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ABSTRACT

Thie thesis is part of a research project on slope stability which
18 at present being carried out at the Imperial College. This work
forms the logical extension to the general theory of fluid flow
through a fissured media. The theory and in particular the computer
model presented are compared with hydraulic models to test their
valtdity. No amount of theoretical sophistication is useful unless
it s possible to obtain meaningful data from the field. In view
of the importance of such data the author critically examined exist-
ing methods of field evaluation and presents theory which should
make the interpretation more reliable. Special equipment was des—
igned, butlt and tests carried out in the field to measure permea-
bility in the context of the very wide range of figsure spacings
and orientations that may exist in realistic problems,

Part 1 presents the theory of fluid flow through single and multiple
non-deformable fissure systems. Computer stimulations are made of
flow through a discontinuum and the results are compared with those
from physical flow models. The problem of the influence of stress

on the permeability of a jointed rock mass is considered for a
particular case. The numerical analysis takes account of the influence
of fluid pressure on joint aperture.

Part 2 considers the theory of fluid flow either from or towards a
cylindrical cavity in a fissure system. Where possible analytical

solutions are presented., Alternatively use is made of a parametric
study tnvolving computer simulation. Laboratory tests are carried

out for idealized models in order to test the theory.

In view of the importance of the fissures in a discontinuum concept
of permeability, field tests were carried out to measure in-situ
hydraulic parameters, The data consists of a structural evaluation
and the results from Pumping-in tests. Spectal equipment had to be
designed and butlt for the field investigation. Using this equipment
1t was possible to study the influence of scale on a test and to
assess the degree of non~linearity between pressure and flowrate.

Part 4 presents the theory of tracing in fissured rocks. Several
methods are avatlable for tracing a dye in order to determine the
seepage velocity or permeability. Fluorometric techniques are
discussed in detall prior to the description of the Fluorometer
which was designed and butlt at Imperial College.
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CHAPTER 1

FLOW THROUGH FISSURED MEDIA

REVIEW

A vast amount of literature exists on fluid flow through
fissured media. It is not proposed to review the relevant
research work in a chronological order, but to briefly describe
areas of research which are considered essential in under-
standing fluid flow through fissured media.

Early work assuming an isotropic porous media with relatively
high permeability resulted in predictions of pressure distri-
butions and flowrate so wide off the mark that it lead

Terzaghi (58) to comment that "the most unpredictable factor
determining slope stability is the hydrostatic pressure in the
water flowing out of a reservoir or a leaking pressure tunnel
through the joints towards a slope, etc'". Snow (7) formulated
the concept that a fissured rock mass could be considered as a
system consisting of intersecting planar conductors arbitrarily
orientated in space. Assuming Darcy's law holds, Snow has
demonstrated how a tensor form of Darcy's law adequately
describes the motion of fluids in such a medium. In such an
analysis two factors cause anisotropy of the system. The first
one is the variation in aperture of the fissures and the second
is the variation in fissure frequency in different directions.
Later work by Snmow (43) has incorporated the use of sophisticated
statistical analysis into the above system. The above method
can, given data of water tests in various holes at different
depths, predict the pressure and flowrate distributicns in a
fissured rock mass. The approach to the problem is essentially
a phenomenonlogical one, ie. a model is built on the basis of
observation together with certain assumptions on the medium being
a continuum and homogenious, a given flow law and finally the
structure conforming to a certain system. Obviously, such a
method is very powerful since it does not involve the detail and
quantitative description of the structural geology. However,
application of the method must be made subject to the initial
assumptions being justified. The first one of the medium being
a continuum must be proved prior to using such a method. Snow
has considered the problem theoretically and described a few
field examples. It is felt that this is such an important
assumption that it needs further detailed work to justify it.

In order to consider a medium as a continuum one has to take
account of the interaction between the permeability of the
individual fissures, the spacing of the fissures, the different
number of fissure sets and the size of the structure, ie. a dam
or rock slope. Until such a criteria has been established by
considering a large number of idealised cases and building
numerical or physical models it is virtually impossible to assess
the validity of the method. The second assumption made by Snow
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is that the relationship between pressure and flowrate is

linear. While this may be true for low gradients recent evid-
ence points to a large class of problems where this relationship
is nonlinear (8, 9, 10, 19, 12). Further, the data from the
water test must be such that it reflects the 'pressure-flowrate'
relationship at the correct pressure field and also must be free
of any side efiects due to the nature of the test (see Part II),
Finally there are a large number of problems where the parallel
plate analogy of a fissure breaks down due to preferential
channels within the plane of the fracture (59). The above
assumptions should be studied in greater depth to be able to
apply the methods proposed by Snow with a greater degree of
confidence. Louis (8) has considered the problem of fluid flow
through a fissured media on the basis of a discontinuum model.
This is one of the earliest studies which considers the flow

laws within a fissure in great detail and subsequently integrates
the flow through a discrete number of conductors to give

