
1,CLJ)
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m
0 f #% ?5 m
1.50000 | .02000 . 20000 .20325 | 1.48973
1.50000 | .02000 . 30000 30426 | 1.49216
1.50000 {.02000 | .3%5000 35461 | 1.49308
1.50000 | .02000 . 40000 .40486 | 1.49390
1.50000 | .02000 . 45000 .45501 | 1.49462
1.50000 | .06000 . 20000 .21008 | 1.46991
1.50000 | .06000 . 30000 31315 | 1.4768%
1.,50000 306000 335000 :36420 1.47951
1.50000 | .06000 . 40000 41494 |1.48188
1.50000 | .06000 . 45000 46536 | 1.48400
1.50000 .08000 . 20000 .21368 | 1.46033
1.50000 | .08000 | .30000 31780 | 1.469%3
1.50000 .08000 . 35000 .36920 | 4.47285
1.50000 .08000 . 40000 42017 1.47596
1.50000 | .08000 . 45000 LAT071 | 4.47876
1.50000 .10000 | .20000 21739 | 1.45095
1.50000 .10000 . 30000 32258 |1.46194
1.50000 | .10000 . 35000 L3433 1 1.46627
1.50000 . 10000 . 40000 .4255%  11.47010
1.50000 . 10000 . 45000 LA7619  |4.47356
1.50000 | .12000 . 20000 22124 |1.44177
1.50000 | .12000 . 30000 32751 | 1.45466
1.50000 . 12000 . 35000 37961 |1.45976
1.50000 . 12000 . 40000 .4310% | 1.46429
1.50000 .12000 | .45000 L48180 | 1.46840
1.50000 . 14000 . 20000 22523 |1.43277
1.50000 . 14000 . 30000 33259 | 1.44747
1.50000 . 14000 . 35000 38504 |1.45332
1.50000 . 14000 . 40000 .43668 | 1.45854
1.50000 . 14000 . 45000 LA8754 | 1.46328
1.50000 16000 . 20000 .2293%6 1.423%95
1.50000 . 16000 . 30000 33784 |1.440%38
1.50000 . 16000 . 35000 .3906%  |1.44696
1.50000 |.16000 |.40000 L4248  |1.45285
1.50000 | .16000 . 45000 JA9%42 1145820
1.50000 . 18000 . 20000 .23%64  |1.4153%0
1.50000 . 18000 . 30000 JB4%25  (1.43338
1.50000 . 18000 .35000 39638 |1.44067
1.,50000 . 18000 . 40000 44843 |1.44720
1.50000 | .18000 . 45000 .49945  [1.45316
1.50000 . 20000 . 20000 .23810  [1.40681
1.50000 . 20000 . 30000 .34884  |1.42647
1.50000 .20000 | .35000 .40230  |1.43444
1 .50000 . 20000 . 40000 L45455  [1.44161
1.50000 |.20000  |.45000 .50562 |1.44816
1.50000 . 22000 . 20000 L24272  11.39847
$.50000 | .22000 . 30000 35461 |1.41965
1.50000 . 22000 . 35000 40840 |1.42828
1.50000 . 22000 . 40000 .46083  |1.43607
1.50000 . 22000 . 45000 .51195%  [1.44320
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b b C ok ek b b A e o ek ok ek ke h ek bk ma —h a —h kw3 b ek e oA —h ek —R b —h ok —h ek —b b —k ok ko ko=

.52000
.52000
.52000
. 52000
. 52000
52000
. 52000
.52000
.52000
.52000
.52000
.52000
. 52000
.52000
. 52000
. 52000
. 52000
.52000
.52000
. 52000
.52000
.52000
.52000
. 52000
.52000
. 52000
.52000
.52000
. 52000
.52000
.52000
. 52000
.52000
. 52000
. 52000
. 52000
.52000
. 52000
.52000
.52000
.52000
. 52000
. 52000
. 52000
. 52000
.52000

52000
52000

.52000
. 52000

. 02000
.02000
.02000
.02000
.02000
. 06000
.06000
.06000
. 06000
.06000
. 08000
.08000
-08000
.0BOCO
.08000
.10000
.10000
. 10000
-10000
-10000
.12000
-12000
-12000
-12000
.12000
. 14000
. 14000
. 14000
-14000
. 14000
. 16000
. 16000
. 16000
. 16000
. 16000
. 18000
. 18000
.18000
. 18000
. 18000
. 20000
. 20000
. 20000
. 20000
. 20000
. 22000

. 22000
.22000

. 22000
. 22000

. 20000
- 30000
- 35000
. 40000
.45000
. 20000
- 30000
. 35000
.40000
.45000
. 20000
.30000
. 35000
. 40000
.45000
. 20000
-30000
-35000
-40000
.45000
. 20000
-30000
- 35000
- 40000
- 45000
. 20000
. 30000
+35000
. 40000
.45000
. 20000
. 30000
- 35000
. 40000
. 45000
. 20000
. 30000
+35000
. 40000
. 45000
. 20000
- 30000
- 35000
.40000
+45000
- 20000

. 30000
- 35000

- 40000
-45000

.20325
.30426
. 35461
. 40486
. 45501
. 21008
.31315
36420
41494
46536
. 21368
31780
36920
L42017
47071
. 21739
32258
.37433
.42553
.47619
.22124
32751
.37961
.43103
. 48180
-.2252%
.33259
.38504
.43668
48754
.229%6
.33784
. 39063
.44248
49342
. 23364
.34325
. 39638
. 448473
. 49945
.23810

.34884
A0230
45455
. 50562
24272

35461
. 40840

. 46083
.51195

ek o ik b —h % amh e and mh —h —h —h ek ek k% % —h _h —h ek —h —h = —h b —h —h b ok —h 3 eh ok =R % ok oaad e ke —h bk ok e _h — e

. 50904
51166
.51266
.51352
.51430
. 48793
.49538
. 49826
.50078
.50305
LATTT4
48TA3
49120
.49452
49750
46779
. 47960
. 48422
. 48831
. 49200
. 45806
47189
LATT34
.48218
. 48655
448573
. 46429
47054
47610
. 48114
.43921
45679
46381
. 47008
47578
. 43007
. 44940
45717
464173
47046
42111
44211
. 45060
. 45822
46518
41233

. 43492
42410

.45238
-45995
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54000
-54000
- 54000
» 54000
- 54000
. 54000
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- 54000
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- 54000
-54000
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.02000
.02000
.02000
. 02000
.02000
.06000
. 06000
.06000
.06000
. 06000
.08000
.08000
.08000
.08000
. 08000
. 10000
. 10000
10000
. 10000
. 10000
. 12000
. 12000
. 12000
. 12000
. 12000
. 14000
. 14000
. 14000
- 14000
. 14000
16000
. 16000
. 16000
. 16000
16000
18000
. 18000
. 18000
- 18000
. 18000
. 20000
. 20000
. 20000
. 20000
. 20000
.22000 -
. 22000
. 22000
.22000
. 22000

. 20000
. 30000
- 35000
. 40000
. 45000
. 20000
. 30000
- 35000
. 40000
+45000
.2000C
. 30000
. 35000
- 40000
-45000
. 20000
. 30000
. 35000
- 40000
-45000
. 20000
< 30000
+ 35000
. 40000
- 45000
. 20000
. 30000
. 35000
.40000
+45000
. 20000
. 30000
- 35000
< 40000
-45000
. 20000
. 50000
«+ 35000
+40000
45000
. 20000
+ 30000
- 35000
«40000
45000
. 20000
- 30000
35000
. 40000
- 45000

. 20325
30426
35461
. 40486
. 45501
. 21008
31315
.36420
41494
. 46536
. 21368
31780
.36920
42017
47074
21739
. 32258
.37433
.42553
47619
.22124
.32751
. 37961
.43103
. 48180
. 22523
.33259
.38504
.43668
48754
. 229364
. 33784
.39063
44248
.49342
. 23364
34325
.39638
. 44843
49945
23810
. 34884
. 40230
45455
.50562
24272
.35461
. 40840
. 46083
.51195

—_ kb e ek b A e o —h kb ok ok ok bk b ok —h eh —h —h —h —h % ot —h ok —h —h —h —h ok —h —h ok ok —h ah mh ke ok —R

.52832
.53114
53221
.53314
.53397
50587
.51388
.51696
.51966
.52207
. 49507
.50547
.50949
51303
51621
. 48452
.49719
.50212
.50648
.51040
47422
.489073
.49485
.50000
.50465
46416
48101
48767
.49359
.49895
. 45432
47310
. 48058
.48725
.49329
44468
46531
47358
. 48097
48769
.43525
45763
. 46666
AT4TS
.48213
42601
. 45006
. 45982
46860
47662
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e ed ek e ok ek b ok ok ok = ek b =% ok —h ok b =k ok —h b ek ok wh mh ok o ok —h ek —h ok —k =k —h —h —k e A ok ek e =k e —h ek ke

.56000
56000
. 56000
.56000
. 56000
. 56000
.56000
. 56000
. 56000
.56000
. 56000
. 56000
-56000
. 56000
. 56000
.56000
. 56000
. 56000
.56000
. 56000
. 56000
.56000
.56000
.56000
.56000
.56000
.56000
. 56000
. 56000
. 56000
.56000
.56000
.56000
.56000
.56000
.56000
.56000
. 56000
. 56000
.56000
-56000
.56000
.56000
.56000
.56000
. 56000
. 56000
. 56000
. 56000
.56000

.02000
.02000
. 02000
.02000
. 02000
06000
. 06000
.06000
. 06000
. 06000
. 08000
.08C00
. 08000
.0B0CO
. 08000
. 100060
. 10000
. 100C0
. 10000
. 10000
. 12000
. 12000
. 12000
. 12000
. 12000
- 14000
. 14000
. 14000
. 14000
-14000
. 16000
- 16000
. 16000
. 16000
. 16000
. 18000
. 18000
- 18000
. 18000
. 18000
« 20000
. 20000
. 20000
20000
+ 20000
- 22000
. 22000
- 22000
. 22000
. 22000

. 20000
. 30000
. 35000
. 40000
. 45000
.20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
.45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
.45000
. 20000
. 30000
.35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
- 30000
. 35000
- 40000
- 45000
. 20000
. 30000
. 35000
. 40000
. 45000

. 20325
.30426
. 35461
. 40486
. 45501
-.21008
31315
. 36420
. 41494
. 465736
.21368
.31780
. 36920
LA42017
47071
.217%9
.32258
.37433
.4255%
47619
.22124
32751
- 37961
.43103
.48180
. 22523
.33259
. 38504
. 43668
48754
. 22936
33784
. 39063
. 44248
49342
.23364
.34325
.39638
448473
.49945
23810
.34884
40230
. 45455
.50562
24272
35461
. 40840
. 46083
51195

b ok b ek b n en ok b e —h — kA —k —h —k 3 % ek o~k —h x —h —k ok —h ek —h ek ok ok —h —h —h A —h orh ok —h —h —h k3 ok =k ok ek ek

54757
55061
.55175
55274
.553%62
.52374
.53234
.53567%
.53850
.54107
.51229
.52344
.52774
53151
.53489
50114
.51470
-51996
.52460
.52876
49026
.50610
51229
51777
LR2270
47964
49767
.50472
LH1101
.51669
. 46927
. 48931
49726
.504%
51074
45943
48111
. 48989
49777
-50485
44922
47303
48261
49119
+49900
. 43951
. 46507
AT542
. 48472
. 49321
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1.58000

1
1
1
1
1
1
1
1
1
1
1
i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

.58000
. 58000
- 58000
-58000
. 58000
-58000
.58000
. 58000
.58000
-58000
58000
. 58000
.58000
- 58000
. 58000
. 58000
. 58000
- 58000
.58000
.58000
-58000
-58000
.58000
58000
.58000
. 58000
.58000
. 58000
-58000
. 58000
. 58000
» 58000
-58000
« 58000
. 58000
. 58000
.58000
58000
. 58000
58000
- 58000
.58000
. 58000
.58000
. 58000
« 58000
. 58000
. 58000
. 58000

02000
. 02000
.02000
.02000
. 02000
.06000
. 06000
.06000
.06000
. 06000
.08000
.08000
.08000
. 08000
.08000
. 10000
- 10000
. 10000
- 10000
. 10000
. 12000
. 12000
. 12000
. 12000
. 12000
. 14000
. 14000
- 14000
« 14000
- 14000
. 16000
. 16000
. 16000
. 16000
. 16000
. 18000
.18000
. 18000
.18000
.18000
. 20000
. 20000
. 20000
. 20000
. 20000
.22000
. 22000
. 22000
. 22000
.22000

. 20000
« 30000
- 35000
- 40000
- 45000
. 20000
- 30000
- 35000
- 40000
. 45000
» 20000
« 30000
. 35000
. 40000
-45000
. 20000
. 30000
- 35000
. 40000
- 45000
. 20000
. 30000
. 35000
. 40000
.45000
. 20000
-30000
. 35000
.40000
-45000
. 20000
- 30000
. 35000
- 40000
« 45000
. 20000
. 30000
- 35000
- 40000
. 45000
. 20000
« 30000
- 35000
- 40000
.45000
. 20000
30000
- 35000
- 40000
- 45000

. 20325
.30426
.35461
.40486
. 45501
. 21008
31315
.36420
41494
.465%6
.21%68
31780
. 56920
42017
47071
.217%9
.32258
37433
.42553
.47619
.22124
. 32751
.37961
.43103
.48180
.225623%
.33259
. 38504
.43668
48754
. 22936
33784
.39063
44248
.49342
. 23364
34325
.39638
. 44843
.49945
23810
.34884
.40230
45455
.50562
24272
. 35461
40840
. 46083
.51195

1.56679
1.57006
1.57128
1.57234
1.57327
1.54153
1.55074
1.55425
1.55731
1.56004
1.52942
1.54135
1.54593
1.54994
1.553573
1.51764
1.5%213
1.53774
1.54266
1.5470C8
1.50617
1.52307
1.52966
1.53547
1.54070
1.49499
1.51416
1.52170
1.52837
1.53438
1.,48408
1.50540
1.51385
1.52135
1.52813
1.47342
1.49679
1.50610
1.51441
1.52194
1.46302
1.48831
1.49846
1.50754
1.51580
1.45284
1.47996
1.43092
1.50076
1.50972
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— o, e o oM A A R A % b — e ok b ek b A b ko 4 b ek kb % & =% % o3 & 3 ok oA A ek % ek — ek —h b e
- - . v v . . . v -

02000

.02000
.02000
.02000
.02000
. 06000
.06000
. 06000
. 06000
. 06000
. 08000
.08000
.08000
.08000
. 08000
.10000
.10000
. 10000
.10000
. 10000
.12000
. 12000
.12000
.12000
.12000
. 14000
.14000
. 14000
14000
. 14000
. 16000
. 16000
. 16000
. 16000
16000
. 18000
. 18000
. 18000
.18000
.18000
. 20000
.20000
. 20000
. 20000
. 20000
. 22000
. 22000
. 22000
. 22000
. 22000

.20000
. 30000
. 35000
. 40000
45000
. 20000
. 30000
+ 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
-45000
. 20000
. 30000
. 35000
. 40000
-45000
. 20000
. 30000
. 35000
. 40000
45000
. 20000
. 30000
. 35000
+ 40000
. 45000
. 20000
« 30000
- 35000
. 40000
- 45000
. 20000
- 30000
. 35000
. 40000
.45000
. 20000
- 30000
. 35000
-40000

- 45000
. 20000

- 30000
. 35000
- 40000
«45000

. 20325
.30426
.35461
. 40486
. 45501
.21008
31315
. 36420
41494
46536
.21%68
.31780
.36920
. 42017
L 47071
.21739
.32258
.37433
.42553
LAT619
22124
.32751
. 37961
.43103
. 48180
. 22523
.33259
. 38504
.43668
.48754
.2293%6
33784
.39063
44248
.49342
. 23364
.34325
.39638
. 44847
. 49945
. 23810
.34884
. 40230
45455
.50562
24272
.35461
. 40840
. 46083
.51195

e R e e s e L e o o o = sk o o e ok A b ek =R & ok kb ek A =k —hk —% —% —% —& —% —% -3 & —% —% & =% & & —h

- 58598
.58949
. 59079
.59192
. 592N
.55923
.56910
.57284
.57609
.57898
54645
.55920
.56407
.56833
57213
53403
-54949
-95545
.56067
.56535
.52195
.53996
54695
.55312
.55865
.51018
.53059
.53859
.54565
.55202
49872
52140
-53034
.53828
.54545
48755
.51235%
52222
.53100
.5%896
47664
.5034¢6
01421
.52380
.b3252
. 46599
494772
.50630
.51669
.52615
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ek o b b b b b % ek eh b e o ok e e ok omeh b b b —d ek b ok bk ok ok =k ok ok —k R ek ok oweh —h — b —* ko —k o —h

. 64000

. 64000
. 64000
64000
. 64000
- 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
.64000
.64000
- 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
.64000
. 64000
. 64000
. 64000
. 64000
. 64000
. 64000
.64000
. 64000
. 64000
. 64000
. 64000
64000
.64000
. 64000

.02000
. 02000
.02000
.02000
.02000
. 06000
.06000
06000
.06000
.06C00
.08000
.08000
.08000
. 08000
» 08000
. 10000
. 100C0
. 10000
. 10000
. 10000
. 12000
. 12000
.12000
. 12000
-12000
14000
-14000
. 14000
. 14000
. 14000
+ 16000
16000
. 16000
16000
. 16000
-18000
18000
. 18000
. 18000
- 18000
. 20000
. 20000
.20000
. 20000
- 20000
. 22000
.22000
.22000
. 22000
. 22000

. 200C0
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
.20000
.30000
. 35000
- 40000
-45000
. 20000
+ 30000
. 35000
. 400090
. 45000
. 20000
. 30000
. 35000
. 40000
-45000
. 20000
. 30000
. 35000
. 40000
45000
. 20000
« 30000
. 35000
. 40000
45000
- 20000
. 30000
.35000
- 40000
-45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
+ 35000
- 40000
-45000

. 20325

.30426
.35461
. 40486
. 45501
.21008
.31315
.36420
41494
.46536
.21368
.31780
.36920
42017
.470T1
.21739
.32258
374733
42553
47619
22124
.32751
.3T7961
.43103
48180
.22523
.33259
-38504
. 43668
. 48754
.22936
33784
.3906%
44248
.49%42
.23364
. 34325
. 39638
44843
.49945
.23810
. 34884
. 40230
. 45455
.50562
.24272
.35461
LA0840
. 46083
51195

A N S JT i St AUV S Y T e e S S e N T I e i B i A

62427
. 62826
. 62977
63104
.6%216
.59441
.60566
. 60988
.61354
. 61678
. 58020
59470
.60019
.60498
. 60923
.56644
58397
. 59068
59654
60177
.55310
57346
58132
.58822
.59439
54014
.56316
57212
.58002
58711
52755
-55305
.56307
57192
.57990
.51530
54314
.55415
.56394
57278
.50337
.53340
54538
.55606
56574
.49175
.52384
53674
.54828
55877
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¥ S N S e S e VI N VU ST Y

. 66000

.« 66000
L6000
. 66000
.66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
.66000
. 66000
. 66000
.66000
.66000
. 66000
. 66000
. 66000
- 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
. 66000
.66000
. 66000
.+ 66000

.02000
.02000
L 02600
.02000
. 02000
. 06000
. 06000
. 06000
.06000
.06000
.0800C
. 08000
. 08000
. 08000
. 08000
. 10000
.10000
. 10000
. 10000
. 10000
. 12000
- 12000
+ 12000
.120C0
.12000
+14000
14000
- 14000
. 14000
. 14000
16000
.16000
. 16000
. 16000
16000
. 18000
. 18000
.18000
. 18000
. 18000
. 20000
. 20000
»20000
« 20000
.20000
. 22000
. 22060
. 22000
. 22000
. 22000

. 20000
. 30000

Fircalatal

. 2N
. 40000
. 45000
.20000
. 30000
. 35000
. 40000
. 45000
.20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
.20000
- 30000
.35000
. 40000
. 45000
. 20000
. 30000
.35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
- 30000
. 35000
. 40000
. 45000

. 20325
30426
35461
40486
45501
.21008
31315
36420
41494
46536
.21368
31780
.36920
LA2017
L4701
.21759
. 32258
37433
. 42553
47619
.22124
.327514
.37961
.43103
.48180
.22523
. 33259
38504
43668
48754
.22936
33784
.3906%
44248
.49342
.23364
.34325
. 39638
44843
49945
23810
.34884
.40230
45455
50562
. 24272
. 35461
40840
.46087%
51195

O S O S S N O O T N o S U N o i s e T T T

.6475736
64767
547324
.65059
L6517
51186
.62385
.628%%
.63221
.6356%
.59692
.61235
61817
62323
62772
.58247
.60109
.60819
.61439
. 61990
.56847
.59008
.598%9
60568
61219
.55490
.57929
.58876
.59709
60456
54172
.56372
.57929
.5886%
.59703
.52893
.55835
.56697
.58023
.58959
.51648
54818
56081
.57205
.582273
.504%5
.53820
.55179
.56393
57495
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% % e % —» —% % M .k —2 —% 3 &% &% & & &% A o b o —& ek b b ek Ak b = b B ok A el ek =k b b R ek R ok e b

. 68000
. 68000
. 68000
. 68000
. 68000
.68000
.68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
.68000
. 68000
. 68000
. 68000
L 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
. 68000
.68000
. 68000
.68000
. 68000
. 6BOOO
. 68000
. 68000
. 68000
. 68000