pressure distributions in a fissure system. For the linear case,
the integration is very similar to the electrical network system
when for n elements which constitute the model, n different
equations are written between potential and flowrate which are
then solved by matrix inversion. In such a system it is possible
to have any anisotropy ratio, impermeable seams and area or points
of recharge. 1In order to establish 'flow-pressure'relationship
Louis carried out extensive tests on large planar models with
differentvroughness surfaces. For different ratios of particles
size to effective opening Louis has derived friction factors for
different Reynolds numbers. In this way it is possible to define
permeability precisely in terms of opening and roughness both in
the linear and non linear regime. Louis has further shown the
difference on a fundamental level between flow in porous and
fissured media. This is achieved by considering a large number
of stability calculations on rock slopes and dam foundations for
a variety of cases. The flowrate pressure relationship although
very fundamental and probably representing a large number of
problems does not really represent the case where flow is taking
place in a fissure which is very much more tortuitious and also
one in which certain areas of the fissures are either in contact
or within the plane of the fissure there exist solution cavities,
eg. Karstic limenstones. The method of integrating a large
number of elemental flows so that they satisfy certain boundary
conditions is excellent except that the demands of the method are
very much more extensive, in that it is important to know the
geometrical structure of the fissure skeleton and the permeability
characteristics within it. Sharp (9) carried out tests on a
porphyry fissure to determine the relationship between pressure
and flowrate for a wide variety of effective openings. His
results showed that after an initial linear regime the relation-
ship became nonlinear. This nonlinearity has been attributed

by Sharp to the irregular flow path in terms of changing
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effective opening of the fissures and the direction of the stream-
lines. large part of Sharp's work is the steady state solution
to boundary value problems with varying ratios of permeability

and with either impermeable zones or areas of recharge. Solutions
to these problems are either carried out on an electrical

analogue or by numerical techniques. The numerical techniques

are powerful in that they can deal with a large number of

elements of varying properties in two and three dimensions.
Solutions are also given for phreatic surfaces although the
numerical method is not tested either for a known analytic
solution or a physical model. A field problem is discussed on

the basis of the methods described for the case of fluid flow
through a fissured media. Sharp's work is essential in under-
standing of a certain class of problems, eg. drainage of slopes
but it does not give an indication of the effect of fracture
frequency and spacing on the drainage phenomenon. As in the

case of Louis the methods presented by Sharp are versatile but
they need very sophisticated and quantified information from the
field.

An enormous amount of material exists in the Petroleum
literature on fluid flow through naturally fractured reservoirs.
Perhaps the most extensive work is that of Warren & Root (41),
Kazemi (27), Odeh (42) and Pollard (40). In general these
studies are computer simulations of Well performances in a
heterogeneous porous media. The geometry of the fractured
system, permeabilities involved, and pore volumes of each rock
type constitute systems which are so complex that they need to
be solved not only by numerical techniques but also by
probabilistic models. These methods are outlined in Part II
which deals with fluid flow from a borehole into a fissure
system. Huitt (50) carried out tests on simulated fractures
which consisted of small sand particles stuck on steel plates
and found that fluid flow obeyed Darcy's law for low Reynolds
number. In general the petroleum approach is not very practical
for mining or civil engineering problems because the mathematical
models take into account the compressibility of the fluid and at
high stress levels unsteady flow conditions are obtained due to
the change in volume of fluid in a confined reservoir.

A recent publication by Wilson and Witherspoon (61) is an
investigation of laminar flow in fractures porous media.

Finite element techniques are used to describe fluid flow through
a fissured rock mass. Flow can take place either in the rock
matrix and fissures simultaneously or through fissures alone.

The fractures in the system can have any spacing, orientation and
aperture., Similarly the porous media may be anisotropic and

vary from block to block.
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Two particular cases are cunsidered in detail. The first is a
dam on a fissured formation and the second is a tunnel in a
fissured rock mass. TFor different ratios of anisotropy the
behaviour of the jointed rock mass is compared to that of a
porous media. Here it is shown that the fracture aperture is
the most sensitive parameter in governing the volumetric flow-
rates. Also if the aperture of one set of fracture is very
much higher than the others little pressure drop occurs in
that set. A consequence of this could be that the area of
recharge can be at a considerable distance from the area of
investigation. Wilson and Witherspoon have shown by numerical
methods that fracture orientation plays little part in the
amount of fluid that flows beneath a dam; but it does
significantly alter the pressure distribution. For a given
fracture system and size of dam the authors illustrate how the
probability of occurrence of a given flowrate can be made
without knowing the actual apertures of the fissures. The
only input required in the model is a random estimate of the
apertures. The study on the flow into a tunnel proves that
the total inflow is linearly related to the ratio of tunnel
diameter d to fracture spacing 1 provided d/1 is greater than
1.5. This study is a step further from the work of Louis and
Sharp in that it relates the size of structure to the mean
fracture spacing. Since this study is enumerative it too
relies on detailed field evaluation for meaningful results.

There is a whole new field of study, ie. fluid flow through
Karstic formations. The problem here is as severe as flow in
fissured rock masses with the added unknown solution cavities
which can exist almost anywhere and can be of any size. For
those interested in the topic papers (62, 63) will provide an
adequate introduction to the subject.