.02000
. 02000
. 02000
. 02000
.02000
. 06000
.05000
06000
. 06000
. 06000
-08000
08000
-08000
.08000
. 08000
. 10000
- 10000
. 10000
10000
« 10000
12000
. 12600
12000
. 12000
. 12000
» 14000
- 14000
14000
14000
. 14000
. 16000
. 16000
. 16000
. 16000
. 16000
. 18000
.18000
. 18000
. 18000
. 18000
. 20000
- 20000
. 20000
.20000
.200C0
. 22000
.22000
. 22000
. 22000
. 22000

. 20000
. 30000
. 35000
40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
45000
. 20000
. 30000
.35000
40000
. 45000
. 20000
. 30000
.35000
.40000
45000
. 20000
- 30000
.35000
. 40000
- 45000
. 20000
. 30000
- 35000
-40000
45000
. 20000
- 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
- 45000
. 20000
» 30000
. 35000
. 40000
- 45000

1. 20325

.30426
.35461
40486
-45501
.21008
31315
.36420
41494
46536
. 21368
.31780
.36920
42017
47071
.21739
.32258
37433
425573
47619
22124
32751
. 37961
43103
.48180
.2252%
.3%259
. 38504
43668
48754
.229%6
.33784
.39063
.44248
. 49342
. 23364
.34325
39638
448473
. 49945
. 23810
. 34884
40230
45455
.50562
24272
. 35461
40840
. 46083
.51195%

ek h b o weh b M o oA ok b b .3 = 4% % = A ok e b ek ek 3 =k =R kb — % kb % Rk k= b ek e b e —

.66242
. 66702
. 66869
L6T012
.67137
. 62923
. 64200
.64675
. 65084
.65446
61353
. 62993
.6%610
.64144
.64617
.59837
.61814
. 62565
.63218
. 63800
.58370
. 60660
.61539
. 627307
.62993
.56950
.59532
. 60531
61410
.62196
55574
.58427
59542
. 60525
. 61409
.54238
577345
. 58569
.59654
.60632
52941
.56284
.57613
58795
. 59864
51679
.55244
56672
. 57948
.59105
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.10000
. TO000
. 70000
. 70000
. 70000
. 70000
. 70000
.70000
. 70000
. 70000
. 70000
. 70000
. 70000
. 70000
. T0G00
. 70000
. TO000
. 70000
70000
. 70000
. 70000
. 70000
. 70000
. 70000
< 70000
. 70000
- 70000
. 70000
< 70000
. T0000
. 70000
. T0000
. 70000
70000
70000
- 70000
. 70200
. 70000
. 70000
. 70000
. 70000
. 70000
. 70000
. 70000
. 70000
. TO000
. 70000
. TO000
. 7C000
. 70000

.02000
.02000
.02000
.02000
.02000
.06000
. 06000
.06000
.06000
.06000
. 08000
-08000
.08000
. 08000
. 08000
.10000
. 10000
. 10000
. 10000
. 10000
.12000
. 12000
.12000
.12000
. 12000
. 14000
.14000
- 14000
- 14000
. 14000
. 16000
. 16000
. 16000
16000
. 16000
. 18000
. 18000
. 18000
. 18000
.18000
. 20000
. 20000
.20000
. 20000
. 20000
. 22000
. 22000
. 22000
. 22000
.22000

. 20000
. 30000
. 35000
. 40000
-4500C
.20000
- 50000
. 35000
. 40000
-45000
. 20000
. 30000
. 35000
« 40000
.45000
.20000
. 30000
- 35000
. 40000
45000
. 20000
» 30000
. 35000
- 40000
. 45000
- 20000
« 30000
- 35000
. 40000
-45000
. 20000
« 30000
- 35000
- 40000
-45000
.20000
. 30000
+350C0
- 400C0
.+ 45000
. 20000
. 30000
- 35000
-40000
- 45000
» 20000
. 30000
+ 35000
. 40000
45000

.20325
30426
. 35461
. 40486
.45501
. 21008
31315
. 36420
. 41494
. 46536
.213%68
31780
. 36920
42017
47071
.21739
.32258
. 37433
.42553
47619
22124
. 32751
.37961
.43103
.48180
.22523%
.33259
. 38504
43668
.48754
. 229%6
.33784
.3906%
44248
. 49342
. 23364
.34325
.39638
. 44843
49945
.23810
. 34884
LA0230
45455
.50562
. 24272
.35461
. 40840
. 46087
51195

L e A oA e oA e = . 3 k% ek — b 3 o kR b ok ek % =% LA 4 a —a Aok ok e e 2 —% b ek =3 % —a % o

.68144
.68635
68812
.68963
.69095
64652
. 66009
66512
66944
67325
. 630073
647744
.65%96
.65960
.66459
61414
63509
.64303
-64992
65604
.59879
-62303
.63230
.64040
- 64761
58395
61124
.62178
63103
63929
. 56959
- 59971
61145
.62180
63108
-55567
.58842
60131
61271
62298
54216
L5TT3T
-59134
.60375
.61497
52907
.56654
58154
.59493
. 60706
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. 72000

. 72000
. 72000
. 72000
. 72000
» 72000
. 72000
.72000
. 72000
. 72000
. 72000
. 72000
. 72000
. 72000
. 72000
. 72000
. 72000
72000
. 72000
. 72000
. 72000
. 72000
. 72000
. 72000
.72000
. 72000
. 72000
72000
. 72000
. 72000
. 72000
. 72000
712000
. 72000
. 72000
. 72000
. 72000
72000
. 72000
.T2000
. 72000
. 72000
. 72000
. 72000
. 72000
. 72000
. 12000
. 72000
72000
. 72000

02000
. 02000
. 02000
. 02000
.02000
-06000
. 06000
. 06000
. 06000
06000
. 08000
. 08000
-08C00
. 08000
. 08000
. 10000
. 10000
- 10000
.10000
. 10000
. 12000
. 12000
.12000
.12000
. 12000
. 14000
. 14000
- 14000
+ 14000
. 14000
. 16000
. 16000
. 16000
. 16000
. 16000
. 18000
. 18000
. 18000
- 18000
18000
. 20000
. 20000
. 20000
. 20000
. 20000
+22000
.22000
« 22000
. 22000
. 22000

. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
- 40000
-45000
. 20000
. 20000
.35000
- 40000
.45000
. 20000
. 30000
. 35000
.40000
. 45000
.20000
. 30000
- 35000
. 40000
.45000
. 20000
.+ 30000
« 35000
. 40000
-45000
. 20000
» 30000
. 35000
- 400006
- 45000
.200G0
. 30000
. 55000
40000
45000
. 20000
. 30000
-35000
40000
- 45000
- 20000
- 30000
« 35000
- 40000
- 45000

. 20325
30426
. 35461
. 40486
. 45501
21008
31315
. 36420
41494
46536
.21368
.31780
.36920
.42017
47071
. 21739
. 32258
.37433
42553
47619
22124
.32751
-37961
.43103
.48180
22523
.33259
38504
. 43668
48754
. 22936
. 33784
. 39063
. 44248
. 49342
.23364
.34325
.39638
. 44843
. 49945
.23810
.34884
. 40230
. 45455
.50562
.24272
. 35461
40840
46083
51195

— A L A el e A R b A L L e ae® b b % & o —h % o R — R % ol ek b o3 ok b =R e kb ad R b b ek ek —h —h b &

L T0043
. 70566
70754
. 70914
71053
.66371

67812
.68%44
. 68801

.69202
.64642
. 66488
6T
NN
.68296
.62978
. 65197
. 66034
.66761

. 67404
.61374
-63937
.64914
65766
.66524
.59825
.62706
.63816
. 64788
65657
.58328
.61503
62739
. 63826
. 64801

.56878
. 60327
.61682
. 62879
.63956
-55473
59177
.60644
.61347
.63123
54110
. 58050
.5962%
.61028
L 62300
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eh o Bk B =k A % —k oL —3 —& ok —x o~k =k ek % —k —* —k mh ok ok 2 kR .d —k ek —k o~k —k F A —h =k 3 —k ok A —2 —x oA =% A a3 ek ek 2

. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
.74000
. 74000
.74000
. 74000
. 74000
. 74000
. 74000
. T4000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. 74000
. T4000
. T4000
. 74000
. T4000
. 74000
. 74000
. 74000
. 74000

.02000
.02000
.02000
. 02000
.02000
.D60C0
. 06000
.06000
.06000
. 06000
.080G0
. 08000
08000
.0BCCO
.08000
. 10000
10000
. 10000
. 10000
-10000
. 12000
. 12000
. 12000
. 12000
12000
. 14000
. 14000
- 14000
- 14000
. 14000
. 16000
16000
. 16000
.160C0
. 160CC
. 18000
.18C00
. 18000
. 18000
. 18C00
. 20000
.20000
. 20000
. 20000
. 20000
22000
. 22000
. 22000
. 22000
. 22000

. 20000
. 30000
. 35000
. 40000
- 45000
. 20000
» 30000
. 35000
. 40000
45000
. 20000
.+ 30000
<35000
. 40000
45000
. 20000
. 30000
. 35000
« 40000
45000
» 20000
. 30000
. 35000
. 40000
.45000
. 20000
. 30000
-35000
- 40000
- 45000
. 20000
. 30000

. 35000

. 40000
-45000
. 20000
. 30000
- 35000
. 40000
- 45000
. 20000
.- 30000
. 35000
. 40000
- 45000
. 20000
+ 30000
- 35000
- 40000
-45000

. 20325

. 30426
35461

. 40486

- 45501

.21008

31315

. 36420

41494

46536

.21368
31780

. 36920
42017

47071
21739
.32258
- 37433
42553

47619

.22124
. 32751
.37961
.43103
. 48180
. 22523
53259
. 38504
. 43668
. 48754
. 22936
. 33784
.39063
44248
. 49342
. 23364
.34325
.39638
44843
. 49945
. 23810
. 34884
. 40230
. 45455
.50562

24272

- 35461
40840
.46083
51195

e~ 3 3 3 A —a a — b —R b 3 ek eh A b B —R A —& % —3 % A —k ok —3 3% % e 32 —k -k 3 A 2 =R e A A 2 e S e

. 71938
72495
72694
. 72863
.73010
. 68080
.69610
70172
. 70653
.T1075
.66270
68225
. 68952
.69579
.70130
. 64530
. 66876
67759
.68523
69199
.62854
65561

.66590
67486
.68282
61239
64277
.65445
66467
67378
.59680
63025
647323
65465
. 66486
.58172
L6180

.63223
.64479
.65607
567173
. 60604
.62143
.63509
.64740
.55298
59433
.61084
62554
. 63884
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—_ =k e Rk ek b e — A o e b b o e ek e b ok b ek b ok b el b ek ok R b sk b e b b ek kb kb h ol

. 76000
. 76000
. 76000
. T6000
. 76000
. 76000
. 76000
. 76000
. 76000
76000
. 76000
. T6000
. 76000
.76000
. 76000
. 76000
. 76000
. 76000
L T6000
. 76000
. 76000
. 76000
. 76000
. T6000
.T76000
. 76000
. 760006
. 76000
. 76000
. 76000
. 76000
. 76000
. 76000
. T6000
. 76000
. 76000
. 76000
. 76000
. 76000
. 76000
L T6000
.76000
. 76000
. 76000
. 76000
. 76000
. 76000
. T6000
. 76000
. 76000

02000
.02000
.02000
-02000
. 02000
. 06000
.06000
. 06000
.36000
. 06000
.08000
-08000
. 08000
. 08000
.0800GO
. 10000
. 10000
. 10000
.10000
. 10000
12000
12000
. 12000
-12000
- 12000
. 14000
. 14000
. 14000
. 14000
+ 14000
. 16000
. 16000
. 16000
-16000
. 16000
. 18000
- 18000
-18000
. 18000
. 18000
. 20000
.20000
. 20000
. 20000
20000
. 22000
. 22000
.22000
. 22000
.22000

. 20000
.30000
. 35000
+ 40000
. 45000
20000
- 30000
. 35000
. 40000
-45000
. 20000
. 30000
. 35000
.40000
. 45000
. 20000
-30000
.35000
. 40000
.45000
. 20000
. 30000
< 35000
. 40000
- 45000
.20000
. 30000
- 35000
- 40000
« 45000
.20000
. 30000
. 35000
. 40000
45000
. 20000
. 30C00
« 35000
-40000
-45000
.20000
» 30000
35000
. 40000
. 45000
. 20000
. 30000
-3h000
- 40000
-45000

.20325
.30426
.35461
. 40486
. 45501
.21008
31315
.36420
41494
. 46536
.21368
.31780
.36920
42017
LATOT
. 21739
.32258
37433
42553
47619
22124
. 32751
. 37961
43103
.48180
.22523
.33259
.38504
. 43668
.48754
.22936
.33784
.39063
. 44248
. 49342
. 23364
34325
.3963%8
.44843
.49945
.23810
.34834
. 40230
. 45455
.50562
. 24272
.35461
. 40840
. 46083
51195

_ = s e e e e e e e b b b b i b bk ko b b ek e ok ad b e ok A e —k —h b % ko k —h _h —h —k —k

. 73829
. 74422
LT4632
748411

. 74965
. 69781

. T1401

71995
. 72502
. 72946
. 67886
. 69954
L70721

L7580
71960
. 66067
.68545
. 69476
. 70280
. 70990
.64320
67175
.68258
.69199
L 70034
.62637
. 65838
. 67066
.68138
.6909%
.61015
64534
. 65898
. 67095
.68165
.59449
635261

-64'754
.66070
67251

-57934
62018
.63632
.65061

66349
.56468
. 60803
.625%1
.64069
. 65460




410

h b % b o b b b R e ek ouh = ik ek aed = LA b ek e b ek b ok e B b ek ok ek = R kb ah b =R = b u —h ma o o aee b .

. 78000
. 78000
78000
. 78000
. 78000
78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
78000
. 78000
. 78300
.T8000
. 78000
. 78000
. 78000
."78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
78000
. T8000
. 78000
. 78000
. 78000
. T8000
78000
.T8000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78000
. 78G00
. 78000
. 78000
. 78000

. 02000
.02000
.02000
.02000
.02600
06000
.06000
.06000
06000
.06000
.08000
.G8000
.080C0
.080QC
. 08000
- 10000
-10000
. 10000
. 10000
. 10000
. 12000
.120C0
. 12000
-12000
. 12000
- 14000
- 140C0
. 14000
« 14000
.140C0
. 16000
. 16000
. 16000
. 16000
. 16000
.18000
. 18000
. 18000
-18C00
. 18000
. 20000
. 20000
. 20000
. 20000
. 20000
. 22000
22000
.22000
. 22000
. 22000

. 20000
. 350000
. 35000
. 40000
.45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
30000
. 35000
40000
. 45000
. 20000
.30000
.35000
. 40000
.45000
. 20000
-30000
.35000
. 40000
. 45000
. 20000
. 30000
.35000
40000
45000
. 20000
-30000
. 35000
40000
- 45000
. 20000
. 30000
. 35000
- 40000
- 45000
. 20000
. 50000
.35000
. 40000
. 45000
. 20000
. 30000
. 35000
40000
45000

.20325

. 30426
. 35461
. 40486
. 45501
.21008
31315
.36420
. 41494
. 46536
.21%68
. 31780
.36920
. 42017
47071
21739
. 32258
.37433
42553
47619
.22124
.32751
. 37961
43103
. 48180
. 22523
.33259
. 38504
.43668
48754
.229%6
.33784
. 39063
.44248
. 49342
23364
.34325
.39638
44843
49945
.23810
. 34884
.40230
. 45455
.50562
.24272
. 35461
. 40840
- 46083
.51195

b b % —a ek b R b b a3 b % ek b A ek b e A —h b b b _a b b b b — b d b o e —R A = e = b e e e e s e

LT5TT
.76346
. 76569
LT6757
.76919
L7147
L73187
.73813
14347
748173
.69490
71676
. 72484
ST
.75786
.67592
. 70208
.71186
. 72031
LT72775
65771
. 68779
.69918
. 70906
L717et
.64020
. 67388
.686T7
. 69801
L70801
62334
. 66032
67463
68717
. 69837
. 60708
.64710
66274
. 67651
. 68887
.59138
63219
.65109
. 66604
67951
57620
.62159
63967
65575
.67028
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1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1.80000
1. 80000
1.80000
1.80000
1.80000
1.80000
1.80000
t.80000
1.80000
1.80000
1.80000

. 02000
. 02000
.02000
. 02000
. 02000
. 06000
.06000
.06000
.06000
. 06000
. 08000
. 08000
.08000
-0BCO0
. 08000
. 10000
. 10000
. 10000
. 10000
. 10000
.12000
. 12000
-12000
.120C0
. 12000
. 14000
. 14000
- 14000
. 14000
- 14000
. 16000
. 16000
. 16000
. 16000
. 18000
. 18000
. 18C00
. 18000
. 18000
.1800C
. 20000
.20000
. 20000
. 20000
. 20000
.22000
. 22000
.22000
. 22000
. 22000

. 20000
» 30000
. 35000
+ 40000
-45000
. 20000
« 30000
- 35000
. 40000
. 45000
. 20000
. 30000
. 35000
- 40000
. 45000
. 20000
30000
- 35000
. 40000
- 45000
. 20000
. 30000
- 35000
. 43000
. 45000
. 20000
. 30000
. 35000
. 40000
- 45000
. 20000
» 30000
. 35000
. 40000
-45000
. 20000
30000
.- 35000
40000
- 45000
. 20000
. 30000
- 35000
. 40000
+450C0
. 20000
- 30000
- 35000
- 40000
«45000

. 20325
.30426
35461
. 40486
. 45501
.21008
31315
. 36420
41494
46536
. 21368
.31780
-36920
42017
47071
21739
.32258
.37433
425573
.47619
22124
32751
.37961
.43103
.48180
.22523%
.33259
. 38504
43668
48754
. 22936
33784
.39063
44248
. 49342
. 23364
. 34325
.39638
.44843
.49945
. 23810
. 34884
40230
. 45455
.50562
.24272
.35461
.40840
. 46083
.51195

—_— = e s L = b =B b A ek w kb b ek b o o B B o e h ek = w3 ook b b ad R ek o b ek b = L A ok ek e

- 77600
.78268
. 78504
. 78702
. 78873
73152
74967
75626
.76188
LT6677
. 71082
- 73391

74241

L74970
. 75608
.69103
. 71861

. 72889
LI3T76
. T4556
.67206
- 10374
LT1569
.72605
.13522
. 65386
. 68927
. 70279
<T1457
- 72504
.63636
.67518
.69018
. 70330
. 71502
.61950
66146
L6T7783
.69224
70516
.60324
. 64807
66575
.68138
69544
58753
- 63501

.65391
.67070
. 68587
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—L ea o ah R o B ok A o —x = ek oA & =% % oy m3 ek ok o ok b R kb b b o o8 eh 8 b ek ah ek & b eed b ek b o o — b

.82000 .
. 82000
. 82000
.82000
.82000
. 82000
.82000
.82000
-82000
.82000
.82000
.82000
.82000
. 82000
.82000
82000
. 82000
. 82000
. 82000
82000
.82000
-82000
.82000
.82000

82000

.82000
.82000
. 82000
-82000
. 82000
. 82000
.82000
. 82000
.B2000
. 82000
. 82000
. 82000
.B20C0
.82000
.82000
.82000
.8B2000
. 82000
.32000
.82000
. 82000
.82000
.B2000
. 82000
.82000

02000

.02000
02000
.02000
.02CG00
. 06000
.06000
. 06000
06000
.06000
.08000
.08000
. 08000
. 08000
.08000
10000
. 10000
. 10000
. 10000
. 10000
. 12000
12000
. 12000
. 12000
. 12000
. 14000
. 14000
- 14000
- 14000
- 14500
. 16000
. 16000
16000
. 16000
. 16000
- 18000
. 18000
. 18000
. 18000
. 18000
. 20000
. 20000
. 20000
. 20000
. 20000
. 22000
. 22000
. 22000
. 22000
. 22000

. 20000
. 30000
. 35000
. 40000
. 45000
.20000
30000
. 35000
. 40000
. 45000
.20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
.40000
.45000
. 20000
. 30000
. 35000
. 40000
45000
. 20000
. 30000
. 35000
40000
. 45000
. 20000
30000
. 35000
.40000
45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
35000
. 40000
.45000
. 20000
. 30000
. 35000
. 40000
. 45000

.20%25

30426
35461
. 404886
. 45501
.21008
31315
.36420
41494
46536
. 21368
. 31780
.36920
42017
L ATOT1
.21739
.32258
57433
.42553
47619
.22124
32751
. 37961
.43103
.48180
.22523
. 33259
. 38504
. 43668
48754
. 22936
. 33784
.39063
44248
.49%42
. 23364
.34%25
.39638
. 44847
. 49945
. 23810
. 34884
. 40230
. 45455
.50562
. 24272
.35461
. 40840
46083
.51195

U O U OGO T O G A W OGO A GO G OO O S GO G R G S O S S S e T I T e

L7479
.80188
. 80437
.80645
. 80825
74822
76741
LTT4A35
. 78025
. 78538
. 72662
. 75098
-15992
J16757
<T7425
.70599
- 73505
. 74585
-T5515
76332
68627
-71958
73212
. 74298
- 75257
.66736
. T0455
71872
L73105
74200
64920
. 68992
. 70562
-71936
131860
L63174
.67569
. 69282
L1088
.72136
.61492
.66182
. 68030
.69662
71429
-59869
. 64830
. 66804
. 68554
L7037
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e ek e A cad e R ek b ek B 3 ok —h ah ek ok and md ek ah b ok ok =k ok o d ko o3 —& -4 o~k & —h % % % & & —* % & _% % -+ % % x o