The author is not aware of any field tests where the medium

is considered as a discontinuum for the purpose of permea-
bility evaluation or for that matter where the geometry of the
fissure skeleton is taken into account when determining in-situ
hydraulic parameters.

THE STRUCTURE OF THE ROCK MASS

It is obviously beyond the scope of this work to consider the
different types of fracture systems in terms of their genesis,
continuity and importance to fluid flow. However, a little
background must be given to be able to appreciate the reasons for
the mathematical formulation of the equations in subsequent parts
of this thesis. It is also proposed to stress the importance of
quantifying the intensity of jointing and the degree of hetero-
geneity so that future research work in fluid flow through rock
masses will take these factors into account.



CHAPTER 1

It is generally assumed that as far as the macrostructure is
concerned that fractures occur in sets so that a rock mass can
be subdivided into blocks. These blocks may be of any size
(indicating spatial heterogeneity) and shape. Further within
such a mass it is possible that there can be areas which are
impermeable or alternatively souvrces of water supply, ie.
recharge boundaries. At the same level fractures can exist

for a considerable areal extent covering many miles (64). The
reader interested in measurements in complex envircnments 1s
recommended to read Ramsay (50). Estimate of the effective
fissure opening or aperture is very much more difficult since
there is so much variation even within one single fissure (9).
Attempts have been made to photograph these directly by Bianchi
(65) who showed that the aperture can be characterised by a
log-normal distribution. Measurement of fissure frequency is

a very much more difficult problem and is not widely reported
in the literature. Snow (7) has inferred it indirectly from
water tests while Zemanek et al (51) have measured it directly
in a borehole with a televiewer. Fookes and Denness (66) have
made a very large number of surface measurements and propose an
interesting classification system based on the measure of the
number of fissures per unit volume, ie. count the number of
fissures and divide by the volume in which they are found. The
following table describes their classification system.

Intensity Type Area of Fissures Average size of intact
per unit volume block
sq.m/cu.m

Low 3-10 0.027 - 1 cu.m
Moderate 10-30 0.001 - 0.027 cu.m
High 30-100 27 - 1000 cu.m
Very High 100-300 1 - 27 cu.m
Excessive 300 1 cu.m

Such a simple system could be the basis of an initial field
examination of a problem so that information from the field is
readily transmitted from the geologist to the engineer. The
transition from the statistical approach of Snow and Kochina to
the enumerative approach of Louis, Sharp and Wilson is a very
difficult problem. It is precisely in the transition zone that
a majority of mining and civil engineering problems lie. Until
a large number of problems are studied in the field with all the
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above points in mind it is difficult to generalise on the
various aspects of flow through a fissured rock mass. It is
suggested that the hypothesis of Rats and Chernyashov (67) is
used in the meantime to display the importance of spatial
heterogeneity in a fissured rock mass. The authors suggest the
following heterogeneity subdivision, a summary of which is:

(a) 3rd Order Heterogeneity

Form difference, grain size difference, pore distribution,
presence of microjoints etc.

(b) 2nd Order Heterogeneity

Heterogeneity of structure and composition of the rocks within
the limits of one bench rhythm, interstratification of the

rocks of different composition, macrojointing, small tectonic
and non tectonic dislocation. On account of this heterogeneity,
no two tests will yield the same results.

(c) 1st Order Heterogeneity

Heterogeneity of the rock massif, magma intrusion, different
degree of lithification, tectonic faults, zones of hydrothermal
action - in general it is the scale at which geohydrological
investigation is carried out.

Fig. 1.1 illustrates the above points graphically. The vertical
axis is the size of problem under investigation, for example, a
core sample for permeability testing in the laboratory, a
pumping test in the field or the zone of influence surrounding
a dam. The horizontal axis is the order of heterogeneity, eg.
distance between fissures. The diagonal differentiates the
homogenious area above from the heterogeneous area below the
line. As can be seen the same area can be homogeneous as well
as heterogenious. It all depends on the size of the problem.
For example, a pumping test in a given medium can be classed as
"heterogenious problem'" while on the same foundation, a large
dam would behave (as far as the potential distribution is
concerned) as if it were on a homogeneous media. The cross
hatching is the area of dispersion of the results. Field
testing which was carried out by the author in Altwen will be
discussed in the context of this concept in Part II,



CHAPTER 2

FLUID FLOW THROUGH A SINGLE FISSURE

SYNOPSIS

Fluid flow through a single fissure is considered in this
chapter especially in view of the nonlinear pressure-flowrate
law which has been reported by several workers recently (8, 9,
10). In order to understand why this nonlinearity exists, the
author carried out flow tests on transparent fissure replicas
made from liquid araldite which sets at room temperature. By
using coloured dyes and the method of flow visualisation, it
was possible to follow the streamlines and also find out areas
within the fissure plane where no flow occurred. Equations are
presented which describe this phenomenon, together with
experimental data from laboratory tests.