84000
- 84000
. 84000
- 84000
. 84000
- 84000
- 84000
.84000
-84000
. 84000
-84000
- 84000
. 84000
. 84000
- 84000
- 84000
- 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 840C00
. 84000
. 84000
. 84000
- 84000
.84000
-84000
- 84000
- 84000
- 84000
. 84000
- 84000
- 84000
- 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000
. 84000

-02000
.02000

. 02000
02000
.02000
. 06000
. 06000
. 06000
. 06000
. 060C0
. 08000
. 08000
. 08000
. 08000
. 08000
. 10000
. 10000
-100C0
. 10000
. 10000
. 12000
. 12000
. 12000
. 12000
. 12000
. 140C0
. 14000
- 14000
- 14000
. 14000
- 16000
.1600C
. 16000
. 16000
.16000C
. 18000
. 18000
.18C00
. 18000
- 18000
. 20000
. 20000
. 20000
. 20000
. 20000
. 22000
. 22000
. 22000
. 22000
. 22000

. 20000
- 38000
. 35000
. 40G00
- 45000
. 20000
. 30000
» 35000
.40000
. 45000
. 20000
. 30000
. 35000
- 40000
. 45000
. 2C000
. 30000
- 35000
- 40000
. 45000
- 20000
. 30000
. 35000
. 40000
- 45000
. 20000
. 30000
. 35000
- 40000
- 45000
. 20000
. 30000
- 35000
40000
45000
. 20000
. 30000
- 35000
+40000
- 45000
. 20000
. 30000
- 35000
.400Q0
- 45000
. 20000
- 30000
- 35000
- 40000
- 45000

.203%25
.30426
. 35461
.40486
. 45501
.21008
31315
.36420
41494
46536
21368
. 31780
.36920
LA42017
47071
. 21739
.32258
.37433
. 425573
47619
.22124
.32751
. 37961
.43103
. 48180
22523
.33259
.38504
43668
48754
.22936
33784
. 390673
44248
49342
. 23364
34325
.39638
44843
.49945
23810
.34884
. 40230
.45455
.50562
24272
.35461
. 40840
. 460873
51195

a —h a2 o i e A ok eeh ek A R % —h 3 R ek —h —h 3 —h —* & —h =k .k —h A —h =k ok % b —k % A& Rk ok ok A R N b ed k3 A s

-81353
.82105

82368
82587
.82775
.76482
.18508
. 79239
.79858
.80396
.74229
76797
CTTT3T
. 78539
.792%9
. 72082
75140
76274
77248
.7810%
. 70032
L T3532
4847
.75984
.76986
68070
71971
. 73456
74746
. 75889
.66188
. 70455
.72097
.73533
.74811
.64381
.68980
70770
72343
.T3750
.62642
67544
69473
LT1176
72706
.60965
66145
68204
. 70031
71679
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—_ 5 b ek mi b b e A A ah B ek e b B b ek oad b ek b b b kel e b ok b ek 3 b ek R b ok A b b b b A —h —h a4 LA o

. 86000
» 86000
-86000
.86000
.86000
.86000
.86000
.86000
.B5000
.B6000O
. 86000
.86000
. 86000
. 86000
.86000
. 86000
.86000
.86000
. 86000
. 86000
.B6000
.86000
. 86000
.86C00
.B60C0
.86000
.86000
.86000
.86000
.86000
.86000
.86000
.86000
.86000
.86000
. 86000
.86000
. 86000
.86000
.86000
.86000
.86000
.B6000
.86000
.86000
.86000
.86000
.B5000
.86000
. 86000

.02000
.02000
.02000
-02000
.02000
. 06000
. 06000
.06000
06000
.06000
08000
. 08G0O0
.08C00
.08000
. 08000
. 10000
. 10000
.10C00
. 10000
. 10000
. 12000
. 12000
12000
. 12000
- 12000
. 14000
- 14000
- 14000
. 14000
. 14000
. 16000
16000
16000
. 16000
16000
. 18000
. 18000
. 18000
. 18600
. 18000
.20G00
. 20000
. 20000
. 20000
. 20000
- 22000
. 22000
. 22000
. 22000
. 22000

. 20000
. 30000
.35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
- 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
. 45000
. 20000
. 30000
. 35000
. 40000
- 45000
. 20000
. 30000
+ 35000
. 40000
. 45000
. 20000
. 30000
.« 35000
- 40000
. 45000
. 20000
. 30000
» 35000
. 40000
- 45000
. 20000
. 30000
. 35000
. 40000
45000

«203%25
- 30426
.35461
. 40486
. 45501
.21008
.31315
. 36420
. 41494
. 465356
.21368
. 31780
. 36920
42017
L4707+
. 21739
. %2058
. 3743%
. 425573
47619
.22124
.32751
-37961
43103
. 48180
. 22523
.33259
. 38504
. 43668
48754
.22936
33784
L3906
44248
49342
23364
. 34325
.39638
. 44847
. 49945
. 23810
. 34884
. 40230
. 45455
.50562
. 24272
. 35461
. 40840
. 46087%
.51195

A ek e e ek b ed ek R R R R ok L% ok R ek —b oL b % oA~ ok R b A % ek aad b ok = R Rk R ok o ok =% 3 o o = o~k % & X o

83224
. 84020
84297
LBAR27
.B4AT25
L1813
80269
81037
.81687
82250
15784
. 78488
79475
80315
.81048
L T3550
. T6765
.T7955
78974
.79868
71421
. 75096
76474
. T7663
L78710
69387
CT3ATT
. T5030
76378
77572
67439
71905
L T3622
75121
16454
.65570
70378
72248

. 73889
LT5355
63773
. 68892
. 70905
.72681
LT4275
.62044
67447
69597
71496
73212
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b ek ok ok —h e~k % —b —h —h —h —h —k& —k —h —h ok —k ~k —h ad ok ok —h pkh —h —k —h e —h —k —h —kh o —h o ok —h —k —h ko kb ek —h ok ko h ah

. 83000

. 88000
. 88000
. 88000
. 88000
. 88000
. 88000
.88000
. 88000
. 88000
. 88000
. 88000
. 88000
. 88000
.B8000
. 88000
.88000
. 88000
. 88000
. 88000
. 88000
.880C0
. 88000
. 88000
. 88000
.88000
. 88000
.B80Q0
. 88000
. 88000
. 88000
. 88000
. B800O
. 88000
. 88000
. 88000
. 88000
. 88000
.BB00O
. 88000
. 88000
.88000
.88000
. 88000
. 88000
.B800O
.880C0
. 88000
. 88000
. 88000

.02000
.02000
.02000
. 02000
02600
.C6000
. 06000
. 06000
- 06000
.06000
. 08000
- 08000
.080C0O
. 08000
. 08000
. 10000
. 10000
. 10000
. 10000
. 10000
. 12000
. 12000
12000
.12000
. 12000
. 14000
. 14000
- 14000
. 14000
. 14000
. 16000C
. 16000
. 16000
. 16000
. 16000
. 18000
. 18000
+ 18000
. 18000
. 18000
.20000
. 20000
. 20000
. 20000
.20000
. 22000
. 22000
. 22000
.22000
.22000

. 20000
« 30000
» 35000
- 40000
. 45000
. 20000
. 30000
- 35000
. 400060
. 45000
. 20000
. 30000
. 35000
- 40000
.45000
.+ 20000
- 30000
- 35000
- 40000
-45000
.20000
- 30000
- 35000
. 40000
-45000
. 20000
- 3G000
. 35000
- 40000
- 45000
. 20000
. 30000
. 35000
. 40000
- 45000
. 20000
. 30000
« 35000
- 40000
-45000
. 20000
- 30000
. 35000
- 40000
. 45000
. 20000
+ 30000
« 35000
. 40000
-45G00

. 20325

. 30426
. 35461
. 40486
. 45501
. 21008
31315
.36420
41494
46536
.213%68
. 31780
.36920
V42017
-47071
.24739
.32258
.37433
.42553
AT619
22124
.32751
37961
.43103
. 48180
. 22523
.33259
.38504
43668
. 48754
.2293%6
.35784
. 39063
44248
49342
.23364
.34325
.39638
44843
.49945
.23810
. 34884
. 40230
.45455
.50562
. 24272
.35461
. 40840
- 46083
51165

wh ek ok b —h k& —h —h —h —k —h —h ok ek % ek —h ok —h +oh —kh —h —x ok —h —k —k —k —& ~d .k 2 s —h —h —h —h .ok & —h =R ok ok ok ek ok =R ek ek b

.85090
.85933
.86224
86466
.86674
79770
.82024
. 82831
.83512
.84101
ST7325
.80172
.81207
.82087
.8285%
. 75004
. 78382
. 79628
. 80695
.81629
. 72795
76649
. 78091
79334
.80428
. 70687
L T4971
. 76595
. 780073
. 79249
68672
. T3343
T51%7
.T6701
. 78091
66741
LT176%
LT3714
75425
.76953
.64887
.70228
127326
74176
. 75835
.63104
68734
. 70969
. 72951
74736
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e b e ek o o et b b ik weh o b b b ok ek —h —h ok sk o~k —h —h —h —h ok —h od ok —h —h ek ok —b —h bk %k =k =k ke e e

- 90000
.+ 90000
. 90C00
+ 90000
-90000
. 90000
- 90000
.90000
. 90000
. 80000
» 90000
. 90000
- 90000
. 90000
. 90000
. 90000
.+ 90000
. 90000
. 90000
« 90000
+ 90000
+ 90000
» 90000
. 90000
+ 90000
< 90000
. 90000
90000
» 90000
. 90000
-900C0
« 90000
- 90000
+ 90000
. 90000
< 90000
-90000
- 90000
- 90000
. 90000
-90000
+ 90000
+ 90000
- 90000
- 90000
- 9G000
-90000
+ 90000
- 90000
+ 90000

.02000
.02000
02000

.02000

. 02000
. 06000
.06000

06000

. 06000
-06000
. 08000
. 08000
.08000
.08000

.08000

» 10000
.10000
. 10800
. 10000
. 10000
-12000
-12000
12000
. 12000
-12000
- 14000
. 14000
- 14000
- 14000
. 14000
16000
. 16000
. 16000
- 16000
. 16000
.18C00
. 18000
.18000
.18000
. 18000
. 20000
. 20000
. 20000
. 20000
. 20000
. 22000
. 22000
«22000
. 22000
. 22000

- 20000
- 30000
. 35000
+ 40000
- 45000
.20000
. 30000
» 55000
. 40000
- 45000
« 20000
. 30000
. 35000
- 40000
+45000
. 20000
- 30000
35000
40000
«45000
. 20000
. 30000
. 35000
- 40000
.45000
. 20000
« 30000
. 35000
- 40000
. 45000
.+ 20000
- 30000
35000
. 40000
+ 45000
. 20000
« 30000
35000
- 40000
-45000
.20000
- 30000
.35C00
- 40000
-45000
- 20000
- 30000
- 35000
- 40000
- 45000

20325

.30426
35461
. 40486
- 45501
.21008
31315

36420

41494
. 46536
.21%68
. 31780
. 36920
LA2017
47071
21739
. 32258
37433
425573
47619
22124
32751
37961
.43103
. 48180
.22523%
. 33259
. 38504
.43668

48754

. 22936
.33784
.39063
44248
.49342
. 23364
.34325
.39638
44843
. 49945
. 23810
. 34884
. 40230
. 45455
. 50562
24272
. 35461
. 40840
46083
.51195

ek ok 4k 2 mm x —h —h —k —k —h —h —k —h —h ok —h —k ok ok —h ok ok ah ek ok ok arh —h ek —h bk = ke ma —h e e e

. 86951

.873473
.88149
.88404
.88621

.81398
83772
.84619
.85332
.85949
.78854
81847
.B2932
.83853%
84654
. T6444
.79989
.81294
.82409
83384
74153
.78192
.79701

.80999
.82140
71971

76457
L78150
. 79620
.80918
. 69888
74769
76641

18272
79720
.67894
73135
75170
. 76952
18543
.65983
.71549
V13735
. 75661

77387
64147
. 70008
72334
L T4395
. 76251
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—_ =k o R A ek ok o o ok ok ok R ok ok oeE ok ok =k ek ok = h o ek R o k=R —h ok =3 =% % % ek % —% —% —% .k —& -k % .k A —& —k &

« 92000

. 92000
. 92000
«92000
. 92000
. 92000
.92000
.92000
. 92000
. 92000
.+ 92000
. 92000
- 92000
.92000
. 92000
. 92000
. 92000
. 92000
. 92000
. 92000
-92000
. 92000
. 92000
. 92000
. 92000
+92000
« 92000
.92000
.92000
.92000
. 92000
.92000
- 92000
+92000
. 92000
. 92000
+ 92000
. 92000
+ 92000
. 92000
. 92000
. 92000
- 92000
.92000
.92000
- 92000
- 92000
. 92000
.92000
- 92000

.02000
. 02000
. 02000
.02000
.02000
. 06000
. 06000
.060C0
.06000
. 06000
.08000
.08000
.08000
08000
.08000
10000
-10000
.10000
. 10000
.10000
12000
.12000
12000
12000
-12000
-14000
. 14000
14000
. 14000
. 14C00
.16000
.16000
. 16000
.16000
. 16000
-18000
18000
.18000
. 18000
.18C00
. 20000
. 20000
. 20000
. 20000
. 20000
.22000
.22000

. 22000
. 22000

. 22000

.20000
. 30000
. 35000
- 40000
.45000
. 20000
.+ 30000
- 35000
. 40000
- 45000
. 20000
. 30000
. 25000
. 40000
-45000
. 20000
. 30000
- 35000
« 40000
45000
.20000
. 30000
« 35000
. 40000
.45000
. 20000
. 300G0
. 350G0
» 40000
- 45000
. 20000
. 30000
- 35000
- 40000
- 45000
. 20000
. 30000
. 35000
- 40000
- 45000
. 20000
« 30000
- 35000
. 40000
- 45000
. 20000
- 30000

+ 35000
- 40000

-45000

. 20%25
30426
. 35461
. 40486
- 45501
.21008
+.31315
.36420
41494
46576
.21%68
.31780
.36920
. 42047
47071
.21739
. 32258
.37433
. 42553
47619
.22124
32751
. 37961
43103
.48180
.2252%
. 33259
. 38504
. 43668
48754
.229%6
. 33784
. 39063
44248
49342
. 23364
. 34325
.39638
. 44843
.49945
.23810
. 54884
40230
45455
.50562
24272
. 35461
. 40840
46083

-51195

— e L 3 & & L 4w oa e —h b w b —& o aa % — & A % ok e ek oA A Rk mh Rk % —% & % A _w —h & a A LA A s A A s

. 88807
89750
.90073
-90339
. 90567
-83015
.85513
.86402
87149
87793
80370
83514
.84651
.85614
-86450
. 77868
.81586
.82952
84117
85135
<75495
79724
.81301
.82656
.83845
. 73238
LT7925
. 79696
-81229
.82581
.71086
.76183
.78135
-798734
81342
.69030
. 74495
76614
. 78470
.80125
.67060
72857
-75132
L7736
. 78931
-65171
LTI 268
73687
.75830
JTTTS8
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b ek s A b e eh ek b —h —h —h ek —h —h —h —h —k 2 A _—h —h % b . —k _r —b _ &k A % —& —% —k & b & & & L % & k& . —b —k —p —&

+94000
. 94000
. 94000
- 94000
. 94000
.+ 94000
- 94000
.94000
. 94000
- 34000
. 94000
94000
- 34000
+94000
- 94000
+94000
. 94000
-94000
.94000
» 94000
- 94000
- 94000
+ 94000
. 94000
. 94000
+ 94000
. 94000
- 94000
+ 94000
.940C0
. 94000
- 94000
- 94000
94000
. 94000
. 94000
. 940G0
- 94000
. 94000
» 94000
. 94000
. 94000
- 94000
. 94000
. 94000
. 94000
. 94000
.94000
. 94000
. 94000

-02000
.02000
. 02000
.02000
.02000
. 06000
. 06000
.06000
. 06000
. 06000
. 08000
.0800C0
.08000
. 08000
.08000
. 10000
- 10000
. 10000
. 10000
. 10000
. 12000
.12000
.12000
. 12000
« 12000
. 14000
- 14000
- 14000
. 14000
. 14000
. 16000
. 16000
. 16000
. 16000
. 16000
. 18000
. 180C0
18000
- 18000
. 18000
. 20000
. 20000
. 200G0
. 20000
. 20000
. 22000
. 22000
. 22000
. 22000
. 22000

. 20000
. 30000
« 35000
- 40000
.45000
« 20000
. 30000
. 35000
» 40000
-45000
. 20000
« 30000
- 35000
-40G00
- 45000
. 20000
. 30000
- 35000
40000
45000
- 20000
- 30000
- 35000
. 40000
- 45000
. 20000
. 300C0
. 35000
40000
-45000
. 20000
. 30000
. 35000
.40000
- 45000
. 20000
. 30000
. 35000
+400G0
-45000
. 20000
» 30000
- 35000
- 40000
- 45000
. 20000
. 30000
« 35000
- 40000
+ 45000

. 20325
.30426
. 35461
. 40486
. 45501
. 21008
31315
.36420
41494
. 46536
.21%68
.31780
. 36920
. 42017
ATOTH
.21739
.32258
.37433
. 425573
47619
22124
. 32751
. 37961
.43103%
.48180
. 22523
. 33259
.38504
. 43668
. 48754
.229%6
.33784
.39063
44248
. 49342
. 23364
.34325
.39638
. 44843
.49945
.23810
.34884
. 40230
. 45455
.50562
L24272
.35461
. 40840
AB083
.51195

ek b ek ok weh ok A b —h ok —h & —h ok —h —F —h —h —b _h sk —h —b —A % %k _h _k —* % —k —k —h _k —h % ok ok ok ak R ok ok ke =k ek

. 90659
91654
.91994
.92274
L9261
.84620
.87248
.88179
.88961
89634
.81872
851773
86363
BT370
.88242
» 79278
83174
.84602
85819
.86880
.76824
.81246
. 82893
.84306
.85545
- 74489
79384
.81232
. 82830
-84238
L72267
L T7584
. 79618
.B1388
.82956
.70148
. 15841
. 78048
- T9979
.81699
.68120
LT4152
. 76518
. 78601
.80466
L66177
.T72513
-15028
LTT7254
. 79255




419

h oA ok A R A ek eE ek o = ek e =3 ed anh —h A —k =k ok —3 ok kel —h —% o~k M —* —& —4 o3 —k —k —k& —k —3 —& —k ok —h ok —& —k —k Lk —k —k

. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
.96000

. 96000
+ 96000

. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
« 96000
. 96000
. 96000
. 96000
«96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 86000
.96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 96000
. 86000
+ 96000
. 96000
.96000
.96000
. 96000
. 96000
. 96000

.02000
.02000
.02000
.02000
.02000
. 06000
.06000

. 06000
. 06000

. 06000
. 08000
-08000
. 08000
. 08000
. 08000
. 10000
. 10000
. 10000
. 10000
. 10000
. 12000
. 12000
-12000
. 12000
. 12000
- 14000
. 14000
< 14000
. 14000
. 14000
. 16000
. 16000
. 16000
. 16000
. 16000
. 18000
. 18000
. 18000
. 18000
. 18000
. 20000
+ 20000
. 20000
. 20000
. 20000
» 22000
. 22000
. 22000
. 22000
. 22000

. 20000
. 30000
35000
. 40000
. 45000
. 20000
. 30000

. 35000
. 40000

. 45000
- 20000
. 30600
. 35000
. 40000
45000
. 20000
- 30000
- 35000
- 40000
-45000
. 20000
. 30000
+ 35000
. 40000
- 45000
.+ 20000
- 30000
- 35600
- 40000
. 45000
. 20000
- 30000
. 35000
. 40000
.45000
. 20000
. 30000
. 35000
- 40C00
- 45000
. 20000
- 30000
« 35000
. 40000
- 45000
. 20000
. 30000
- 35000
- 40000
- 45000

. 20325
.30426
.35461
. 40486
. 45501
.21008
31315
. 36420
.31494
. 46536
.21%68
.31780
. 36920
42017
47071
21739
. 32258
37433
. 12553
47619
22124
. 32751
. 37961
.43103
. 48180
.22523%
.33259
. 38504
. 43668
48754
. 229364
.35784
.30063
44248
. 49342
. 23364
.34325
. 39638
44843
.49945
.23810
.34884
LA0230
.45455
50562
L 242772
. 35461
. 40840
. 46083
51195

% & —% —% —x - —% —& —x —% —% —h —% —% —% 4% —h —& 2 —% —% —k % —E ..k —% —k —3 —h —k % L —& —& —& % % & —% ~h b —hedh ok —h —x —h -k —k —k

.92505
.93556
.93913
.94208
.94455
.B6214
88974

89951
90769

91471
83361
.B6823
.88068
.89120
. 90030
.80672
84752
86244
.87514
.88619
78131
82756
84475
.85949
.872%9
75722
.808%2
.82759
84422
. 85888
. T3431
78972
81091
.8293%
.B4563
1247
CTT174
.T9470
81478
.8%265
69162
75433
.7789%
. 80057
.81993
.ET165
T3745
76356
78667
.80744
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— e ek aed b b ad b ok ok —k —h b —h —h —h — uh md —k —h —k —h — —& —h —h —k b b —k e —b —h —k b —h —h —h —k ok —b mh o ok —h o~k —h —h  —h

. 98000
- 98000
+ 98000
- 98000
. 98000
. 98000
. 98000
. 98000
. 98000
.98000
» 98000
. 980C0
. 98000
-98000
. 98000
. 98000
.98000
.+ 98000
« 98000
. 98000
. 98000
. 98000
. 98000
. 98000
. 98000
. 38000
. 98000
-98000
.98000
- 98000
« 98000
. 98000
» 98000
. 98000
. 98000
- 98000
»98000
- 98000
. 98000
-98000
. 98000
- 98000
-98000
. 98000
. 98000
-98000
. 98000
- 98000
- 98000
. 98000

. 02000
.02000
.02000
.02000
.02000
. 06000
. 06000
. 06000
. 06000
.06000
. 08000
. 08000
.080C0
.080CO
. 08000
. 100C0
10000
. 10000
- 10000
« 10000
.120C0
. 120C0
. 12000
-12000
. 12000
. 14000
. 14000
. 14000
- 14000
- 14000
.16000
. 16000
. 16000
. 16000
. 16000
. 18000
. 18000
. 18000
. 18000
. 18000
. 20000
. 20000
. 20000
» 20000
» 20000
. 22000
. 22000
. 22000
. 22000
. 22000

. 20000
. 30000
. 35000
. 40000
- 45000
. 20000
- 30000
- 35000
- 40000
- 45000
. 20000
. 30000
- 35000
. 40000
45000
. 20000
. 30000
. 35000
.40000
.45000
. 20000
. 30000
- 35000
. 40000
- 45000
. 20000
. 30000
. 35000
. 40000
.45000
. 20000
- 30000
- 35000
- 40000
- 45000
. 20000
- 30000
35000
- 40000
-45000
. 20000
- 30000
- 35000
-40000
- 45000
. 20000
. 30000
- 35000
. 40000
- 45000

. 20325
. 30426
. 35461
. 40486
- 45501
.21008
.313%15
. 36420
. 41494
. 46536
.21368
.31780
.36920
. 42017
47071
21739
.32258
.374%3
. 42557
.47619
.22124
-32751
.37961
.43103
. 48180
. 22523
33259
- 38504
43668
.48754
.229%6
.33784
.39063
. 44248
. 49342
. 23364
.34325
.39638
. 44847
.49945
23810
.34884
. 40230
- 45455
.50562
. 24272
35461
. 40840
. 46083
51195

—_ e —k ko ke ek s = L b ek ek bk bk kb ik oA ko ok —b ko —b bk ek ko h —h wh —h —h —h rh ok ok nt &

.943456
. 95455
. 958%0
96137
.96397
.87796
. 90697
91718
92572
.93305
.84835
.88464
.89766
.90864
91813
82052
.86320
.87878
.89202
.90%354
.79425
84256
.86049
.B7584
.88927
. 76938
82268
.84275
. 86007
87530
S T45TT
.80349
.82554
84469
86163
12330
. 78495
. 80881
.82968
.84824
.70185
76701
.79255
.81502
.83511
.68135
74964
77673
.80CT70
82224
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My f C}JD Ct’ m

2.00000 .02000 . 20000 .203%25 | 1.96182
2.00000 .02000 . 30000 30426 | 1.97352
2.00000 . 02000 . 35000 . 35461 1.97744
2.00000 .02000 . 40000 40486 | 1.98066
2.00000 02000 . 45000 . 45501 1.983%38
2.00000 . 06000 . 20000 21008 | 1.89366
2.00000 .06000 .30000 31315 | 1.92410
2.00000 . 06000 . 35000 .36420 | 1.93%3479
2.00000 . 06000 . 40000 41494 | 1.94371
2.00000 . 06000 . 45000 46536 1.95135
2.00000 .08000 . 20000 .21368 | 1.86296
2.00000 . 08000 . 30000 31780 | 1.90097
2.00000 .08000 . 35000 .36920 | 1.91458
2.00000 . 08000 . 40000 42017 | 1.9260%
2.00000 . 08000 . 45000 47071 1.93591
2.00000 . 10000 . 20000 21739 | 1.83415
2.00000 . 10000 . 30000 .32258 | 1.87878
2.00000 . 10000 . 35000 37433 | 1.89504
2.00000 . 10000 . 40000 42553 1 1.90884
2.00000 .10000 . 45000 47619 | 1.9208%
2.00000 . 12000 . 20000 .22124 | 1.80702
2.00000 .12000 . 30000 . 32751 1.85745
2.00000 .12000 . 35000 . 37961 1.87613
2.00000 . 12000 . 40000 .4310% | 1.89212
2.00000 .12000 . 45000 48180 | 1.90608
2.00000 . 14000 . 20000 L2252% | 1.78137
2.00000 14000 . 30000 .3%3259 | 1.83692
2.00000 . 14000 35000 .38504 | 1.85782
2.00000 . 14000 . 40000 43668 | 1.87583
2.00000 . 14000 . 45000 48754 | 1.89166
2.00000 16000 . 20000 .2293%6 | 1.75705
2.00000 . 16000 .30000 33784 1 1.81712
2.00000 . 16000 . 35000 .39063 | 1.84006
2.00000 . 16000 . 40000 .44248 | 1.85596
2.00000 . 16000 45000 49342 | 1.87755
2.00000 . 18000 . 20000 23364 | 1.73394
2.00000 . 18000 . 30000 .343%25 | 1.79802
2.00000 .18000 . 35000 .39638 | 1.82281
2.00000 . 18000 40000 44843 | 1.84448
2.00000 . 18000 . 45000 .49845 | 1.86374
2.00000 . 20000 . 20000 23810 | 1.71191
2.00000 . 20000 . 30000 .34884 | 1.77955
2.00000 . 20000 . 35000 40230 | 1.80606
2.00000 . 20000 . 40000 45455 | 1.82937
2.00000 . 20000 . 45000 .50562 | 1.85021
2.00000 . 22000 . 20000 .24272 | 1.69087
2.00000 . 22000 . 30000 . 35461 1.76168
2.00000 . 22000 . 35000 .40840 | 1.178977
2.00000 . 22000 - 40000 . 46083 1.81462
2.00000 . 22000 . 45000 .51195 | 1.83695
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EVALUATION OF THE COEFFICIENTS OF EQ. 7.1 FOR A 150mm

BORFHOLE
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A.7.3. CURVE FITTING (POLYNOMIALS) (see Chapter VIII)

In the following paragraphs, the basic elements of the
theory of curve fitting are presented. It has already been
stated that it is important to be able to approximate the
usual "correction Charts” used in the evaluation of normal
resistivity devices. Since the same approach could be
extended to a number of other "correction Charts", the
author decided to include in the present thesis a least

sguares program, written in BASIC.

When fitting a polyncmial to n data points (xl,yl), {xz,yz)

(xn,yn) it is assumed that all the errors occur in the
y values and that there are no errors in the x values. For
each value of X there will be a calculated y value from
the polynemial, and the difference between this and Y, will
be the residualA, . Thus

v 2 j? e
Af“yf (Q+bir+cxr+d‘ r+ ) (A.7.3.1)

The principle underlying the fitting of the poclynomial is
to make the sum of the residuals squared as small as

possible by choosing appropriate values of a,c,c,d

r=v

kS
Sum of residuals sguared =E = E Ar (A.7.3.2)

=i

The ‘'best' polynomial of a given order 1is that which
minimises E. The method for minimising E is to partially
differentiate E with respect to each of the coefficients in
turn, and equal each of the partial derivatives to zero.
This will result in m + 1 sinmultaneous equations (m is the
order of the pcoclynomial) which are called the normal
equations, and can be solved by the usual matrix inversion

techniques.
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In general if n data are selected from a "ccrrection chart”
and have to be fitted by a polynomial of order m, it is
found that its coefficients may be obtained by the

following matrix equation:

- E - ™ - -

o n T ... 2y e
b - Z'Ir Iit zﬁ?-*‘ I I & €3, S
(A.7.3.3)
. : . . . Z’:(m
| I T -l B

The use of portable microcomputers permits the above
calculation to be performed very fast but, since a computer
only carries a limited number of significant figures, there
is a problem of defining the accuracy of the results
obtained. The author found that even using double
precision where the computer carries double the wusual
number of significant figures only allows reliable answers
up to about an order of six on most portable computers.
The major cause of inaccuracy is ill-conditioning of the
solution of the normal equations with respect to the
coefficients of the matrix. More simply a small change in
the wvalue of the terms in the matrix drastically changes
the coefficients of the polynomial obtained as the
solution. A second smaller source of inaccuracy is termed
instability, and is caused by the accumulation of rounding

errors in performing the calculations.

Having the above in mind the following suggestions are

made ;-

(a) The accuracy of the coefficients is likely to be
improved by performing the calculations carrying a

larger number of significant figures.

(b) Accuracy can be improved by scaling the data into a
small range close to zero, before building and

solving the matrix.
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The best results are obtained if a method is used to
keep the off-diagonal terms small, and the ideal case
is to have all off-diagnonal terms zero. A method of
achieving this was devised by Forsythe (1957} and has
revolutionized the whole subject of polynomial curve
fitting. In this method, the value y is expressed in
terms of a set of polynomials Pi’ where Pi is an

arbitrary polynomial of order i. Thus:

Yz CoPat ORI+ GBI+ (R () (A.7.3.4)

and the simple normal equations given in Equation (A.7.2.3)

are replaced by the following more complicated ones:-

(@ [ Eelonax)  Zooedpitxd  Epoiepuixy. .. ] [ Epaty.
“ Epxipolx)  Zp(xdp(x)  Epi(x)pax,) . .. Zpi(x)p
@ Zpaxpo(x)  Tpax)pi(x)  Epa(x)pax) . . EpaAx )y
Cm B L Epm(xr)pﬂ(xr) Ep,,,(x,,)pl(x,) Epm(-\'r)pg(xr) e | me(x’)yr -J

The objective is to choose the polynomials Py such that all

terms which are off the leading diagonal

above will evaluate to zero.

in the matrix

Forsythe showed that this was

always possible 1f the polynomials were derived from the

following formula:

Ru(2) = 2 (A- oup) B0 - B B, (20

(A.7.3.5)
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rz"

A
Qs = ZLEH"J (A.7.3.6)

="

Z P:(:u)

and

By - Z R ()

= g (A.7.3.7)
Z Fl?-t (‘ir)
v

The above procedure has been followed in the
presented below,.

program



Ty

121
1.0
129
136

L58
168
174¢
18w
199
248
2id
229
230
240
256
260
27¢
236
299
349
314
329
3lg
340
354
364
379
389
399
400
4l1v
428
430
440
450
464
470
4608
498
S50¢
518
529
538

DIM
DIM
DIM
REM
REM
REM
PRI
FRI
PRI
PR
GU
LE
1F
PR
PR
FR
PR
PR
PR
LE
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PROGRAM FCR LEAST SQUARE FIT

P(128) ,R(100),T(108),0(188),v(100) ,w(180) X (128),v(180) ,Z2(1d8)
a{le),B(18),C(18),D(11),F(16),G(18),L(1Q),0(19),5(10)
AS(2),I5(3),05(10)

ARRAY SIZES LIMIT PROGRAM TO A MAXIMUM OF 108 DATAR PBOINTS.

THE NUMBER OF DATA POINTS SHOULD BE AT LEAST 2 GREATER THAN THE
MAXIMUM ORDER OF THE POLYNOMIAL.
NT "PROGRAM TO FIT A POLYNOMIAL TO A SET OF PUINTS"

NT "=z====z2=z2=z2z =z= ===z = =zcsssss=== =z = =z == =z====z="
NT
INT "WOULD YOU LIKE FULL INSTRUCTIONS.":
SUB 3629
T 1§ = G3
I$ = "NO" THEN 168
INT "TYPE IN A PAIR OF X & Y VALUES & WEIGHT SEPARATED BY CGMMAS™

INT "THEN PRESS RETURN, TYPE THE WEXT PAIR OF VALUES ETC"
INT "TERMINATE DATA WITH 99999%9, 9999499, 999993"

INT

INT "STARTLING DATA"

INT " X, Y, WEIGHT"

T N 2

FOR I = 1 TO 139

NE
PR

INPUT X(I), ¥Y(I), W(I)

IF ABS (X (L) - 999999) + ABS(Y{I) - 9999499} = @ THEN 31¥

IF W(l) »= B THEN 273

PRINT "NEGATIVE WEIGHIS ARE IMPOSSIBLE - RETYPE LAST LINE"
GUTO 228

LET N = N + }

XT I

INT "PROGRAM CAN ONLY HBNDLE MAXIMUM QF 14§ VALUES"

REM CHECK THAT THERE ARE AT LEAST 2 POINTS

IF
FR

N < 2 THEN 1670
INT

REM CALL SUBROUTINE TO CHECK THAT DATA ARE CORRECT

GosuB 2779

PRINT

REM CALCULATE MAXIMUM ORDER BASED ON NUMBER OF DATA POINTS

LE
iF
LE
iF
PR
GO
PR
PR
PR
PR
PR
iN
iF
1F
IiF
PR
GO

T N9 = 9
N - 2 >= 9 THEN 4&¢
T N9 = N - 2
I$ = “YES" THEN 439
INT “"TYPE ORDER REQUIRED"
TO 48W -
INT "TYPE IN THE ORDER REQUIRED IN THE RANGE 1 -"; N9; " OF THE"
INT "ONE SPECIFIC POLYNOMIAL RECQUIRED."
INT "OR TYPE @ IF ALL THE POLYNOMIALS FROM ORDER © -";N9;"ARE TO"
INT "BE EXAMINED, AND THE ONE WHICH FITS BEST REPORTED," .

INT "THEN PRESS RETURN."
PUT L

L <> INT(L) THEN 529

L < ¥ THEN 524

L <= N9 THEN 355u

INT "INCORRECT VALUE TYPED"
TO 438
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548 REM SET THE MAXIMUM ORDER TO 9, IE M1 (MAXORDER+1) TC 18
550 LET M1 = 1@

566 IF L <= @ THEN 534

579 LET M1 =L + 1

588 LET I =N -1

598 IF M1 <= I THEN 628

o8P LET M1 = 1

618 REM CALL SUBROUTINE TQ FiT THE POLYNOMIAL

620 GOsUB 1189

630 LET M2 = M1 - 1

648 PRINT

659 IF L = @ THEN 63¢

666 PRINT "ORDER OF POLYNOUMIAL SPECIFIED ="; N2

612 GOTO 718

68k PRINT "MAXIMUM ORDER OF POLYNOMIAL TESTED FOR ="; %2
698 PRINT "ORDER OF BES[ POLYNOMIAL FOQUND ="; N2

709 PRINT

719 PRINT "POLYNOMIAL JRDER SO0ODNESS OF FIT"

72¢ FOR I = 1 TO Ml

73 PRINT I - 1; TAB(l8); G(I}

744 NEXT I

7580 PRINT

768 PRINT "COEFFICIENTS OF THE BEST OR SPECIFIED SRDER POLYNOMIAL"
779 PRINT "(Y = A + B*K + C*X72 + D*X 3 +...1"

788 LET N3 = §2 + 1

79 FOR I = 1 TO N3

39y READ AS

B18 PRINT AS; TABI15); F{(I)

828 NEXT I

432 DATA "A=", "B=", “C=%, "p=, “E=", “Fa", "G=", "H=", "I=", “J="
948 RESTORE

856 PRINT

86¢ PRINT "WOULD YOQOU LIKE A TABLE OF RESIPUALS"
874 GO3UB 1598

389 1F Q% = "NO" THEN 980
394 PRINT "X Y Y {CALC) TIFF"
9@y LET RZ = ¥

919 FCR I = 1 TO N

924 PRINT X (I), Y(I), Z(i), RiIl

93y LET R2 = R2 + R(I} = 2

Y944 NEXT I

35y PRINT

Y68 FRINT "SUM OF ERRORS SQUARED ="; R?

378 PRINT

98y PRINT "WOULD YCU LIKE ANOTHER RUN";

$9% GOSUB 3590

16450 IF QS = "NO" THEN 1183

1618 LET I$ = "“NG"

lgzp PRINT "WOULD YOU LIKE TO TRY ANOTHER ORDER WITH THE SAME DATAY

1339 GosSUB 3594

1449 IF ©$ = "YES" THEN 310

1958 GOTO 160

1966 REM ENTER IF THEERE ARE NGT ENOJUGH 2QINTS

1479 PRINT "RUN TERMINATED - NOT ENOUGHE DATA POINTS"

1vgp GOTO 986

1y REM TERMINATE JOB

116¢ iF I$ = "NO" THEN 1149

1116 PRINT "REMEMBER THAT Y2JU MUST NOT EXTRAPGLATE BEYOND DHE™
112d PRINT "DATA POINTS, AND ALSO THAT INTERPOLATION SETWEEN"
1136 PRINI "PUTHTS IS DANGERQUS WITH HiGH ORDER POLYNOMIALS."
1140 PRINT "END OF JUB"



1150
1168
11748
1186
1199
12d6
1211
1226
12308
124@
1254
1266
1279
1284
1294
1384,
131¢
1326
1330
13493
1354
1368
1370
1386
1398
140¢8
41y
142u
[d 3y
144
1459
ldéy
1474
1448
1490
15486
1510
1524
15350
1544
1358
1360
137
1584
1594
1644
161e
1629
1620
164
165¢
lobu
1679
168¢
1698
1798
1719
172¢
1738
1744
17548

STOP
REM SUBROUTINE T0 CALCULATE A WEIGHTED LEAST SQUARES POLYNOMIAL

REM BY FORSYTHE"S

METHOD USING

432

ORTHOGONAL POLYNOMIALS.

LET M3 = M1 - 1
LET N2 = M3
FOR I =1 To M1
LET C(I} = ¥
NEXT I
LET Q(1) = ©
LET D1} = @
LET D(2) = @
LET A(l) = 1
LET D2 = 9
LET Pl = @
LET S1 = @
LET G1 = ¢
LET 11 = @
LET 52 = W(l)
REM FIND THE MAXIMUM ZAND MINIMUM X & ¥
LET X9 = X!(1)
LET X1 = X (1}
LET ¥Y$ = Y (1)
LET Y1 = ¥ {1}
FOR I = 2 TO N
IF X (1) <= X9 THEN 141%
LET X9 = X(I)
IF X1I) >= X1 THEN 1420
"LET X1 = X(I)
[F Y(I) <= YY THEN 1459
LET Y9 = Y (I)
IF Y({I) »>= Y1 THEN 1470
LE? ¥l = Y{I)
LET S$2 = 52 + wW(l)
NEXT 1
REM CHECK 'FHAT 5UM OF WEIGHTS 1S NOT ZERD
IF 82 = § THEN 2744
LET Y3 = (Y9 + Y1) / 2
LET Y4 = (Y9 - ¥1) / 2
F Y4 > @ THEN 1586
LET F({1) = v(1)
ET N2 = 0
GOTO 272¢
REM SCALE Y TERMS [WTO THE RANGE +1 TO -1
FOR I =1 TON
LET vil) = (Y(I) - Y3} / v4
LET B2 = D2 + W(I) * v(I)y = 2
LET P{I) = 1
LET T(1) = &
LET Pl = Pl + W{I) * v(I}
LET 31 = 81 + W(I)
NEXT 1
LET S(i} = pPi ,/ sl
LET Ct(l} = 5{1)
LET D2 = D2 - S{.} * Pl
LET G{(1} = ABS(D2 / (N - 1)}
LET Al = 4 / 1X% - X1}
LET Bl = -2 - Al * x]
REM SCALE X TERMS INTO THE RANGE +2 TO -2
FOR I = 1} TO N
LET U(I) = Kl * X (i) + Bl
NEXT I
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-1§5b'aes START LOOP FOR EACH ORDER
1779POR 1= 1 TO M3

1786

1798

i8ae
1819
1824
1839
lg4e
185¢

1860

1874
18849
1898
1989
1318
1924
1938
1946
1958
1968
1979
198¢
1599
2080
201@
2420
2039
2640
2056
2a58
2p7d
2080
2099
2lge
211ée
2120
2139
2148
2158
2168
2178
2189
2150
22846
2214
2229
2238
2249
2258
2264
2270
2284
2296
2368
2318
2320
2338
2349
2359
2369

LET D1 = @
FOR J = 1 TO ¥
LET D1 = D1 + W(J) * U(J) * p(J) ~
NEXT J
REM L IS FORSYTHES ALPHA
LET L{I + 1) = Dl / 81
LET W2 = Sl
LET 51 = @
LET P1 = @
REM STORE VALUE OF CURRENT GORTHOGONAL £OLYNOM
REM AND OF PREVIOUS ORTHOGONAL POLYNOMIAL IN T{
FGR J =1 TGO N
LET D1 = Q(I) * T(J)
LET T{J) = P(J)
LET P(J) = (U({J) - LI + 1)} * p{J) - D1
LET 81 = 81 + W(J) * P{J} ~ 2
LET P1 = Pl + W{(J} * V(J) * P(J)
NEXT J
REM Q IS FORSYTHES BETA
LET Q(I + 1) = 81 / W2
LET S(I + 1) = P1 / §1
LET D2 = D2 - S(I + 1) * Pl
LET G(I + 1) = ABS{D2 / (N - I - 1})
IF L > @ THEN 2188@
REM ENTER IF PROGRAM HAS TO DECIDE ON BEST ORDER
IF I1 = ] THEN 2134
IF G(I + 1) < G{I) THEN 2189
REM ENTER IF A MINIMUM DETECTED
LET N2 = 1 - 1
LET I1 =1
LET Gl = G(I)
FGR J = 1 TO Ml
LET B(J) = C(J)
NEXT J
GOTO 2183
IF G(I + 1) >= 8.6 * Gl THEN 2183
LET Il = 8
LET N2 = M3
REM BUILD COEFFICIENTS OF J TH ORDER TERM IN A({
REM EXPLICIT POWER SERIES IN C{ )
FOR J = 1 TC 1
LET Dl = D(J + 1) * Q{I}
LET D{(J + 1) = a(J}
LET A{J) = D(J) - L{I + 1} * a(J) - D1
LET C(J) = C{(J} + S{I + 1) * A(J)
NEXT J
LET C{I + 1} = S{I + 1}
LET A(I + 1) =1
LET D(i + 2) = &
IF I1 = @ THEN 2329
IF I <> M3 THEN 2328
FOR J = 1 TO ™l
LET C(J) = B(J)
NEXT J
NEXT I
LET D(1) = 1
LET B(1l) =1
LET F(1} = C(1)
FOR I = 2 TO M1

)

)

IN P( )}

(L = B)

& SUM TO FORM



2379
2389
2398
2409
2410
2429
2430
2440
2458
2460
2476
2482
24599
2590
25148
252¢
5349
2544
2550
25649
2579
2589
2598
2680
2618
2624
2630
2648
2658
2664
2670
268%
2699
27up
2719
27728
2733
2742
2759
2768
2710
278p
274948
2300
2810
28206
2839
284y
2850
28bw
287¢
288w
28430
2309
2918
2928
291308
254y
2958
2960
24976
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LET D(1) =1
LET B(1) = Bl * B(I - 1)
LET F(1) = F{l) + C(I) * B(IL)

REM WCRK OUT EXPLICIT POWER SERIES IN UNSCALED X, & ADD
REM INTO THE COEFFICIENT5 F{ )} THE RELEVANT CONTR[BUTIONS
NEXT I
FUR J = 2 TO M1

LET D(i} = D(1) * Al
LET F{J} = C(J) * D(1)
LET K1 = 2.