~
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CHAPTER 2

INTRODUCTION

Louis (8) has demonstrated how at a high Reynolds number flow
becomes turbulent in a fissure. The basis of his analysis was
similar to that of pipe flow in that a fissure could be repres—
entad by two parallel plates with some form of roughness super-
imposed on it. In this way it is also possible to give an idea
of the friction factor at a given Reynolds number provided the
ratio K/D, is known wihere K is the absolute roughness and D, is
the hydraulic diameter. Louis concluded that the transition from
laminar to turbulent flow began at a Reynolds number equivalent
to 2000. While this method may be useful for the case where the
fissure aperture is very narrow and the surface is planar it
does not consider the cases where the fissures have a very rough
surface and may also be in contact at several places within the
plane of the fissure where stress transfer is taking place.

Sharp (9) carried out tests on an actual fissure in the
laboratory and found that nonlinear flow could take place at
fairly low flowrates, ie. 0.1 cu.secs (Fig. 2.2) when the mean
opening of the fissure was 270 microns. Fig. 2.1 shows the
profile of the opening of the fissure on which the tests were
carried out. A Reynolds number criteria was not used by Sharp
for the following reasons (summary);

(a) Wide variation in fissure geometry, therefore geometrical
similitude ndt possible.

{b) Difficulty in determining a representative hydraulic
length parameter.

(c) Use of friction factor for highly tortuous flow is
doubtful.

Sharp's empirical equation for nonlinear flow for this
particular fissure is:

Q =-0.00046J ~ 0.00013 (3-0.25)%*3

where Q is the flowrate and J the hydraulic gradient.

EXPERIMENTAL VERIFICATION OF A NON-
LINEAR FLOW LAW FOR THE CASE OF FLUID
FLOW IN A SINGLE FISSURE

Since nonlinearity in the 'pressure-flowrate' law has been
observed it would be very interesting to have an understanding
of the nature of the nonlinearity. For this purpose, it was
proposed that the method of flow visualisation would be used.
This method was used early this century by Osborne Reynolds to
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CHAPTER 2 II

find out why the resistance to flow in a given size pipe changed
with increasing velocity. Coloured dyes were injected by
Reynolds into a transparent pipe and the streamline patterns were
observed for different flowrates. As the velocity of flow was
increased, it was observed that vortices were formed and that

the flow changad from a laminar to a turbulent condition at a
particular velocity. This criterion is now called the Reynolds
number and is given by:

u mean velocity

ud

Reynolds number = - d hydraulic radius

v kinematic viscosity

It was decided that the flow visualisation technique would give

an insight into the mechanics of flow within a fissure. Liquid
araldite when poured into a mould takes up the exact shape of the
mould, sets hard at room temperature and, subsequently can be
peeled off without damaging the surface. The first cast was made
in this way by using the surface of a fissure in the laboratory.
Another replica was then made from the araldite impression so that
two identical but mirror image surfaces would adequately represent:
a fissure through which flow could take place. Fig. 2.3
illustrates the model together with the system for injecting a
coloured dye. Fig. 2.4 indicates the degree of roughness of the
fissure as can be seen from transverse and longitudinal sections
of the model. The mean opening of the fissure was of the order of
1/10 mm.

It is proposed that the following law is used to describe the
nonlinear pressure flowrate phenomenon in a single fissure:

(Vm) = CJ (2.1)

v, = mean velocity

J = hydraulic gradient

C = a constant depending on the
fissure opening, viscosities and
velocity; nonlinear permeability
function (N.P.F.)

n = Degree of nonlinearity, variable

depending on the applied gradient.

The mean velocity in the above law is defined as the ratio of
flowrate to the cross-section area of flow. Owing to the
variation in the effective opening of the fissure this value is
difficult to define. Therefore for unit width of fissure the
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CHAPTER 2 I3

above equation becomes:

Q" = e"cs (2.2)

For a particular fissure, applied gradient and viscosity the
value of:

n
e C = constant.

Therefore the effective opening or permeability of a fissure is
only meaningful in the context of a pressure field J.

Water is supplied to the input of the model from a constant head
device so that the pressure and flowrate can be controlled. A
large number of tests were carried out with different applied
gradients and the dye was introduced in two different ways each
time. The first dye injection is such that the entire input of
water is contaminated. This is done to distinguish deadwater
areas$ within the flow model. It was noticed that the deadwater
area decreased with increased applied gradient. (Fig. 2.5 and
2.6). This obviously suggests that the contact area of flow
changes, thus altering the frictional resistance and this could
lead to nonlinearity in the 'pressure-flowrate' relationship.

The deadwater areas are parts of the fissure where the fluid
cannot enter because the height of the boundary layer is greater
than the aperture. However, if the applied gradient is increased,
the velocity of the fluid increases and the boundary thickness
decreases (68). In this way the fluid penetrates the smaller
apertures which it could not at lower gradients. This hypothesis
is analagous in some respects to fluid flow through unsaturated
porous media. The permeability of an unsaturated media depends
on the moisture content and can thus vary by orders of magnitude.
The relationship between permeability, degree of saturation and
applied hydraulic gradient is an extremely complex one and is
discussed by Childs (12). More detailed work is required to
establish the relationship between permeability, deadwater area
and applied hydraulic gradient for the case of steady flow through
fissures. Further, it is yet to be established if the history of
wetting has any effect on the above relationship.