LET J1 = J + 1

IF Jl > M1 THEN 2564
FOR [ = J1 TO Ml
LET D(K1) = Al * DI(E1l) + D{Kl - 1)
LET F(J) = F(J) 4+ Cii) * D{Kl) * BI(KlLl)
LET K1 = K1 + 1
NEXT I
NEXT J
REM CALCULATE YCALC & RESIDUAL FOR EACH POINT (ON CRIGINAL SCARLE),
FOR 1 =1 TO N
LET J = N2 + 1
LET Y5 = F{J)
iF N2 = 0 THEN 263@
FOR K = 1 TO N2
LET ¥5 = F(J - 1) + {X(1}) * ¥5)
LET J = J -1

NEXT K

LET Z(I) = Y5 * ¥4 + Y3

LET R(I) = (V{I}) - ¥5) * ¥4
NEXT 1
REM CUNVERT COEFF ARRAY F( ) BACK TO ORIGINAL ECALE
LET F(1) = (F(1}) * ¥4) + ¥3

FOR I = 2 TO M1
LET F(I} = F(I) * Y4
NEXT 1
RETURN
REM ENTER IF ERRORS DETECTED
PRINT "JOB TERMINATED BY PROGRAM BECAUSE SUM OF WEIGHTS = §"
STOP
REM SUBROUTINE TO CHECK THAT DATA ARE CORRECT & ALTER IF NECESSARY
PRINT "ARE THE DATA VALUES ENTERED CORRECT?";
REM A4 SHOULD BE SET TO THE NUMBER OF LINES ON THE VDU
LET a4 = 29
GOSUB 3398
IF 9% = "YES" THEN 357¢
PRINT "HERE IS A LIST OF THE CURRENT DATA"
PRINT "LINE NUMBER", "X", "Y", "WEIGHT"
FOR [ = 1 TO N
BFRINT 1, X(I), Y (1), W(I) ’
IF INT(L / (A4 - 1)) * (A4 - 1) <> I 7THEN 2908
PRINT "WOULD YDU LIKE TO CONTINUE LISTING":
GOSUB 3%948
1F Q5 = "NO" THEN 2913
NEXT I
PRINT "TYPE R TO REPLACE™;
iF IS = "NO" THEN 28649
PRINT " AN EXISTING LINE OF DATA"
IF N = 194 THEN 2059¢
PRINT TAB(5); " A TO ADD":
IF I$ = “NO" THEN 2938
ERINT " AN EXTRA LINE"



2980
2998
3848
3#10
3028
g3
3849
3458
3060
3879
36839
3899
310y
3lie
iiz2p
3130
3140
3159
3168
3l76@
3138
3199
3298
3210
32240
3238
3249
3250
31260
3279
32898
3299
33po
33ié
3328
3339
334¢
3354
3364
3378
3386
3394
3460
341¢
3420
3439
34449
3459
3463
3479
3480
3494
3544
3518
3524
3530
35449
3554
3564
3570
3580

3598
3609
s6ly
3624
3630
31644
3659
ig6ed
bt
1560
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IF N = 1 THEN 382¢

PRINT TAB(5); “ D TO DELETE";

IF 1$ = “NOQO" THEN 3020

PRINT " AN EXISTING LINE"

PRINT TAB(5); " L TO LIST*;

IF IS = “NO" THEN 3050

PRINT "™ THE DATA"

PRINT " OR C TO CONTINUE";

IF I3 = “NO" THEN 3089

PRINT ™ THE CALCULATION"

INPUT Q$

IF 0% = “R" THEN 23199

IF ¥ = 100 THEN 3139

IF Q% = "A" THEN 333¢

IF N = 1 PHEN 3144

IF Q5 = "D" THEN 3430

IF Q$ = "L" THEN 2823

IF QS = "C" THEN 3570

PRINT "REPLY '"; Q$; "' NOT UNDERSTOOD."

GOTO 2918

REM REPLACE LINE

PRINT "TYPE THE LINENUMBER OF THE LINE TO BE REPLACED";
INPUT 1

IF I <> INT(I) THEN 3238

IF (I - 1) * {I - N) < = B THEN 3268

PRINT "LINENUMBER MUST BE AN INTEGER IN THE RANGE 1 -"; N
PRINT "RE-";

GOTC 11932

PRINT "TYPE THE CORRECT LINE TCO REPLACE THE ONE WHICH IS WRONG:"
PRINT "X, Y, WEIGHT"

INPUT X (1), YII), W(I)

IF W(I}) >= @ THEN 34828

PRINT "NEGATIVE WEIGHTS ARE IMPOSSIBLE - LAST LINE REJECTED"
GOTO 32648

REM ADD A NEW LINE

LET N = N + 1

PRINT "TYPE THE ADDITIONAL LINE OF DATA AS SHOWN:"
PRINT "X, Y, WEIGHT"

INPUT X(N), Y(N}, W(N)

IF W{N) >= @# THEN 348¢

PRINT "NEGATIVE WEIGHTS ARE IMPOSSTBLE - LAST LINE REJECTED"
GOTo 3344

PRINT "OK"

GOTC 2914

REM DELETE A LINE
PRINT “TYPE THE LINENUMBER OF THE LINE TO BE DELETED"
INPUT J
IF {(J — 1) * (J - N) >@ THEN 347¢
IF J = INT{J) THEN 3492
PRINT "LINENUMBER MUST BE AN INTEGER IN THE RANGE | -"; N
GOTC 3438
FOR 1 =J + 1 TON
LET X{I - 1} = X{I)
LET ¥{I - 1) = ¥(I)
NEXT I
LE* N = N - 1
PRINT "QXK"
IF J > N THEN 201¢
GOTO 2529
RETURN
REM 3UBROUTINE TG CHECK REPLIES
1P I$ = "NO" THEN 3619
PRINT " TYBE YES CR NO & PRESS RETURN."
PRINT
INPUT 03
IF 0% = "YES" 'THEN 3674
IF QS = "NQ" THEN 367¢
PRINT “REPLY '"; Q%; "' NOT UNDERSTOUD.";
GOTO 31663
RETURN
END
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A,7.4 PROGRAM "WINDOW"

The data to be processed are kept in an array (byte vector)
starting at address #V. Since the first 100 bytes contain
information about the log, the program processes the data
from address #V + %64 onwards. Since B is the number of
bytes used in the calculation of function C the parameter of
W, which indicates the order of the data point from which

the zonation starts, must satisfy the following condition:

W » lst point + B
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9. "ENTER NUMBER OF DATR™ sIN.N
19FDIMARGEC1BD) 13500
14P. *ENTER B"' ;IN.BsP. “ENTER D*'3FINRUT %D
1EP, "START AT POINT*3IN.W
RN INFF{3eD)
JBV=#EABA C=#2900 [=#3 700 U=£EL00
BOF.I1=W TON
THA=2
goF.J=1 TO B
SRA=KRHFLT (W2 (T+J-1)-V2 (1003
1PN, ]
11A=ABS{%R) /B-%D
{ZRIFEAY ] GOTOL48
130=0
148071 Y= Pperft
158, I
1 78E=K FF(W)=E: 5=
150F. I=W TO N
198 IFG=-000T0262
CORIFCT (1) -CT(I-12}18 GOTO 248
HBE=C+ iFF(EY=I-1
24P, 1
27BP. FF(E)SP "EVIR.E
243G-9
2586010288
ZERIFCH(1-CYI-1) (=B GO0 230
gyl
8N §
298 =0 k=00
IpOF. =W TO E-1
TR =(FFOHD-FE
K SFF +L H sFFMHD- L -t
T3P, “kkkwchob okt !
TGEP.L iR T MIPLK RV SiRLH
Jo@SS(R-1)=R
EF.I=KTOH
T7MESSC T y=4SS (I-1)+FLTCVICI N
IEAN. [
TOBP. "SIH(MY) IS*5 FPRINTWSS{H}®
GRMOOCH)  =ES5(H) JCRBSCH =K )+
§1BFPRINTERG(H)
sopp.
A28 I=FF( 1O FF(M+53
EHQT ] ) =100 (H)
430N, J
LEEN. X
470, I=FF(W) TO FROE-L3 107D =IH{ IR 22 (DN T
A%0F. =1 TO J5iR. 475N T
490F, “ZONATION IS OVERY
SPEP. "THE ZONE BOUNDARIES ARE AT ARRAY FF
S18P. *Y0U CAN ENTER P, 32 AT LINE 16@ FOR PRINTING THE RESLLTS™
520P. “IF YOU WANT THE RESULTS ON CRSSETE TYPE 1
SIBIN.Y
SEQIF ¥ (! GOTD 590
SS@A=FOUT"
SO =N- 25
556F.K=1 T0 2B3WAITINK
S57F.1=1 TO N
SBABPUT R, U(D)
983F.J=1 10 ZBiWAITIN.J
5BN. [
S99END
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A.7.5 PROGRAM 'FILTER

The program gets directly the data from the cassette and
evaluates thedifference between 16-inches and 6i-inches
normal resistivity logs. It provides the facility of carry-
ing out n-terms moving average filtering, where n is user-
defined, Sheppard's five fterm, Spencer's twenty-one term

and Spencer's-Sheppard's seven term moving average.
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aDIMBBIS@A)

{BN=#OE64 5 M=H#BASC 1 B=4BD02: 543302

1E=¥88 1 F=#81 ; G=H02;: H=483; P=434  R=HEb I=#97 /=488
0P, “ENTER NUMBER OF DATA":IN.

23 GOTD 133

I@P. "ATTENTION ENTER THE 15N

LEA=FING®

o, f=1 T0 K

E@N7(1)=BGETA

7N, T

£0F, I=1 TO 1@5P. 87N

98P, "RTTENTION ENTER THE 64X’
188B=FIN""
11%.1=1 T0 K
128 (I)=BRETR
13,
LIRALY
LIEP, *D0 YOU WANT THE DIFFERENCE OF THE BYTE VECTORS M. R'iINGSE
$3TIF$E="N" 60S.b
160 .1=1 TO 1B P.ST3N, D
190, J=1 TO K
LEA=NTLE)
1780=42 ()
1e@P=C-1+10d

19822 (J3=P
BT
Zi0uP, D0 YOU WANT FILTERING®IN, %
2Z0IF $F=N" GOTD 358
298P, *DO YOU WANT SHCZPPARDS FIVE POINTS FILT. "' 1IN, %P
JARIFEP="N" HOTO 33

TZRP. “DO YOU WANT SP-SH FILTERING“IIN. 4R
T4RIFSR="N" GOTQ 4@

I4a4F, 1=1 10 X
JATAT=THFLTINTCL+3) b CFLT NP CT443)-PLTCMI (142000
IoMEU=IR (FLTON? CI+SD)+FLTINYI+ 1))
OISR ELTOND (T+E D +FLTEN 5 )
IREST{E+T) S ORTHEL /20D

JEN, I

4P, D0 YOU WANT TG USE SPENCERS FILTER"'IIN.$I
41BIF$Z="N" GATO 478

41F. 1=1 TG K

420 T=E@#(NP{I+1813+37RNV( T+ 10oN2(149))

473 U=GTeNY(THI2) NI (T SIS NPT+ D) MY (T47))
808 =1 SN IALAY NI (THEY DR NV ETHLT) $NT (1430)
G358 X=-2w(NT{I+1B) NPT +E) ) -De NP (T+ITI NI ([+3))
4ER Y-S (NP (THIBNP{ I+ 0-Te N [+19) N K I+1))
463 SHI+E)= (0 T+ U+ We X+ YHONTOIHER)ANDCTH) ) /358)
457N I

478P."DD YOU WANT L POINTS MOGVING AVERAGE":IN. $A
LEATF$A="N" GOTO 338

490F.ENTER L7 3INLL

M. [=2T0K

S1EBB(I-13=

913 J=1 10 1+

S28BR(I)=BBCI-1)+NZ(J)

2N

STESLy=X(FLTCBBOI-1) /L)

S4EN. I

SSREND
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A.7.6  PROGRAM "CORRECT"

This program uses, either the conductivity log or, a user
defined value for average fluid conductivity, in order to
correct the apparent normal resistivity values for the

case 0of a 150 mm diameter borehole.

Si=420
18A=43 1345 B=04000 ; L= 42682
207, "CNTER NUMBER OF AES. DATR TORE PROCESSEDY iIN. A
25P=FIN""
W I=1 70K
LOB7(])=RGET P
oI
G@P, "INPUT DATA WERE:""
B5F. I=1 TO MR BXISN, ©
BGP, *DC YOU WANT TO USE THE CONDUCTIVITY LOGE" :IN.3U
E71F $U="N" GOTO 20
79P, “LOADCONDUCTEVITY LOG AT LACATION #3g0@™
776078 125
B@P, *ENTER VALLE FOR CONDUCTIVITY®
92IN. K
199F. J=1 10 M
LIBRM () =K
[2ON. ]
125WAIT
i IEE=8, DBGR9EA%4 1 XF=-2. BAT1 229986 XG=0, 77545259
{ Ta%H=8. 39177459
PAOF.J=1 TOX
1SED=FLT(BY (Y IFLT{AY (J7 )/ 1B0GR
1 BBt R=s Dk Dl D3 XD Dl D G4 v
1E3C2 (] )= ChR] BRAB/FLT (R IN)
178, ]
189P. "CORRECTED DATA ARE“':F, I=1 TO MiP, £ 10N, ]
198F. *DO YOU WANT THE DATA ON TAPE";IN, $C
ZPOIF $C="N" GOTO 2ed
Ziea=FoyTe
2OF. =1 T0M
2IWBRUT A.CHD)
2080 J=1 TO ZANAITIN, T
250, 1
2ROEND
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A.7.7._ PROGRAM "FORM"

1607040
1P, "ENTER 273 IN. o
EUA=E AT
Z@P. "No OF DATR I@:viP. oy’
ABRN=#Z0DR B=§#Z4053 D=4 G300 P=gaZEgy L=#a 708
4oG0NTO1+2
S@F. I=1 TO @
EON? O =RGET A
T@aN, T
8pF, I=1 TO i@:P 730 T
IR, MDATA OKrY
TRABF. I=1 TO asF. K208 I
T1@F, “ENTER INTERMVEL FOR WHICH YOU WRMT THE DIGTSIBUTION"?
TERP, "EVERY HOW HMANY BYTES:U"s5In, A
1 EDR=80D 5 Ks=Ll+H
ENATE-
1=OP. PINTERVRLT S LDATR AQRENT
1BWF. I=1 TO K-{
TERRLN? TR0
1Ry =N {T+00
DEON, T
: P =i e
00 M (MR /0
H=el TO K-
=t TR Ml

—M
‘aTGh
My sRPCI-My =T

i1 =1
CSORTED DATA ARE0T
=) T KDL RTPCDY NG T

i
e
it

A:LLJQ}NQ 3. -Tt‘
22ant
FZRRE=5+1
TREIF S

gLi“uif%li_

SRR T N R R

TSy
P4

FPGV“;FPHINT@.E$Q¥JH”TJ“
CMETERS

“m@ =TI
wiw‘“(j}mC“(T\-j e

AEDPL L7 CTI P, PO
43@N.J
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SOQGDTD ATE
4P, "DD YOU WANT TO CALCULATE THE SEOELECTRID PARAMETERGH
GEAR,"TF YES ENTER 1VsIiM.DsIF DO IGODTD 878
A7 A =05 26=03 Y=0
asiF. =1 70 1
GUPAF=%WF+ FLTOL2 )l BFLTOP? (T3
SEQUE=w0E T2 ) o] LASFLTOR? 0030
DY Y+ T
SN J
SEQAN=UF SFLT YD
QMI/N=%BXFLT(Y)
SR K =R CAY v )
d».f.’i,.;f::' AN
STAP. Yk INTERVAL BETWSEN" SFRRINT G, 25 P, "METERS ANDE
SEBFPRINT =@, 23 PO "METERSHbs"?
SEAP. "TRANSVERSE RESTSTIVITY ISYIsFPRINTYHV P, "0, mb7
ERRE, "LONGITUDINAL RESIDTIV. TEYSFPRINT “Z5F. "0, m" T
ELEF. "ANISOTROPY IMNDEX TSU"3FRRINT®WE
= ' T™H S3pP."™ 7

SETR=ER
ESRIF D4R GOTD 1m0
E7OEND
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APPENDIX A8
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A, 8.1 COMPUTER PROGRAM FOR NORMAL RESISTIVITY LOG SIMULATION

4+ ~
LAFDIMER

THT T
R ARE
JBF,INPL
LT T
GEFINPLTED
TP eTN

?EP.“ENFUT
SZF TNRHTIS
SERLVINAUT 22
LA INAUTYR
PIRR RTNAUT
S IRPUTAD
TSR, CINRGY STARTING I INT IF
LEEF INPLTHR

13, MINPUT LOGGING I
LEEFINPLTER

178282

LRRA= A0 f O 0

B AT

IR I=AT

£y B =1k
Loadns—H

B e FAS A

SHR=UE-XT 0D
FERAH=(HE-4T) /4D

TR D 1)
BRB:

e

=hi

JIBFPRINT
T2AG0T0.
EE

"C‘r}‘l"’\Ei_! Br

L

TG

LBIFEAIN

4h

E?”T’\.I }'"l p

I

B M AT ;

ARG AT S AUE ST W SRy

+D9vaV~ pLooouw RN TR
e

”“ﬂptﬂ)zma

i
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B B!
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[ R et s jas] . ww
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ot [= S N3 e [l KLY — =]

[ P B = o — P [

| R e R B £ ¥ ] ] 1
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APPENDIX A.S
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4.9.1 INFORMATION RELATEDL TO THE BOREHOLLES EXAMINED

No. NAME G.R. DIA. DEPTH LINING DATUM DEPTH

1. Victoria Gardens

North 314044 200 250 20.5 11.26 4
2. Findon No. 1 121082 200 152.4 34
3. Brick Kiln Farm 835124 200 100 11.26 22.18

4. Park Bottom Barn
Arundel 005079 200 120 10 17.84 14.02

5. Kingstone
Middle Rd. 234054 150 211 26 7.09 5

6. St. Peter's
Church 315049 200 250 17.06 13.56 5

7. S5t. Catherines
Hill, Winchester 483274 150 112
Well No. 3

8. Madehurst 981101 550 130

9. Iudgershall
(Sewage Works) 272496 200 70
Well No. 5

10. Iudgershall
(Sewage Works) 272496 200 70
Well No. 3

11. Adcote
{Shropshire) 422197 610 153

12. Houndean
{near Lewes) 305 100 16 30.8
Well No. 5
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A.7.2 OUTPUT OF PROGRAM "FORM" FOR BOREHOLE NO.J

Al inches

..,)**TINTERUQL BETWEEN B. @MeTERS ANDu. BO0REVDDMETERS + -
12% s 178 128 157 153 152
152 1353 15% 1237 o3 157 153
SORTED DATA ARE: i
2z 122 138 ing 103 153 133
157 153 153 157 1532 153 153
RES. DISTRIB. FROM 2. BT04, BROVDRABMETERS
1 22
1 122
2 I1ZE
12 153
3 154

TRANSVERSE RESISTIVITY 15143, 5500000, m
LONGITURINAL RESISTILIV, 15115, 28802080, m
Rtyr—-R1:27, 8696799 Do m

ANISOTROPY INDEX 151, 11Z@04ds

+++INTERVAL BETWEENL. DOOOBDYIBMETERS GNDE. DOO0DDGBMETERS 4+

iEb 154 154 154 154 154 154

LDk 1354 154 154 154 154 bl

SORTED DATA ARE: - e
IEA 134 iDa 150 154 154 154
1S54 154 154 184 154 154 L34

RES. DISTRIE. FROM4. QOBRORBOTIS. DACUAVBINME TERS

2@ 154
TRANSVERGE RESISTIVITY
LONGITUDINAL RESISTIV.
Rtr—-Riz 3.2 O.m
ANISOTROPY INDEX [S1. 30020200

=t

Sh. BRTIBLBO.

51
I5194, OBRRGAG. »

+xINTERVAL BETWEENE, 2080200BMETERS ANDIL. GUARIDOMETE RS+

13a 154 15a 154 T I 154

154 154 149 149 HETaE] 169 143
SORYED DATA ARE:

149 1493 149 109 Y 149 149

1S4 154 154 154 1534 154 et

RES., DISTRIB. FROME. BP20R2ABRTLLZ. QBLIAIBIME TERS

12 L1354
TRANSVERSE RESISTIVITY IS152. 00Q0BAN. w
LONGITUDINAL RESIGTIV, 15151, 36AZESO. »
Rtr-R1:3, §735@37E8E-2 Om
ANISOTROPY INDEX IS51. 28213273

wack INTERVAL BETWEEN1Z. PRPBBBOMETERS ANDIE. 0QQDQABMETE RS+

149 149 149 145 149 149 149

149 149 149 149 149 149 149
SORTED DATA ARE:

149 143 149 1u9 169 149 149

149 149 149 149 o148 149 149

RES. DISTRIB. FROMIZ. 2@0GRABTOLE. DORARBOMETERS
28 149

TRANSVERSE RESISTIVITY 151473, BOOOBRO.m

LONGITUDINAL REBISTIV. I1S149. 22DOAAD,. m

Rtr~R):~5. SEBLBLLEE-8 O.m

ANISOTROPY INDEX IS1. 200030302

;**INTERVQL BETWEENLE, DRDDAPAIME TERS ANDZY, DQADVNBAIMETERS+ +

149 149 149 149 a3 145 149

149 149 149 169 1uts 149 149
SORTED DATA ARE:

142 149 149 149 10t 144 144

149 149 143 149 1o 1449 1469

DISTRIG. FROM1E. PROBOBBTDZY. BODLDRIMETERS

17 149
z 155

TRANSVERSE RESISTIVITY [5143. 9BBEINU. m
LOMGITUDINAGL RESIETIV. 18149, BYWitail.m
Atr-R 12, 37058110E-2 Oum

ANISOTROPY INDEX IS%1.A0Busasy

153
154

152
154

149
149

149
149

i%a
1%¢

149
149

143
149

[SPR

-
o
h

—

15a
154

149
149

149
149
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##+INTERVAL BETWEENZO. QDDORRBMETERS ANDIL. BRROBDBME TERSHw*

155 158 125 155 155 153 155 153 192 155

153 155 155 135 155 1535 155 1835 150 133
SORTED DATA RARE:

155 155 155 155 135 155 135 185 135 135

155 155 155 1535 135 155 155 15% 198 133

RES. DISTRIB. FROMZ@. 2020R0QTOZ4. BRDDDVBAMETERS
et 155 -

TRANSVERSE RESISTIVITY 15155, a0020@0. m

LONGITUDINAL RESISTEV. IS135, 0epad2d0. m

Ryr—Ri: 8.2 O.m

ANISOTROPY INDEX IS51. 099000907

sk INTERVAL, BETWEENZ4. DODADABHMETERS ANDIE, BDQBARAMETERS v+

155 155 155 135 17z 172 172 172 17z 172
172 el 172 172 172 172 172 172 172 172
SORTED DATA ARE:
133 155 155 155 172 17z 17z el 72
172 172 172 172 L [ 172 172 172 17z
RES., DISTRIB. FROMZ4, BORARABTOZS. REGRABAOME TERS
4 15%
16 172
TRANSVERSE RESISTIVITY IGIEE. GEBRRAAL. m
LONGITUDINAL RESISTIV. IS1EE. ZPBOE10. m
Rur~R1:2,91918231E~1 O.m
AMIBOTROPY INDEX 151, 0BABEEES
#4m INTERVAL BETWEENZE. DROBRBEMETERS ANDIZ. DRDABRBOMETERS*++
172 172 172 172 17z 172 172 172 175
172 172 172 172 17z 172 17z 172 ; 172
SORTED DATA RRE:
172 172 17z 172 i7e 172 172 172 17 172
172 172 172 172 172 17z 172 17= 17 172
RES. DISTRIB. FROMZE. 0OQ0QQOTOIZ. COBROOBMETERS
20 172
TRANSVERSE RESISTIVITY [S5172. 000220, m
LONGITUDINARL RESISTIV. 15172, DeBRARD. m
Rtr—-R¥: 2.8 Q. m
RMISOTROPY INDEY 1S1, 22200007
w+x INTERVAL BETWEENIZ. BOQVOAAMETERS ANDTEL, DQDUABAMITHRG+w
172 172 172 17 17 \7E i7E 17e ive VR
176 176 177 177 177 177 177 177 17 177
SORTED DATA RARE:
172 172 172 172 172 176 L7E 176 ive 176
1786 176 177 177 177 177 177 177 177 577
RES. DISTALE. FROMIZ. BODOBDOTOIE. BAOALROMETERS
5 17z
7 17&
8 177

TRANSVERSE RESISTIVITY IS5175. 420A0B0. m
LONGITUDINARL RESISTIV. 15175, 37EES90. m
Rer—fR1 22, 23AB4EZIE-2 Oum

ANISOTROPY INDEX 151, DDRAEE4LT

whk INTERVAL BETWEENTE. DERADRRMETERS ANDAD. DBAABDAME TERG+¥

177 177 177 177 177 177 177 177 177 7
177 177 177 177 177 182 182 182 g8l
SORTED DATA ARE:
177 77 177 177 L7 177 177 177 177 V77
177 177 177 177 1%7 182 182 182 e 129
RES. DISTRIB. FROMIE. ORBQ@RDTOL0. DADOBOOMETERS
13 177
a4 182
1 189

TRANSYVERSE RESISTIVITY I517E. EQRROVDO. m
LONGI TUDINAL RESISTIV. 18178,.32478510.m
Rtr—-R1:5, 21407HSBE-Z Oum

ANTSOTROPY INDEX 151, 00014607



450

y wiok INTERVAL BETWEENAD. ODOBRPBMETESS ANDLS . DRBOBBBME TERS+ww

189 ies 189 189 189 189 183
1E9 189 189 1e9 183 ige 1g8
SORTED DATA RRE:
1eg 188 188 188 LE8 189 189
189 189 189 189 189 1839 183
RES. DISTRIB. FROM4Z. 20000207044, DODDEOBMETERS
3 188
15 189

TRANSVERBE RESISTIVITY IS1E8. 7508000. m
LONSITURINAL RESISTIV. 1I518EB.7496840.a
Rtr=R1:9, 96@33219E-4 O.m

ANISOTROPY INDEX 1IS1.200p0254

w4k INTERVAL BETWEENA4G. DBRPPABMETERS ANDAS. BOBABBBMETERSH:H+

1B 1E8 188 iee 188 188 188
194 194 194 1834 196 194 134
SORTED DATA RARE:
ig8e 188 ies ige 188 1e8 188
1S4 194 194 194 194 L94 194
RES. DISTRIB. FROM44. DBRDRBDATDLE, BDLDDODMETERS
9 188
1t 194

TRANSVERSE RESISTIVITY 15191, 2022000, m
LONGITUDINAL RESISTIV. IS191.32S32770.m
Rtr—RI:4. BE7Z225999E~2 O m

ANISDTROPY INDEX IS1.0081221&4

»#x INTERVAL BETWEEN4GE. QDPARBOMETERS ANDSL. GROBDBAMETERS»#+

154 194 194 184 194 =143 194

193 1938 193 139 199 1929 193
SORTED DATA RARE:

194 194 194 194 194 194 1354

199 199 199 199 199 189 1399
RES. DISTRIB. FRDM4E. 2D2RDROATOSZ. RODRDBBMETERS

1@ 194

i@ 199

TRANSVERSE RESISTIVITY IS5196. 5020000, m
LONGITUDINAL RESISTIV. IS1SE, 4B6B81SI0.m
Rtr-R1:J. 18DBE38BZE-2 Oum

ANTSOTROPY INDEX 151, 000RED94

;**INTERUQL BETWEENSZ. @OROBABAMETERS ANDSEG. DOBRDDAMETERSHw*

207 287 27 a7 B7 2a7 Q7
za7 207 207 27 21z 213 213
SORTED DATA ARE!
287 207 za7 2a7 207 ze7 207
287 207 207 287 213 212 213
RES. DISTRIB. FROMS2. 000bRORYOSE. PRRABRBMETERS
14 207
3 213

TRANSVERSE RESISTIVITY I5208.82020080.m
LONGITUDINAL RESISTIV. 15208. 7642040, -
Rtr—-R1:3. 579538B6E-2 0. m

ANISOTROPY INDEX IS1.02000ER72

;**INTERVQL BETWEENSE. DRARBRBMETERS ANDED. DEDDRBAMETERS

213 2e9 299 208 =3 2@9 Z@9
z18 218 218 Z18 218 218 zie
SORTED DATA RARE:
209 209 ze9 zag @9 209 12
218 218 218 218 218 218 218
RES. DISTRIB. FROMSE. QBROROGTOED. ADVBIVBMETERS
& 283
1 213
13 21e

TRANSVERSE RESISTIVITY 18213, 0500020C.m
LONGITUDINAL RESISTIV. 15214.97@5550.m
At r-R137, 94445276E-2 D.m

ANISOTROPY INDEX 1S1.20018476

189
ig8

189
189

194
199

134
199

207
213

2e7
213

=
21e

zie
218

183

188

189
189

1689

194

18RS
154

194
189

i3
199

1839
188

189
129

124
184

194
134

134
193

194
195

247
213

217
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w4+ INTERVAL SETWEENEQ. CPBOAPRBMETERS ANDEL. DDADROBMETERS*+»

z218 218 Z1E o1e 218 218 218 z1B z1e 218

z18 218 zis zie 1B 218 218 zi8 218 28
SORTED DATA ARE:

218 232 21E 218 ziB 218 218 218 zig 218

218 213 Iig z2le 218 218 218 218 - 218

RES. DISTRIB. FROMEQ. RO20QRATOEL, ADDORABMETERS
z@ 218

TRANSYERSE RESISTIVITY ISZ1E. A000800, m

LONGITUDINAL RESISTIV. IS21E. 2000080.m

Rtr—Ri: 2.2 O.m

RNISODTROPY INDEX IS1. 20020000

wINTERVAL BETWEENEL, ABAAVDEMETERS ANDEE. Q0BBDAAMETERSHw

204 z04 204 204 204 223 Sl

223 222 jaaniny 223 iR 223 223
SORTED DATA ARE:

204 2840 204 zaa 2Q4a 223

223 225 22T 22T g 223

RES. DISTRIB. FROME4. GOPDORBOTDEE. BOALA

15 227
TRANEVERSE RESISTIVITY ISEIE. 2520030, m
LONGITUDINARL RESIBTIV. IS217. 9257480, v
Ror=R: 175, 24251477E-1 O m
ANISOYROPY INMDEX 151.800743E7

;*w[NTEﬂVﬁL RETWEENGE. ABQUDDOMETERS AND7 L, QDBOQBBMETERS ##

Z0E 20E A @& Pt IRE 20E ZBE Vs el L
e g L6 195 195 195 195 135 AT 195
SORTED DATR ARE:
135 195 195 195 193 195 195 206 DAE ot
pesri<) ZDE =8e Z20E jod's 1) 208 Be 20E TUE LBE
RES. DISTRIE. FROMEE. 2BRAVEDTO7Z. ACUOORVMITERS
7 195
12 95

TRANSVERSE RESISTIVITY 18202, 150R020, m
LONGITURINAL RESISTIV. 15292, B1ISEED, »
Ryr-Rytl, ZE24ETL5E8E-1 Q.o m

ANISOTROPY INDEX 151, RQ@R@34258

wax INTERVAL RBETWEENYZ, DOEABGOMETERS ANDTVE. PRABORBMETERS+y

195 133 193 195 195 195 183 195 195 195

195 192 1935 195 195 1495 1935 195 199 195
SDRTED DATA ARE:

195 195 195 195 195 195 1895 195 185 135

183 195 195 195 135 195 185 195 135 195

REG. DISTRIB. FROM7Z. QRODODOTO7E. DABLBBEMETERS
28 195

TRAMEVERSE RESISTIVITY 15153, DPAAALO. m

LONGITUDIMNGL RESISTIV. 15195, 228800, m

Rtvr—R|: 4.0 0wm

ANISOTRCPY IMDREX 151. 00000A00

;**INTERUQL BETWEENTS, QDABAPEMETERS ANDED. DRRDABOMETERS+

135 19% 195 204 204 jad s L} 2@4 204 7 217

217 217 217 z17 =17 217 217 217 217 z
SORTED DATA ARE:

ig5 199 185 204 e 84 2a4 284 217 217

217 17 E17 217 217 17 217 17 =7 217

RES. DISTRIE. FROM7E. 2RD2ROATOCE. DDBAVOVMETERS

TREONSVERSE RESISTIVITY ISZ10. 45000280.m
LONGITURDINAL RESTISTIV. ISZ10. 2973670, m
At r~R1 33, SEEITIBYE-1 Qum

FNISOTROPY INDEX [S1.0R@0EIERE

ek [NTERVAL DETWEENER, ARAVBRAMETEARS ANDE4. RBNBQQAME TE RS+
217 217 27 217 217 a7 a7 i rg LAY

207
z07 z07 a7 b7 07 287 207 07 6T 237
SORTED DATR RRE:
ze7 207 o7 e7 a7 @7 207 a7 K] 7
za7 z07 a7 87 *07 217 17 217 17 217
RES. DISTRIE. FROMSO. 0DABROUTDEL. BOCORARMETERS
15 av
5 237

TRANSVERSE RESTISTIVITY 15209, 008020, m
LONGITUDINAL RESIST IV, T9209, 41708700 m
Rur-R1GE. TA12E553E-2 O m

ANISOTAOPY INDEX 151, BOAZREES
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bk INTERVAL BETWEENRA, QBOREDAMETERS ANDSE. DOWADDBMETERG » o

163 1E9 189 1E9 169 169 s
169 163 1689 1693 1649 189 189
SORTED DATA ARE:
159 1€39 163 1E9 1E3 1E9 169
169 1£9 169 169 189 189 189
RES. DISTRIB., FROMEZ4, 2002020T0ES. 202QASBMETERS
15 189
S 1839

TRANSVERSE RESISTIVITY IS174. DRDOARD. =
LONGITUDINAL RESISTIV. IS1V3, 59238100 m
Rtr—RI 34, B7CABEEERE-1 O, m

ANISOTROPY INDEX IS51.8@0117335

ok INTERVAL BETWEENSE. DOROBRGHETERS ANDOZ, ODOABRGMETERS+++

189 181 181 181 18t 181 181
173 175 1735 175 147 147 147
SORTED DATA ARE:
ia7 147 147 ia7 147 147 175
191 181 1€1 181 181 181 ie1
RES. DISTRIB. FRUOMSE. AQ20E@QT092. RDOBGROMETERS
-] 147
4 173
] 181
1 189

TRANSVERSE RESISTIVITY I5178. 0002020, m
LONGITUDINAL RESISTIV. I51ES, SPE7RX0. w
Rtr—Ri+1.40129671 O.m

AMISOTROPY INDEX [S1.02441524

wox INTERVAL BETWEENTZ, BRQQBRBMETERS ANDSE. AUQBRARMETERGH

147 147 147 147 167 119 119
119 119 113 119 115 118 119
SORTED DRTR RARE:
119 119 119 ils 119 113 119
113 119 119 119 113 147 147
RES. DISTRIB. FROMSZ, 2220000TOIE. BROIBDDMETERS
15 119
3 147

TRANGVERSE RESISTIVITY 14106, AGRQAA0, m
LONGITUDINAL RESISTIM.  IS5124. 3500200, m
Rtr-R131.@5¢20081 O.m

ANISOTROPY INDEX I151.@041328S

wwaw INTERVAL BETWEEN9G. ZUBBADBMETERS ANDIOA0. BO0QBAMETERGH#

119 132 133 123 133 123
83 2% 5 B3 g3 B9 83
SORTED DATA ARE:
33 8% 25 a3 i) ES 85
113 133 123 123 133 1353 1Z3
RES. DISTRIB. FROMIE. 220B0EOTO100. OBBAAMITERS
12 25
1 119
) 13%

TRANSYERSE RESISTIVITY 15188, 2000200, m
LOMGITUDINAL RESISTIV. 15193, 2420090, m
tr-R1:35. 85799088 C.m

ANISGTROPY INDEX [S1.@QZaz@L8i

PrrINTERVAL BETWEENLDC. ORUORUMETERS AND104. OBBDBAMETERSHw

es 25 85 a5 g5 85 1@

et ] 17e s} 17a 120 1Z@ 120
SURTED DATA RRE:

23 83 3 g5 o5 5 1=

152 12@ 150 iz 158 iZa 1204

RES. DISTRIE, FROMLGZE. QDQBGRTOL104. BBBUPRMETERS

g 83

ia 129
TRANSVERSE RESISTIVITY 1515, SDAGAR0. m
LONGITUDINRL RESTSTIV. 16112, 1827410, =

Rtr—@iia, 21725892 0.
ANISOTROPY INDEX 151, 312080435

183
189
189
189

181
147

175
181

119
119

119
147

b
[RRE
ag

120
1%

181
147

175
181

=

JE3
189

181
147

W

e
~1

ot
pal
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;**INTERVRL BETWEEN1Q4. ZOBRBOMETERS ANDL2E. DQUDODBMETERSHw+

127 127 127 ias 123 i@9 199 109 199 ie9
124 189 @3 @9 185 1% 189 139 109 129
SORTED DRATA ARE:
193 109 123 189 199 102 183 189 1@3 1893
129 193 i@39 1a9 129 189 1@3 127 127 127
RES. DISTRIB. FROM104. 000BDATOLRAE. 2DORDBBMETERS
17 189
3z 127

THRANSVERSE RESISTIVITY 1S11%i. 7088020, m
LONGITUDINAL RESISTIV. 18111.3E7E590.m
REer—R1:3.32241134E~1 O.m

ANISCTROPY INDEX IS1.@08149098

sk INTERVAL BETWEEN1DS. 0002AMETERS ANDL1Z. GBAABAME TERS

103 109 123 123 123 1273 123 123 123 123
123 123 123 123 123 189 1@9 109 109 109
SOATED DATA ARE:
129 1@3 189 189 1@9 189 129 123 123
12% 123 123 123 123 123 23 123 123
RES, DISTRIP. FROMIDE, 2O0RQATO1172. AOAOORMETERS
7 109
13 123
TRANSVERSE RESISTIVITY IS118. 1820020. m
LONGITUDINAL RESISTIV. IS117.7@85160.m
Rtr-R1 13, 91483724E~1 Do m
ANISOTROPY INDEX 151.B@1B&15E
»#+[NTERVAL BETWEEN11Z. 20@DBOMETERS ANDI1E. DPOCA@METERSwH»
125 195 105 185 105 1es 105 1@ 114 114
114 114 114 114 114 114 1ta 14 124 1@4
SORTED DATA ARE:
184 104 196 18s 185 105 105 105 195 a5
125 114 114 114 114 114 114 ita 114 114
RES. DISTRIB. FROMILE. QB2D2@TO!16. JOQBBBMETERS
3 104
] 1as
g 114
TRANGVERSE RESISTIVITY IS1@S. 9080200.m
LONGITUDINGL RESISTIV. IS108. 7@S1060. m
Rtr-R1:{, 4BILPEAE-L O.m
ANISOTROPY INDEX ISi.BBESIEDT
w4k INTERVAL BETWEEN116. COPRARMETERS AND1ZO. ONBOADME TERS#+
a5 . 35 95 a5 35 o5 o5 95 ag 19
100 108 108 188 168 128 1@8 1ee 101 18
SORTED DATA ARE:
95 95 95 5 = S5 95 95 95 100
100 108 108 108 108 108 188 188 1S 198
RES. DISYRIB. FROMILE. MBEDOATO12E. ORADBMETERS
g 95
z 108
9 108
TRANGVERSE RESISTIVITY IS1@i.3580800.m
LOMGITUDINAL RESISTIV. I1819@.9743130.m
Rtr—R1:3. 75E864B7E-1 O.m
ANISOTROPY INDEX [S1, @B1E585S
#rok INTERVAL BETWEEN1ZE. PBDRRBMETERS AND1Z4. BROBDOAME TERS* 4k
108 188 188 108 108 108 188 18 128 108
122 122 122 122 122 122 122 120 120 129
s ] NTERVAL BETWEENLZ0, POROBOMETERS AND1Z4. DODBVAME TERS#-b+:
1D 108 108 108 108 108 108 128 108 108
122 122 122 122 1 122 122 128 120 120
SORTED DATA ARE:
188 108 128 1@E 102 188 1o8 128 108 108
120 128 120 122 1z2 120 e, 122 1T 172

RES, DISTRIB. FROMLZO. OBARDOTOL24. VOGBDUMETERS

19 108
I 12@
7 122

TRANSYERSE RESISTIVITY 15114, 7000000.m
LONGITUDINAL RESISTIV. ISi1a, IBS5420. m
Rur~Ri33. ASETOEE~]1 Q. m

ANTSOTROPY INDEX 151.@80172296
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TR INTERVAL BETWEEN1L 1%, QRZQPRMETERS AND11E. DDBRGAMETE RS+