The second injection of the dye was carried out near the input
end, through equally spaced fine holes orthogonal to the direction
of flow. This method was chosen so that the behaviour of the
streamlines could be studied. For plane laminar flow the stream—
line should be parallel to the direction of the applied gradient.

¢ Deadwater area is one in which no flow takes place
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CHAPTER 2 I5

Fig. 2.7 however, shows that the streamlines follow a tortuous
path and even divide when they meet an obstacle. If in the
direction of flow two streamlines converge it means that the
fluid is accelerating (68) and when they diverge the fluid
undergoes decceleration. This type of behaviour, together with
the constantly changing flow direction, leads to non linearity in
the 'pressure-flowrate' relationship. As the flowrate is
increased the above process must become more violent thus
generating local eddies. These eddies disperse the dye making
it rather diffused and faint as can be seen in Fig. 2.8.
Finally, at very high flowrates it is virtually impossible to
see the dye because it mixes rapidly with the flow and becomes
indistinguisable.
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CONCLUSIONS

With the help of transparent fissure models it has been possible
to see the mechanism that lead to a nonlinear pressure-flowrate
law, from the qualitative studies carried out so far it secems
that the two main reaons for such a phenomenon are the
variation in 'deadwater volumes' with gradient and the
tortuousity of flowlines. The results of the quantitative
tests by Louis (8) and Sharp (9) together with the flow visual-
isation tests are encouraging enough to study the problem in
much more depth so that the above factors can be assessed for

a wide variety of fissures to see if any generalised form of
laws can be established as in the case of pipe flow. Clearly
the engineering importance of such a nonlinearity is important
because it alters the approach to complex boundary value
problems and it might provide a closer agreement between theory
and practice than has already been achieved.
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FLOW THROUGH MULTIPLE FISSURE SYSTEMS

SYNOPSIS

In the discontinuum concept of a fissured rock, the medium
consists of planar conductors with prescribed dimensions and
'pressure-flowrate’ properties. One of the essential
differences between such a rock mass and an equivalent porous
medium is that there exists a large number of intersections

of fissures in the discontinuum model. It is therefore impor-
tant to assess the role of such intersections in the model and
also have some idea of the pressure losses that may occur
because a large number of such intersections may prove to have
an important bearing on the overall potential distribution.

The behaviour of one such intersection is examined and the loss
quantified in terms of the equivalent pressure drop along the
length of the fissure. Subsequently an idealised condition of
flow through a multiple fissure system is examined in a perpex
model. Computer simulation is then made of the model so that
results of the numerical model can be compared with those
obtained from a physical or viscuous model. Finally the case
of fluid flow through an anisotropic media consisting of a
pile of rough impermeable bricks is considered and comparison of
potential distribution is made with numerical techniques. If
subject to the above tests it can be proved that numerical
techniques agree reasonably well with simple model tests, complex
boundary value problems can be attempted with much greater
eonfidence.
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INTRODUCTION

Numerous computer simulations of fluid through porous media
exist (12, 16, 17, 18) which are essentially solutions to
Laplace's Equation. However, it was Louis (8) and later Sharp
(8) who applied these techniques for the case of fluid flow
through discontinua in civil engineering and mining problems.
Neither of the above authors provided a check for the numerical
technique in terms of a physical model or a known analytic
solution. In this chapter it is proposed to carry out this
check and prior to that to examine the case of frictional
losses at an intersection to see if these are significant
enough to be included in the final model. A recent publication
by Wilson (61) has come to the attention of the author (at the
time of writing) where the intersection experiment has been
carried out to determine the magnitude of the losses involved.
Although the experiments carried out by Wilson were on circular

pipes for Reynolds number < 1000 as opposed to the parallel plate

model used by the author for Reynolds number > 8QQ there is good
agreement in the answers where the Reynolds numbers overlap.

As a result, the two experiments cover the entire range from
laminar to turbulent flow.

FISSURE INTERSECTION MODEL

At the time of carrying out the intersection experiment (1967)
the author was not aware of any work that had been carried out
to determine the hydraulic pressure losses at an intersection.
Louis (8) reported that an intersection could be considered as
if it were a curved pipe and that the losses were given by
Kozeny's equation. '

V2k
Ht = -QE

= loss at intersection
mean seepage velocity
= gravitational constant.
constant

®oe < I
]
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Fig. 3.1 illustrates how flow at an intersection divides without
interfering and that the loss is given in terms of Equation 3.1.
Similar work on the energy losses in pipe intersections is
reported by Blaisdell (69). Unfortunately, this type of work is
not applicable because the flow instead of mixing from twe inputs
branches off from one pipe as in Fig. 3.2. It is suggested that
neither Fig. 3.1 or Fig. 3.2 represents the case of a fissure
intersection where two flows meet, interfere and divide as in
Fig. 3.3.