@3 108 i3 195 195 185 195 i85 114
114 i1é 114 114 114 114 ita id4 14
SORTED DATA ARE:
184 1@4 ile4a 1@35 185 195 1a5 183 ies
1% ila il4 114 114 114 1ia 114 114
RES. DISTRIB. FROMI1iZ. 30o@d@TOl1l6. BDOPBBMETERS
3 104
8 1@3
9 114

TRANSVERSE RESISTIVITY 1S5128.3009800.m
LONGITUDINAL RESISTIV. IS188.78510e0.m
Rtr-Ri 311, S489428B4E-1 0. m

ANISOTROPY INDEX IS51. 20883687

wra INTERVAL BETWEEN] 16, DONBRBMETERS AND1Z2. BRRDADMETERSG»+4

S35 93 a5 an 95 95 25 a5 e
ie2a 128 188 1es Lee 1ag 182 195 128
SORTED DATA RARE:
35 95 =1 29 33 95 95 g5 as
i@e ias ias 108 i@e ieg 18 128 10
RES. DISTRIB. FROMILE, APG02QTCLI20. 3LBAOBMETERS
3 5
z 102
9 10z

TRANSVERSE RESISTIVITY IS101, I508040. m
LONGITUDINAL RESISTIV. I1S1@@, 57471300 m
Rtr—Rt 3, 756B6407E~1 O.m

ANISOTROPY INDEX IS5i,Q@01838358

wrm INTERVAL BETWEENLZ0. BBDRDBMETERS ANDI1Z24. OQRBBAMETE RS+
ioe 128 188 128 138 108 1ag 108 1E
122 122 122 122 122 122 122 128 120

Wt [ NTERVAL BETWEEN] 20. DBORBEMETERS AND1Z4. DROCOBMETERS

iee 128 198 128 i9e M 188 188

L2 122 122 122 122 22 122 120
SORTED DRTR ARE:

188 128 198 108 108 1028 128 ias

129 120 12@ 122 122 122 122 122

RES, DISTRIB. FROMIZO.0Q@A0RTO124. BBOCRBMETERS

12 ieg
2 12
7 122

TRANSVERSE RESISTIVITY IS1l4, 7000080, m
LONGITURINAL RESISTIV. 15114, @S540 m
Rt r—Ri:7. B44SESOEE~1 Oum

ANIGOTROPY INDEX IS1.Q0@17239€

sk INTERVAL. BETWEENL 24, RREABBMETERS AND1 2L, VDBADDMETERG*+*x

123 120 128 120 124 124 124 124 1E4

114 114 114 114 114 114 114 114 114
SORTED DATR ARE:

114 114 114 114 114 114 li4 114 114

115 128 128 129 129 124 124 124 124

RES, DISTRIB, FROM1Z4. 02R200@7T012E. ODBRBUMETERS
114 -

119

178

1Z4

TRANSVERSE RESISTIVITY 15117, 95008€0.m
LONGITUDINAL RESISTIV. 15117, 8804950 m
ARtr-fil. 4a25830496-1 O.m

ANISOTROPY IMDEX I151.0BREILTT

##kINTERVAL BETWEEN1ZE. QUBRABMETERS AND132. 0EOBDBME TERS* ok

119 119 119 119 119 119 115 118 p A
123 183 103 103 109 189 183 ia9 oo 1]
SORTED DARTA ARE:
iag 1893 1@ 109 149 189 199 199 kAW
19 113 113 115 119 113 119 119 114
RES, DISTRIB. FROM1ZE. ARUBAATO1ZZ, HANROBMETERS
il 185
h 115
& 113

TRANSVERSE RESISTIVITY IS11Z. SA0Q0H0. m
LONGITURINAL RESISTIV, IS112. 7239650, m
Rtr~-R1 i1, VERIL7IRE-1 O.m

ANIBOTROPY TNDEX IS1. 2RB7EASG

114
104

i@s
114

108
192

142
108

189
143

129
1175
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o INTERVAL BETWEENLZZ, BBOORBMETVERS ANDIIE. GQG2@DMETERS#*#

1@9 199 109 1093 109 199 109 i29 112 11732
113 119 119 119 119 L9 118 119 9 112
SORTED DATA ARE:
1929 1ag 189 129 10% 129 189 12393 113 113
113 1139 119 119 119 119 119 119 119 119
REG. DISTRIB. FROM13Z, BAOBADTO1ZE. BUODOOBAMETERS
8 129
z 113
9 119

TRANSVERSE RESISTIVITY I5114. 12000020.m
LONGITUDINAL RESISTIV. IS113, 3124590, ™
Rty-Rt:1,B7341067E-1 O.m

ANISOTROPY INDEX IS1.@R20B2xB4a

;*VINTERVQL BETWEEN1ZE. BRAGZOMETLRS AND14@. QA0BOAMETERSH#»

i1s 119 119 119 119 119 119 119 e 113

119 119 119 119 119 119 1138 119 g 119
SORTED DATRA RRE:

i19 112 119 112 119 iie 119 12 113 i19

119 119 119 113 119 119 118 113 113 119

RES, DISTRIB. FROMIZE,. BBORBQATDIAYD. ODDOPOMETERS
2@ 119

TRANSVERSE RESISTIVITY 15119, 200320, m

LONGITUDINGL RESISTIV. 15113, 3208000, m

Rtr-Ri1:2, SEBRIZZLE-B G.m

ANTSOTROPY INDEX IS51,0200@290

+++ INTERVAL BETWEENL LD, DODREAMETERS ONDiL4, QARRARMETERGs++
115 119 119 119 119 113 119 i1

IR 132
113 119 119 s 119 113 119 113 1193 113
SOKTED DRTA ARE:
119 118 115 11 118 119 119 IS Re] 1y 1193
113 119 118 114 119 i1g 119 117 (13 119
DISTRIB. FROM14R, 200R0TD1 44 . QODOABMETERS
29 119
TRANSVERGE RESISTIVITY 1S119. 0290000, m
LONMNGITUDINAL RESISTIV. 15115, 0RE2OB0. m
Rur—-R| 12, SBBZTZ24E-E Oun
ANISOTROPY INDEX IS1. 20020220
e INTERVAL BETWEEN144, BOBRBAMETERS AND1AE., ADQBRAMETERS bW
i19 119 1153 1754 174 174 134 160 Y4z 142
142 142 142 1472 142 I 133 122 173 173
SORTED DATR ARE:
119 119 119 133 123 13Z 133 17 ) T4
134 134 142 142 142 a2 142 1472 a2 Py
RES, DISTRID. FROM14O4. DRODOATO! 45, DOANABME TERS
X 118
S 133
& 134
B a2
TRANSVERSE RESISTIVITY I5134.7020020. m
LONGITYUDINAL RESISTIV, I8134, 22462500 m
R, r~R1 4, B3ZEL4EISE~L G m
ANISOTROPY INDEX IS1.80177130
;N*INTERUQL BE TWEENT AR, BROBBAME T RHE Y. BRODABMETE RG
17 1A% i 152 132 H .
13X 1E% LEE 13 1 H
SORTED DATA ARE:
135 123 137 13 3 1 M
133 133 T 13T 133 1 1T
RES. DISTRIR, FROMLIAES. DIDADBMETERS
2 1%
1 135

TRANSWERSE RESISTIVITY 1853000
COMGITUDINAL RESTST M. 151350
Rrur--Rist. 11287BE4E-2 O.m

ANISOVROPY INDEX 1G3.0002419¢
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ot INTERVAL BETWEENISZ, 2OQ0BAMETERS AND1SE. ORQRDAME TE RS w4k

129 129 129 179 129 129 129 129
125 125 125 125 125 1283 123 t
SORTED DATA ARE:
123 123 235 25 129 CiT 125 123
123 129 129 129 129 1239 129 129
RES. DISTRIE. FROM1ISZ. 00@0@2TO1SE. BOBOBIMETERS
18 125
ia 129
TRANSVERSE RESISTIVITY ISiZz7.002000.m
LONGITUDINAL RESISTIV, IS12E. 9685040 m
Rtr-Rt 3. 1496Q182E-2 O.m
ANISOTROPY INDEX IS51i.00@12482
*#4 INTERVAL BETWEENISE. 00QAPOMETERS AND16Q. AB@RDAMETERSH**
125 125 123 125 125 125 125 155
125 125 123 125 125 125 125 145
SORTED DATA RRE:
125 125 Has] 125 1235 125 125 125
125 125 123 125 125 123 125 sl
RES. DISTRIB. FROMISE. D2@20QATO1E0. BOORABMETERS
20 125
TRANSVERSE RESISTIVITY 15125, 00002A0. m
LONGITUDINAGL RESISTIV, 181235, 0P202R0. m
Rt r-Ri :-2, 38OZ3224E-8 O.m
ANIBOTROPY INDEX I51. 20000000
e+ INTERVAL BETWEENIGD. GROGDOMETERS ANDIGA. OOBQOOMETERS ¥+
174 124 134 124 134 134 134 113
115 115 115 92 3z 9z = i
vk INTERVAL BETWEEN1EQ. Q0B@2DMETERS ANDIE4. DOGRDAMETERSH#
134 134 124 174 134 1Z4 124 115
115 115 113 g2 92 £ = 3z
SORTED DATR ARE:
92 = 92 a9z az 92 P 115
115 115 115 124 1Z4 134 130 174
RES. DISTRIE. FROMLEQ. P@OBROTOLEL. REQBBBMETERS
7 gz
E 115
7 124
TRANSVERSE RESISTIVITY IS113% £002220.m
LONGITUDINAL RESISTIV. IS110. BRATSLT0.m
Rtr—R1:Z, 7964VE72 O m
ANTISOTROPY INDEX IS1.@81i254@40
*#x INTERVAL BETWEEN1G4. ADARPOBMETERS AND16E. FCQQDBOMETERS ¥
9z = 73 7a 7@ 7@ 78 7@
51 52 o1 51 31 51 51 351
SORTED DATA ARE:
51 51 51 51 o1 51 31 31
31 51 Ta 7@ 72 78 73 7a
RES., DISTRIB. FROMIE4, DD@ARRATOLIES. OQUBD@AMETERS
12 o1
& 70
2 9z
TRANSVERSE RESISTIVITY IS&E. SOOEOEI0. m
LONGITUDINAL RESISTIV. IS5E. IZ5122820.m
Rur—R1:2, 44801153 0. m
ANISOTROPY INDEX IB1.0287&073
s INTERVAL. BETWEENLIES. QREDEZHMETERS AND LY. SDAGIAMETE RS+ +x
51 o1 51 a1 o1 Tl =33 51
S &3 EZ B3 7@ ¥ 78 7@
SORTED DRTA ARE:
3t 3l 51 51 2l 531 N =
=53 £2 EZ =4 7@ 7 7 T

RES. DISTRIB. FROMIEE. 0AAGARTOL7:. DONRDAMETERS

Q o1
5 £3
=3 7@
1 73

TRANSVERSE RESISTIVITY ISRO. 15220Q030. m
LONGITUDINAL RESISTIV. [1358. ETEYLE50. m
Rer-Ri1:21. Z13@5349 0.m

ANISOTROPY INDEX [S1. @81 1@09EE4

P
g
il

1%
‘s

1235

1

1 ek

Si
31

51
=

129

125

4

[
79

79
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*#on INTERVAL BETWEEN172. DBRBOBMETERS AND17E. BOBORAMETERG Mk

79 73 79 73 75 79 79 T3 T

79 79 79 79 79 79 79 73 T
SORTED DATRA ARE:

79 79 79 75 73 79 759 78 )

79 73 75 73 79 79 75 79 7S

REE. DISTRIE. FROML7Z. 28Q0DBTOLI7E. DOVOOBMETERS
) 79

TRANSVERSE RESISTIVITY I573.2200006C.m

LONGITUDINAL RESISTIV. 1579, B2@220050.m

Rtr—R1 2.@ C.m

ANISOTROPY INDEX IG1. 22002G00

o INTERVAL BETWEENL7E. BBEOGRMETERS AND1IER. PODEODMETERSw*=

79 79 79 - 73 79 74 73 7S 73

72 79 73 79 79 79 73 79 K]
SORTED DRTA ARE:

79 79 79 79 73 79 75 73 73

79 79 73 79 73 79 73 73 7%

AES., DISTRIB. FROMLT7E. QBE2@0THIED. A2VBBMETERS
28 79

TRANSVERSE RESISTIVITY 1579, GROERBAG, m

LONGITURINAL RESISTIV. 1573, BARBARdE0. m

Rtr~R) 3 2.2 Cum

RNISOTROPY INDEX 1IG1. 22020022

73

73

73
79

732
79

79
79
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A.9.3 ANALOGUE T0 DIGITAL AND DIGITAL TC ANALOGUE INTERFACE

The Analogue to Digital and Digital to Analogue interface
which was used in the present work was based in a design by
ACORN COMPUTERS Ltd. The electronic diagram of the device is
shown in Fig. A.4. The printed circuit board was supplied

by ACORN COMPUTERS and the author fitted all the necessary
electronic components according to the electronic diagram.

It was found that in order for the device to be compatible
with the microcomputer used, transistor Q1 had to be replaced
by two diodes in series.

The constructed device has 12 bits resolution and ig designed
to accept or produce analogue voltages in the range -5.12V

to +5,12V. Thus there would be 4096 levels at 2.5mV sgteps
between the above levels.

In order for the above unit to be linked to the microcomputer

a l9-inches rack containing an appropriate socket was usged,
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Fig. A.4
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PERMANENT STORAGE OF SOFTWARE IN THE MICROCOMPUTER

The microcomputer used in the present research has a vacant
expansion socket for a utility ROM which will accommodate up

to a 4K by eight-bit device, such as the EPROM 2532.

In

order to transfer the necessary software in the EPROM an
EP-RCM programmer had to be constructed, and the design pub-
lished by J. Flower in the June issue of Practical Computing

1882 was used.

of the programmef

Fig. A.5 representsg the electronic circuit

Since more than one - EPROMS were needed for storing all the
necessary software, an 8-way ROM PAGER wasg fitted into the
microcomputers single EPROM SOCKET, and provided the facility
of accommodating up to 8 FPROMS (Fig. A.6).

EPROM programmer card circuit,

20

Program/ read
switch

|

Y \
_1N914

21

Zit
socket
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Electronic circuit of EPROM programmer
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Fig. A.6 EPROM extension socket



Fig. a.7
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A.9.5 ELECTRONIC CIRCUIT OF THE MICROCOMPUTER
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4,9,6 TABLES CONTAINING THE CALCULATED GEOELECTRIC
PARAMETERS OF THE BOREHOLES EXAMINED




464

Borehole No. 1:

Geoelectric parameters

calculated from 64-inches

resistivity log

DEPTH INTERVAL Rtr R1
(m) {0.m) {0.m)
4 143.55 115,88 1.1130
8 154.00 154.00 1
12 152.00 151.96 1.0001
16 149.00 149.00 1
20 149,90 149,87 1.0009
24 155.00 155.00 1l
28 168.60 168.308 1.0008
32 172.00 172.00 1
36 175.40 175.38 1.0001
40 178.60 178.50 1.0001
44 188.75 . 188.75 1
48 191.30 191.25 1.0001
52 196.50 196.468 1.0000
56 208.8¢0 208.76 1.0000
60 215.05 214.97 1.0002
64 218.00 218.00 1
68" 218,25 217.93 1
72 202.15 202.01 1.00034
76 195.00 185.00 1l
80 210.45 210.097 1.0008
84 209.50 209.41 1.0002
88 174.00 173.59 1.0012
92 170.00 168.50 1.0044
96 126,00 124,95 1.0042
100 108.30 103,24 1.0242
104 116.50 112.18 1.0190
108 111.70 111.36 1.0015
112 118.1 117.70 1.0017
li6 108,90 108.705 1.00089
120 101.35 100,97 1.0018
124 114.,7 114.35 1.0017
128 117.95 117.80 1.0006
132 112.9 112.72 1.0008
136 114.1 113.91 1.0008
140 119.0 119.0 1
144 119.0 119.0 1
148 134.7 134.23 1.0017
152 132,60 132.58 1.0004
156 127.00 126.97 1.0001
160 125 125 1
164 113.60 110.80 1.0125
168 60.80 58.35 1.0207
172 -60.15 58.84 1.0111
176 79.00 79.00 1
180 79.00 79.00 1
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Borehole No. 1: Geoelectric parameters calculated
from l6~inches normal
resistivity log

DEPTH INTERVAL Rtr R1
{m} {O.m) (0.m) fx

4 115.90 98.56 1.0044

8 116.90 116.87 1.0001
12 121.10 120.85 1.0006
16 122.40 122.33 1.0003
20 118.40 118.40 1.0012
24 140.20 139.70 1.0018
28 157.60 157.59 1.0001
32 153.50 153.23 1.0009
36 l165.158 165,04 1.0003
40 166.20 166.14 1.0001
44 178.80 178.63 1.0005
48 180.35 180.10 1.0007
52 185.75 185.39 1.000¢9
56 196.10 195,96 1.0004
60 192,70 192.32 1.0010
64 202.40 202.49 1.0003
68 206,90 206.73 1.0004
72 189.40 187.29 1.0043
76 180,20 179.89 1.0008
80 196.00 192.67 1.008¢6
84 207.05 206.85 : 1.0005
88 182.35 180.10 1.0006
92 185.80 181.30 1.0123
96 126.10 123.63 1.0099
100 119.25 106.98 1.0550
104 134.95 129.70 1.0197
108 114.40 107.76 1.0300
112 129.20 126.73 1.0096
1leé 115.45 113.57 1.0082
120 98.50 97.23 1.0065
124 118.70 118.23 1.0019
128 119.20 118.56 1.0027
132 113.70 112.89 1.0035
136 113.85 113.53 1.0011
140 116.45 116.31 1.0006
144 123.50 123.44 1.0023
148 143,95 143.86 1.0003
152 145.15 144.47 1.0023
156 132.50 130.53 1.0075
160 138,80 138.17 1.0022
164 134.15 133.16 1.0037
168 60.80 57.92 l1.0246
172 63.75 59.24 1.0373
176 83.90 8B3.72 1.0010
180 85.40 85.32 1.0004
184 73.80 73.33 1.0031
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Borehole No. 2: Geoelectric parameters calculated from
l6-inches normal resistivity log

DEPTH INTERVAL /Rtr R1
{m) (0.m) (O.m)
52456 64.00 64.00 1.0000
56-60 64.00 64.00 1.0000
60-64 . 64.00 64,00 1.0000
64-68 64.00 64.00 1.0000
68-72 64.00 64.00 1.0000
72-76 64,00 64.00 1.0000
76-80 64.00 64,00 1.0000
80-84 64.00 64.00 1.0000
84-88 64.00 64.00 1.0000
88-92 64.00 64.00 1.0000
92-96 65.80 65.67 1.0009
96-100 68.15 67.72 1.0031
100-104 62.00 61.76 1.0019
104-108 68.50 68.46 1.0002
108~112 54.05 53.94 1.0010
112-116 47.85 47.11 1.0078
116-120 52.00 51.48 1.0050
120-124 40,15 39.00 1.0145
'124-128 43.00 43.00 1.0000
128-132 42,70 42.69 1.0000
132-136 42,00 42.00 1.0000
136-140 42.00 42.00 1.0000
140-144 42.00 42.00 1.0000
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Borghole No. 3: Geoelectric parameters calculated from
lé~inches normal resistivity log

DEPTH INTERVAL Rtr Rl )
{m) {(0.m) {O.m)
25-29 98.35 67.30 1.2089
29-33 107.30 107.24 L.0003
33-37 119.95 119.42 1.0022
37-41 125.85 125,83 1.0001
41-45 119.85 119.39 1.0019
45-49 lle.25 115.60 1.0028
49-53 104.90 104.40 1.0024
53-57 99.45 98.44 1.0051
57-61 105.80 105.58 1.0010
61-65 104.25 103.48 1.0037
65-69 102.10 101. 30 1.0039
©9-73 98.00 97.95 1.0002
73-77 103.90 103.76 1.0007
77-81 102.05 101.99 1.0003
81-85 100.60 100.08 1.0026
85-89 103.80 103.67 1.0006
89-93 102.30 102.06 1.0012
93-97 106.85 106.81 1.0002
DEPTH INTERVAL Rtr R1l
{m) {O.m) {O.m) A
25-29 45.40 41.39 1.0473
29-33 46.00 46 .00 1.0000
33-37 53.55 53.08 1.0044
37-41 65.50 65. 47 1.0003
41-45 66.05 66.03 1.0003
45-49 66,70 66.69 1.0001
49~53 64.75 64.67 1.0006
53-57 60. 40 60.26 l1.0012 64”
57-61 &7.90 67.84 1.0005
61-65 67.00 66.96 1.0003
65-69 65,65 65.60 1.0004
69-73 £9.00 69.00 1.0000
73-77 69.00 69,00 1.0000
77-81 69.60 69.60 1.0000
81-85 66.60 66.53 1.0005
85-89 66.15 66.11 1.0003
89-93 67.00 67.00 1.0000
93-97 69.90 69.90 1.0000
97-101 70.40 70. 38 1.0001
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Borehole No. 4: Geoelectric parameters calculated from
l6~-inches normal resistivity log