* }
|
N ’fl\ |

EXPERIMENTAL DETAILS

The dimensiors of the model are given in Fig. 3.4 and it is made
of a perspex block with two 1 mm aperture orthogonal slits. The
two inputs are supplied with water from the constant head
apparatus and the water leaves via stilling basins(to maintain
constant back pressur@. For a large number of input pressures or
flowrates the pressure distribution was measured within the model
and the volume of output measured with a measuring cylinder and
stopwatch.

DYNAMIC SIMILITUDE

It is possible to compare the hydraulic characteristics of two
fluid conductors of similar geometrical configuration but
different sizes by using a dimensionless group of variables (68).
For viscuous flow, this dimensionless group is called Reynolds
number and it is given by:

R = ud = mean velocity
n v . . Area
= hydraulic mean radius = ————
Perimeter

<
il

kinematic viscosity
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MODEL DETAILS :
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If, for example, the intersection losses in this experiment are
given for different Reynolds numbers it is then possible to use
the experimental results for field problems by invoking such a
dimensionless group.

EXPERIMENTAL RESULTS

Initial tests were carried out by blocking one exit,at a time,

to assess the hydraulic characteristics of each individual
channel., The permeability value of both the rectangular slits
was found to be identical as in Fig. 3.5(A) which is the curve

of flowrate vs pressure difference across two given points 10
inches apart. The transition from laminar to turbulent flow
begins at a Reynolds number of about 2000 %§vpredicted by

Louis (8), Francis (68) and many others who,carried out hydraulic
tests on rectangular pipes of different sizes.

In order to understand clearly what is meant by an intersection
loss, it is best to refer to Fig. 3.5(B) which shows the pressure
distribution along either channel. From the input to the output
end of the model there is a decrease in pressure. If there was
no abrupt change in direction of flow in either channel this
pressure drop would be continuous in which case it would reflect
the frictional drop in the pipe. However, a finite change, as in
Fig. 3.5(B) indicates the energy loss which could be due to
turbulence.

Louis (8) suggests the use of the Kozeny formula for inter-
section losses, ie.

2
v
= m— = > .
Ht K2g K= 121.2
Ht = intersection loss in inches
v = velocity
g = gravity

This concept accounts for a sudden change of direction but not
mixing as would be the case of flow in a bent pipe. Fig. 3.6
illustrates the Kozeny concept graphically together with
experimental results from the model test. For low flowrates, the
curve is nonlinear, but then becomes almost parallel to the

Kozeny line. This representation of the intersection loss is not
general enough because it deals with the intersection loss as a
function of one one variable, ie. vy,. This however, is not really
the case, since the intersection loss depends on the magnitude of
the two input velocities.
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Fig. 3.7 demonstrates the above concept where i, j refer to the
channel numbers, ie. when i = 1 j = 2 and if j =1, 1 = 2. In the
latter case for example the ratio Qj/Q. means the ratio of the
flowrate in channel one to channel 2. "The intersection loss is a
minimum when the two input velocities are equal, suggesting perhaps
that when the flows are unequal in addition to mixing losses there
is a change in direction of some of the flowlines especially the
slower ones, since they have less momentum than the other input.

Intersection losses have been normalised in terms of equivalent
length of straight conductor of the same shape which would be
necessary to create a similar headloss to (a) generalise the
result in terms of Reynolds number; (b) to compare results of a
similar experiment carried out by Wilson (61). Fig. 3.8 is a
dimensionless plot of intersection losses expressed in terms of
equivalent length of a parallel plate model vs Reynolds number.
Only two experimental points are available at low Reynolds
numbers, but since at higher Reynolds numbers a straight line
fits the data well, the line is back extrapolated to the origin.
Wilson's intersection experiment was carried out using circular
tubing with an internal diameter of 0.186 inches as opposed to
the author's intersection model which consisted of parallel plates
0.04 inches in aperture. It is suggested that the difference in
headlosses at the intersection is due to the early onset of
turbulence at the intersection in the case of the parallel plate
model. In Wilson's model the corners at the intersection are
very much smoother than in the parallel plate model and also the
larger diameter of the circular tube allows a certain amount of
flow to turn through a bend without mixing with the input from
the other chamnnel. 1In the parallel plate the small area of the
intersection encourages mixing to occur of almost all the flow
from the two inputs, see Fig. 3.9.

ouT ouT
MIXING AREA MIXING AREA
0-0345 Sa.INS, 0-0016 S@.INS.
IN —= ) — 0uT N —p ¢ — ouT

FIG 3.9
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The two results in Fig. 3.8 indicate that the intersection loss
expressed in terms of equivalent length of fissure increases
linearly with Reynolds number. For low Reynolds number the
results of the two experiments are not significantly different

and since a large number of problems occur where Reynolds number
is low the error involved in ignoring the intersection losses is
not too great. For example, let us consider a fissure system with
a mean aperture of 0.01 cms with flow at Reynolds number of 100
from Fig. 3.8,

Leq = 20 x 0.0l = 0.2 cms

If the intersections occurred every 10 cms for example, the error
in ignoring the intersection effect would be 2%. However, at

high Reynolds number, ie. flow within the vicinity of a tunnel for
example, assuming the same conditions as before,

Leq = 200 x 0.01 = 2 cms

For the same fracture frequency, the error in omitting inter-—
section losses would be 207.

Intersection losses can be important when calculating the
potential distribution in areas where the Reynolds number is
high. Further, it can possibly be one of the reasons for non-
linearity in the pressure-flowrate relationship since the onset
of turbulence is very much earlier in a system where flows inter-
fere as opposed to conditions of uninterupted flow.
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CONCLUSIONS

The experiments carried out by the author and by Wilson have
attempted to quantify the losses that occur at intersections

for two different geometries. The results indicate that the
losses are small when Reynolds number is less than 100, but as the
Reynolds number increases, the losses become more significant.

A great deal more must be done to study the influence of

different geometries and angles of incidence of the two input
flows. For cases where the Reynolds number is iikely to be large,
the intersection loss curve can be easily incorporated into the
numerical model as part of the frictional resistance (permeability)
of each element.



3.2.0

3.2.1.

CHAPTER 3 30

INTRODUCTION TO FLOW IN MULTIPLE
ISOTROPIC FISSURE SYSTEM

Numerical techniques exist which provide solutions to the
boundary value problems in porous media (12, 16, 17, 18).

Louis (8) has considered the case of fluid fiow through a
discontinua with different permeability ratios, orientation of
fissures. The solutions are however, for cases where all the
boundary potentials zre known, ie. no phreatic surface is
involved. Sharp (9) has considered a vast number of problems
with and without a free surface. Neither of the above simula-
tions of fluid flow through a discontinua compare the methods
with a physical method or with known analytic solutions.
Obtaining a free surface involves certain assumptions whether the
method of solution is an analogue or a digital computer. It is
proposed to test a very simple case of flow through a multiple
fissure system before applying numerical methods to more complex
problems. A recent publication by Wittke (70) compares the
finite element solution of a drainage problem to a hydraulic
model. This publication was not available at the time of
carrying out the model work, but it does, however, confirm that
numerical techniques whether Finite Element or Finite Difference
are successful in solving boundary value problems where conditions
on one boundary are unknown and have to be arrived at iteratively.

HYDRAULIC MODEL

The hydraulic model consists of a large perspex block 1 inch
thick with an orthogonal fissure system as in Fig. 3.10. xhe
fissures are carefully machined with an aperture of 1 mm - 5Z.
The block is firmly held between two perspex plates which form a
tank and water is supplied into the input end from a constant
head tank. Care was taken not to introduce air bubbles into the
model by having a very fine gauze wire screen. The output is
maintained at a steady pressure by the stilling basin within the
model. The fissure frequency is identical in the orthogonal
directions and the spacing is 3". Twenty-one pressure points
are provided to get some idea of the internal pressure distribu-
tion. By using a coloured dye it is possible to locate the
channels where flow is occurring and also the exact location of
the free of phreatic surface. The model during the tests was
regularly washed out with a detergent to reduce the surface
tension within the models to a minimim and also to release trapped
air bubbles.
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A Summary of the Physical Parameters

(a) Distance between fractures =d = 1.9 cms
(b) Area of small block = 3.61 cm2

(c) Fissure Aperture = e = 1 mm

(d) Porosity = £ -n =57
3 -3
-8 _ 10 x 980 = 3.3 cm/sec
4 12 %102 x1.3x1.9
2 -2
-8 _10 x 980 = 63.3 cm/sec

12 x 1.3 x 1072

(e) System permeability = KS

(f) Fissure conductivity = K

3.2.3 EXPERIMENTAL DETAILS

Flow tests were carried out with different applied upstream and
downstream boundary conditions. Once steady state was reached,
pressure readings were taken from the model via the manometers

so as to obtain an idea of the pressure distribution and also

the dominant direction of flow. By contaminating the entire
input reservoir with a coloured dye it was possible to see (a)
the phreatic surface; (b) the channels in which there was flow.
By taking photographs of each steady state it is possible to keep
an accurate record of the phreatic surface.

3.2,3 EXPERIMENTAL RESULTS

Fig. 3.11 '1nzugerates a typical potential distribution in the
perspex model. The hydraulic gradient within the model is
J = 0,06.

It is interesting to note that there is very little pressure

drop in the vertical direction indicating that the majority of
flow is in the horizontal direction. This was further observed
when a dye was introduced upstream. The dye front moved almost
exclusively in the horizontal direction. The measured output for
the boundary conditions in Fig. 3.1l is 700 cc/min. A very
simplified calculation is carried out to see how accurate an
estimate of total quantity of flow can be made by applying Darcy's
law to the medium and considering it as a unit block with a
certain system permeability. This calculation is very crude and
only possible if the water table or phreatic surface is shallow.
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3.3 cm/sec

System permeability from section 3.2.2 Ks

Hydraulic gradient J = 0.06

Approximate area of flow = 15 x 1.9 x 1.9 = 54 cm2

Darcy's law for equivalent porous media

Q = AKSJ A cross section area
K,  system permeability
J hydraulic gradient

54 x 3.3 x 0.06

10.8 cm3/sec

650 cm3/min

Q

3
The measured value of Qm = 700 em /min

This calculation shows that it is reasonable to use the above
approximation when estimating very crudely, the total flowrate
provided the gradient is small (less than J = 0.06).