DEPTH INTERVAL Rtr RI r)\
{m) (O.m) {0.m)
24-28 81.40 80.27 1.0070
28-32 84,10 84.10 1.0000
32-36 76.55 76.33 1.0015
36-40 78.60 78.45 1.0009
40-44 74.10 73,92 1.0012
44-48 76.05 74.67 1.0092
48-52 82.85 82.59 1.0016
52-56 85,00 85.00 1.0000
56-60 83.05 83.03 1.0001
60-64 83, 20 83,19 1.0001
64-68 85.55 85.43 1.0007
68-72 81.10 81.04 1.0003
72-76 82.85 82.75 1.0006
76-80 87.50 87.30 1.0012
80-84 94.85 94,82 1.0001
84-88 93.20 93,14 1.0003
88-92 92,75 92.73 1.0001
92-96 102.75 102.46 1.0014
96-1C0 104.60 103.99 1.0029
100-104 90.90 90,80 1.0005
1c4-108 110.25 84.77 1.1403
DEPTH INTERVAL Rtr Rl A
(m) {O.m) {O.m)
24-28 63.00 62.95 1.0004
28-32 66,00 66.00 1.0000
32-36 66.00 66.00 1.0000
36-40 66.00 66.00 1.0000
40-44 66.00 66.00 1.0000
44-48 67.20 67.12 1.0006
48-52 72.00 72.00 1.0000
52-56 73.50 73,49 1.0001 ,
56-60 74.00 74.00 1.0000 64
60-64 74.00 74,00 1.0000
64-68 74.00 74.00 1.0000
68-72 74.00 74.00 1.0000
72-76 74.00 74,00 1.0000
76-80 74.00 74.00 1.0000
80-84 74,00 74.00 1.0000
84-88 74.00 74.00 1.0000
88-92 74,00 74.00 1.0000
92-96 74.85 74.77 1.0006
96-100 79.55 79.53 1.0001
160-104 B3.75 83.74 1.0000
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Borehole No. 5: Geoelectric parameters calculated from
16-inches normal resistivity log

DEPTH INTERVAL Rtr R1 :\
{m) {0.m) {O,m)
24-28 120.15 117.88 1.0096
2B8-32 111.85 111.54 1.0014
32-36 97.75 97.69 1.00029
36-40 101.00 101.00 1.0000
40-44 106.00 103.58 1.0116
44-48 111.00 106.29 1.0219
48-52 111.00 106,29 1.0219
52-56 101.00 101.00 1.0000
56-60 113.70 111.21 1.0111
60-64 113.00 115.00 1.0000
64-68 122.00 121.82 1.0007
68-72 124.15 122,22 1.0078
72~76 139.95 138.98 1.0035
76~80 139.00 139.00 1.0000
80-84 139.00 139.00 1.0000
84-88 139,00 139.00 1.0000
88-92 139.00 1392.00 1.0000
92-96 145.60 145,35 1.0008
96-100 151.00 151.00 1,0000
100-104 151.00 151.00 1.0000
104-108 151.00 151.00 1.0000
108-112 147.75 147.53 ' 1.0008
112-116 132.50 131.19 1.0049
116-120 126.00 126.00 1.0000
120-124 126.00 126.00 1.0000
124-128 126,00 126 .00 1.0000
128-132 136.80 136.73 1.0003
132-136 142,05 141.91 1.0005
136-140 152.90 151.33 1.0056
140-144 147.00 147.00 1.0000
144-148 167.90 167.74 1.,0005
148-152 171.15 170.73 1.0012
152-156 168.60 168.59 1.0001




156-160
160-1c4
l64~168
1l68-172
172-176

165.00
l64.15
146,70
141.85
155.90
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165.00
164.06
1l46.59
+140.16
155.76

1.0000
1.0003
1.0004
1.0060
1.0004
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Borehole No, 6: Geoelectric parameters calculated from
64~-inches normal resistivity log

DEPTH INTERVAL Rtr Rl
{m} {O.m) (0.m) q
24-28 136.40 136.38 1.0001
28-32 133.60 133.55 1.0002
32-36 132.85 132.80 1.0002
36-40 137.60 137.48 1.0004
40-44 133.85 133.72 1.0005
44-48 135.00 134.79 1.0008
48-52 142.90 142.84 1.0002
52-56 150.50 150. 42 1.0003
56-60 166.30 166.25 1.0001
60-64 168.00 168.00 1.0000
64-68 168.00 168.00 1.0000
68-72 167.10 167.07 1.0001
72-76 158.00 158.00 1.0000
76-80 158.00 158.00 1.0000
80-84 159.00 158.98 1.0001
84-88 162.00 162.00 1.0000
88-92 167.00 166.85 1.0004
92-96 158,70 158.64 1.0002
96-100 134.60 134.53 1.0003
100-104 132.80 132,54 1.0010
104-108 103.10 102.72 1.0016
108-112 86. 20 84.14 1.0122
112-116 90.00 89.06 1.0053
116-120 90.00 90.00 1.0000
120-124 94,20 93.86 1.0018
124-128 83.50 83.22  11.0017
128-132 87.45 86.10 1.0060
132-136 96.00 96.00 1.0000
136-140 96.00 96.00 1.0000
140-144 94,20 94.16 1.0002




472

144-148 98.00 98.50 1.0025
148-152 106.00 106.00 1.0000
152~-156 109.50 109.30 1.0009
156-160 llo.10 110.00 1.0004
160-164 109.00 108.84 1.0007
l64-168 - 98.80 98.89 1,0001
168-172 104.65 104.63 1.0001
172-176 94.55 93.76 1.0042
176-180 55.05 53.30 1.0163
180~184 62.35 38.12 1.279
DEPTH INTERVAL Rtr Rtr

24-28 120.80 120.79 1.00c0
28-32 123.70 123,47 1.0009
32-36 13l.c0 131.00 1.0000
36-40 128.60 128,51 1.0003
40-44 155.45 154.87 1.0019
44-48 159.05 158.92 1.0004
48-52 165.95 165.79 1.0005
52-56 180.40 180.04 1.0010
56-60 196.60 196.59 1.0000
60-64 205.40 205. 26 1.0003
64-68 198.00 197.83 1.0004
68-72 202,70 202.48 1.0005
72-76 195.40 195.17 1.0006
76-80 206.70 206, 24 1.0009
80-84 183.95 183.75 1.0005
84-88 --189.85 @@= 189,19 1.0017
88-92 219.40 217.98 1.0032
92-96 201.80 201.50 1.0007
96-100 184.30 182.80 1.0041

7



100~104
104-108
lo08-112
112-116
116120
120-124
124-128
128-132
132-136
136-140
140-144
144-148
148-152
152-156
156-160
160~164
l64-168
le8-172
172-176
176-180
180-184
184-188
188-192
192-1%6
196=200
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191.65
131.95
126.95
144.80
112.20
133,45
122.05
98.60
117.50
129.05
128.25
128.30
140.80
144.75
149.85
153.75
132.00
149.10
141.55
1 90.05
52.95
91.85
80.60
77.05
82.80

191.59 -

128,19
115.21
141.52
106.74
131.02
116.10

96.88
115,95
128.89
127.64
127,79
140.44
144,20
147.68
153,29
130.75
148.03
140.30

84.54

49.09

87.96

80.58

76.78

78.39

1.0001
1.0146
1.0497
1.0115
1.0252
1.0092
1.0253
1.0088
1.0067
1.0006
1.0024
1.002¢
1.0013
1.00C1%
1.0073
1.0015
1.0048
1.0036
1.0045
1.0320
1.0386
1.021¢
1.0001
1.0017
1.0277
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porehecle No. 7: Gegelectric parameters calculated from
lo-inches normal resistivity log

DEPTH INTERVAL Rtr Rl
{m) (O.m) {0.m)
20-24 38.40 34.72 1.0516
24-28 48.10 47.97 1.0014
28-32 56.20 55.86 1.0031
32-36 56. 50 56.22 1.0024
36-40 50.70 48,87 1.0185
40-44 29.10 27.74 1.0240
44-48 47.05 46.76 1.0030
48-52 45.80 45.64 1.0004
52-56 49.70 49.66 1.0003
56-60 42.20 41,92 1.0111
60-64 26.45 25.87 1.0111
64-68 19.20 19.08 1.0032
68-72 14.80 14.20 1.021
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DEPTH INTERVAL Rty Rl
{m) {C.m) (0.m)
50-54 72.85 61.18 1.0912
54-58 78.35 78.28 1.0004
58-62 8§2.00 82.00 1.0000
62-66 80.35 80.33 1.0001
66-70 83.00 83.00 1,0000
70-74 85.25 85,19 1.0004
74-78 78.10 78,02 1.0005
78-82 64.15 63.78 1.0029
82-86 50.85 50.81 1.0004
86-90 46.80 46.75 1.0005
90-94 44.00 43.96 1.0004
94-98 47 .00 47 .00 1.0000
98-102 45,80 45,74 1.0006
102-106 40.50 40.47 1.,0003
l06~110 32.75 32.58 1.,0026
110-114 26.60 26.59 1.0002
114-118 23.20 23.17 1,0006
118-122 20.75 20.73 1.0004
122-126 20.00 20.00 1.0000
126-130 20.00 20.00 1.0000

Borehole No. 8: Geoelectric parameters calculated
from l6-inches normal resistivity log
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Borehole No. 9: Gecelectric parameters calculated
from l6-inches normal resistivity log

DEPTH INTERVAL Rtr R1
{m) (O.m) {O.m) :X
20-24 54.10 46.81 1.0750
24-28 58.00 58.00 1.0000
28-32 58.00 58.00 1.0000
32-36 59,95 59.64 1.0026
36-40 72.00 , 71.89 1.0008
40-44 74,05 73.70 1.0023
44-48 74.00 74.00 1.0000
48-52 74.00 74.00 1.0000
52-56 74.00 74,00 1.0000
56-60 74.00 74.00 1.0000
60-64 &7.15 53.40 1.1214
DEPTH INTERVAL Rtr R1
{m) (O.m) (0.m) A
20-24 46.00 41.30 1.0554
24-28 48.00 48.00 1.0000
28-32 48.00 48.00 1.0000
32-36 48.00 48.00 1.0000 64
36-40 48,00 48.00 1.0000
40-44 48.00 48.00 1.0000
44-48 55.20 54.94 1.0024
48-52 57.00 57.00 1.00C0
52-56 57.00 57.00 1.0000
56-60 57.00 57.00 1.0000
60-64 53.75 53-32 1.0041
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DEPTH INTERVAL Rtr R1
() (0.m) (0.m) A
25-29 59.95 51.60 1.0779
29-33 75.00 73.52 1.0100
33-37 87.45 87.32 1.C007
37-41 90.85 890. 30 1.c031
41-45 82,75 82.51 1.0014
4549 89.70 839.66 1.0002
49-53 97,50 97.49 1.0000
53-57 99,30 99,74 1.0008
57-61 96.65 96.48 1.0009

Borehole No. 10: Geoelectric parameters calculated
from l6~inches normal resistivity log




Borehole No. 1l: Geocelectric parameters calculated
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from 16-inches normal resistivity log

DEPTH INTERVAL Rtr R1
(m) (O.m) (O.m)}
20-24 66.65 56.46 1.0865%
24-28 71.00 71.00 1.0000
28-32 71.80 71.73 1.0005
32-36 78.05 78,05 1.0000
36-40 76.00 75.92 1.0005
40-44 73.00 73.00 1.0000
44-48 73.00 73.00 1.0000
4B-52 78,25 77.28 1.0063
52-56 82.10 81.69 1.0025
56-60 79.75 79.64 1.0007
60-64 97.65 97,57 1.0004
c4-68 97.00 27.00 1,0000
68-72 78.25 76.96 1.0083
72-76 72,00 72.00 1.0000
76-80 72.00 72.00 1.0000
80-84 72,00 72,00 1.0000
84-88 72.00 72.00 1.0000
88-92 72.30 72.30 1.0000
92-96 72.30 72.30 1.0000
96-100 72.30 72.30 1.0000
100-104 12.30 72.30 1.0000
104-108 72.30 72.30 1.0000
108-112 72.30 72,30 1.0000
112-11¢ 72.30 72.30 1.0000
116-120 72.30 72.30 1.0000
DEPTH INTERVAL Rtr Rl
(m) {0.m) (0.m)
20-24 86.90 68.95 1.1227
24-28 93.00 93,00 1.0000
28-32 91.80 91.78 1.0001
32-36 87.80 87.65 1.0008
36-40 90,00 90.00 1.0000
40-44 90.00 90.00 1.0000
44-48 98,35 98.03 1.001e
48-52 111.00 111.00 1.0000
52-5¢ 111.00 111.00 1.0000
56-60 111.00 111.00 1.0000
60-64 101.00 100.01 1.0049
64-68 91.00 91.00 1.0000
68-72 91.00 91.00 1.0000
72=-76 91.00 91.00 1.0000
76-80 91.00 91.00 1.0000
B0O-84 91.00 91.00 1.0000
84-88 91.00 91l.00 1.0000
88-92 SL.00 91.00 1.0000
92--9¢ 91.00 91.00 1.0000
96~100 91.00 91,00 1.0000

64

)



100-104
104-108
108-112
112-116
116-120
120-124
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21.00
91.00
91.00
94.75
136.80
142.00

91,00
91,00
91.00
94,64
135,91
142,00

1.0000
1.0000
1.0000
1.0038
1.0033
1.0000
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ABSTRACT

Tselentis, A., 1982. Application of hot-wire (-film) flowmeters to water velocity measure-
ments in wells. J. Hydrol., 68: 375—381.

Hot wires have long been used for the measurement of air speeds, where they are
particularly suitable for relatively small velocities. Unfortunately, it has not heen possible
to use them in water with the same precision and ease as in air. One of the main draw-
backs of hot wires (films) when they are used in water measurements is that they become
unstable because of the contamination of the wire (film) by dissolved gases, dirt and
chemicals in the water, and they are very sensitive to ambient temperature fluctuations.

The present paper discusses the practical problems in using the hot-wire (-film) flow-
meter for velocity measurements in water wells.

INTRODUCTION

Flowmeters are very useful in determining the magnitude of the velocity
and direction of movement of water in a well at all depths.

From the flowmeter log we can identify and evaluate inflow levels, leaks
in cased wells and aquifers tapped by cased wells having multiple screens.
Hence, the use of flowmeters is essential in the solution of many hydrogeo-
logical problems.

Because the velocity regime under natural flow conditions is usually be-
tween 1 and 50 mm/s some useful results might be expected from the use of
hot-wire flowmeters which are particularly well suited for very low velocities
in air (Dring and Gebhart, 1969).

The first attempt to measure water velocities with hot wire known to
us was published by Worthington and Malone (1917). They made some
measurements on a vertical wire, 20cm long and 0.025cm in diameter,
~which they rotated in a tank of water, Their results were erratic at velocities
below 60 mm/s as a result of the eddy currents set up by the wire and iis
holder.

0022-1694/82/0000-—0000/$02.75 ©1982 Elsevier Scientific Publishing Company
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Davis (1922) published the most comprehensive data yet taken with fine
wires in liguids. Richardson and McQuivey {1968) mentioned the use of hot
wires for the measurement of water velocities in open channels.

The development of hot-film probes to replace the wire has eliminated the
instability which results from electrolysis of the wire and conductivity of the
water. Recently, there has been a continual increase in the use of such
sensors in various geotechnical problems (Harold and Thomas, 1972), but
only recently attention has been focused on the special problems arising in
water (Fabula, 1968; Shaukatullah and Gebhart, 1977; Castaldini et al.,
1980).

THEORY

A brief discussion of the theory of hot-wire (-film) flowmeters will be given
to facilitate a general understanding of the measuring principle. The hot-wire
(-film) flowmeter is a resistance—temperature transducer. The wire (film) is
heated above the temperature of the surrounding water by passing an electric
current through it. Flow of the water over the heated sensor cools it by
forced convection. The rate of cooling is a function of the velocity of the
flow; temperature, density, viscosity and thermal conductivity of the water;
and temperature, diameter and length of the sensor. If all but the velocity
are kept constant then the hot wire (film) may be used to measure the flow
velocity.

There are two methods of operating the hot-wire (-film) flowmeter; either
by passing a constant current through it and measuring the fluctuation of the
electrical resistance with velocity fluctuation, or by keeping the temperature
of the sensor constant, by using an electrical feedback system, measuring the
current fluctuation with fluctuating velocity. The constant-temperature
method is easier and the following description is based upon the constant-
temperature hot-wire flowmeter.

The theoretical analysis of the device was published by King (1914), who
first derived an expression for the heat convected from a cylinder submerged
into a moving fluid, For the case of continuous incompressible flow, the best
experimental relation between mean heat loss and mean velocity is:

I’R}|R}(R;—R,) = A +BV" (1}
where
R, = electrical resistance of wire at wire temperature

I

a electrical resistance of wire at ambient temperature
= electric current flowing through the wire (film)
,B,n = constants
= water velocity

< ™

Eq. 1 can be written as
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BRIDGE
TOP Servo

amplifier

Top {ratic} Top (ratio}
resistance resistance

@ Bridge voitage

Compensatling
network

Caomparison resistanca

1 i A

Fig. 1. Hot-film constant-temperature flowmeter bridge circuit,

F* = R!K(K—1)}{A+BV™) (2)
therefore

E? = A'+B'V” (3)
where

E = mean bridge voltage (Fig. 1)

K = R;/R,, the overheat ratio

For n = 4, one takes the original King’s law form and for n # 4, one can
speak of a generalized King’s law form. The value of n is of interest because
bridge voltage linearizers produce a voltage proportional to V by, in effect,
solving eq. 3 for V.

HOT FILMS — PROBE DESIGN

Hot-film sensors are more rugged and resistant to impact than hot-wire
sensors; thus they are more amenable to the down-hole environment. Hot-
film sensors are constructed by fusing a thin platinum film (or other suitable
metal} on a ceramic or quartz substance. A thin coating of silica is deposited
over the sensor to isolate it physically and electrically from the water. Typi-
cal sensors are shown in Fig. 2 and are known as conical, cylindrical or
wedge-film sensors. Conical sensors tend to be self-cleaning and shed foreign
particles. '

PROBLEMS IN THE USE OF HOT-WIRE (-FILM) FLOWMETERS FOR WATER VE-
LOCITY MEASUREMENTS IN WELLS

The high electrical conductivity of water, its low 4boiling poir{‘t, its tem-
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perature-dependent viscosity, and the large number of suspended particles
found in well waters are some factors which make the behaviour in water of
the hot-wire (-film) flowmeter very complicated. Qur own experience in
using the hot wire in water has not been very encouraging. It is essential
when using a D.C. current to insulate the wire from the water, which is not
easy, or to operate the instrument with less than ~1-V drop on the wire, in
order to prevent elecirolysis. Another problem is that since the wire (film)
is hotter than the ambient water the solubility of air in the water is reduced
near the wire. This means that bubbles of air form at the sensor and stick to
it, thus changing the thermal conditions and considerably altering the cali-
bration. The only means of eliminating these difficulties is to operate the
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meter at very low temperature. Another major drawback of the hot-wire
(-film) flowmeter in its use in water is the serious problem of contamination
of the film surface by small solid particles in suspension in the water of the
well.

Measurements in the dirty water of a well can cause large changes in the
calibration of the device. Deposition of a layer of dirt on the wire (film) will
alter its frequency response as well as the mean calibration. The smaller the
sensing element, the sooner the thickness of the deposit will reach an appre-
ciable fraction of its diameter. The deposit is usually confined to the up-
stream side of the sensor near the stagnation line; for this reason, it is prefer-
able to use sensors in the form of wedges or cones.

Recently, a method was developed (Richardson and McQuivey, 1968), for
using the hot-film flowmeter in extremely dirty water. Their method is based
on a hypothesis that dirt and air bubbles accumulating on the sensor decrease
the mean voltage for a given velocity, but in the domain of frequencies
encountered in water, do not affect the frequency response of the sensor to
velocity fluctuations. For a given sensor, there is a unique family of voltage—
velocity relations which can be defined by calibration with different over-
heat ratios. Although this method is very useful for the measurement of
turbulence in water, it is of little help if we want to make measurements of
absolute flow velocity in water wells.

- Another problem which affects the operation of the hot-film flowmeter in
wells is that the water-temperature variations in the well may significantly
alter the temperature difference between the hot film and water. Rose
(1962) considered the response of a linearized hot wire in air to small
ambient temperature fluctuations. Sandborn (1961) indicated that fluid-
temperature fluctuations significantly affect results in many modes of oper-
ation. Resch and Coantic (1963) found it necessary to calibrate for fluid-
temperature variations in water. Newman (1966) calibrated film probes in
water at various temperature levels; his results show that fluid-temperature
variations cause significant variation in the output of the device.

From the above, we can say that calibrating hot wires (fihms) over an ade-
quately large range of ambient fluid temperatures and in the environment
of a groundwater well is extremely inconvenient and difficult, especially
when water temperature differs greatly from ambient laboratory conditions.
Moreaver, large temperature differences induce appreciable natural convec-
tion effects in the water.

An additional error which is induced by water-temperature fluctuations,
arises from water property variations. It is known that variations of the
viscosity and the density of the water can significantly vary the calibration
results,

CONCLUSION

Hot-wire (-film)} flowmeters are by no means a panacea for wellbore fluid-
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flow measurements; but the device could be valuable if it could be made to
work accurately in water. Its sensitivity increases with decreasing velocity, it
could . therefore be used to great advantage to measure those low velocities
where an impeller flowmeter is not satisfactory. Unfortunately there are
many problems to be solved and up to now thermal flowmeters can be con-
sidered to be of little practical value for water velocity measurements in
wells,

Presently, a new device is under theoretical and experimental investigation
in this laboratory, and has shown considerable promise in water velocity
measurements as low as 1 mm/s. It uses the thermal wake of a heated wire,
submerged in the water as a tracer. Important advantages of the heat-pulse
method are its stability and repeatability over a wide dynamic range in a
wide variety of conditions.
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