Fig. 3.12 is a typical phreatic surface which stands out clearly
because a dye has been introduced into the input reservoir. The
phreatic surface is normally defined (6, 12) as the boundary in a
flow system where the fluid pressure is equal to atmospheric,
pressure and consequently, no flow can occur across it. In a
porous media where the size of the pres is not very much
different to the size of the particles there is no ambiguity in
the above definition. However, it can be seen in Fig. 3.1%7 that
there are two ways of defining the phreatic surface - it can
either be the level to which water rises in the vertical
channels in which case the phreatic surface is the line joining
these highest points or alternatively, the phreatic surface can
be approximated to the uppermost boundary of flow, ie. the line
joining the uppermost horizontal channel where there is flow.

In the latter case the phreatic surface takes up a stepped
appearance,This matter will be further dealt with in the next
section on numerical solutions to boundary value problems with

a phreatic surface. An interesting experiment was carried out
to see if the boundary conditions at the downstream end made any
difference to the phreatic surface, ie. the first experiment was
made with the output from the tank flowing out so rapidly that
water level at the output end of the model could not build up to
the level of the highest horizontal fissure which has flow in it.
With the same input boundary, water was subsequently allowed to
rise to the level of the fissure with flow. This condition

amounts to examining the head loss due to the kinetic energy of the

discharge.
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It was found that for small gradients no appreciable difference
could be detected. For the maximum gradient the difference in
the phreatic surface was of the order of 10%. This experiment
confirms the assumptions made by Sharp (9) and Polubarinova
Kochina (6). In this experiment the Reynolds number rarely
exceeded 100 and therefore the intersection losses are ignored.

NUMERICAL ANALYSIS

A problem such as this is not amenable to any analytical

solution (8, 12) and therefore it is suggested that the unknown
boundary and the potential distribution are calculated by a
numerical technique. Numerous methods exist which can be applied
to such a problem such as the Finite Element (18, 61) technique
and the Finite Difference method (16, 17, 9, 12). For reasons of
clarity, computer storage, computer execution time etc, the
Finite Difference method (9) is chosen; details of which are
included in the Appendix. Typical boundary conditions required
for the numerical method are shown in Fig. 3.13.
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P P = pressure
P i 1 Fi = = 4 .
otential is defined as ¢ e Z ¢ = density
Z = elevation above a

given datum.

If in the above model orn the upstream size water is to the top
of the model, at any clevation.

@ = constant = H + g— cm of water.

On the downstream side if water is at the bottom of the model.

@ = Z and if the datum begins at the base of the
model, the potential increases linearly with

elevation.

Point X(I’ J) is given by the intersection of the ith column with the

Jth TOW.

The position of the phreatic surface is unknown and has to be
calculated using a numerical method. By assuming that the fissures
in the model correspond to the rows and columns in the numerical
model a Finite Difference model is set up of the physical model,
Solutions to Laplcus Equation in a finite difference form are
discussed in detail in Sharp (9) and Childs (12) and therefore they
will not be repeated here.

o LJ-I
o & o
1-1,J 1,J I+1,3
o 1,J+1

FIG 3.14

Having established the boundary conditions as in Fig. 3.13,
arbitrary but realistic values of potential are fed into the
internal nodes of the mesh. Each nodal point, eg. (I, J) refers
to the intersection if the Ith column with the Jth row. A linear
flow law is used for this problem and the potential distribution
within the model is obtained for the given boundary conditions.
Since this numerical model cannot simulate gravity the position
of the phreatic surface cannot be established without trial and

error.
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Procedure for Obtaining Phreatic Surface

As a result of the first cycle of calculations the values of
potential are examined beginning with the top left hand corner

and looking at one row at a time. If at any node, the value of
total potential @ is equal to the elevation potential H the node
defines the upper limit of the free surface. This exact relation-
ship very rarely exists and therefore the following criteria is
used. If H(I, J)-¢(I? J)KC the vertical element above the node is
isolated from the system. C is a constant which is arrived at by
trial and error. Its value must be such that only a small
fraction of the system, ie. a row is isolated at each cycle of

the computation (see Fig. 3.15). This is because if a large area
of the model is isolated suddenly the phreatic surface becomes
unstable. '

Computational details are given in the appendix. Since the
determination of the phreatic surface is largely one by trial and
error a confirmation of the method is essential and the best
possible way to do this is to use the results of the hydraulic
model described in section 3.2.3.
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CHOOSE
BOUNDARY
CONDITIONS FOR
GIVEN MODEL

ASSUMING ABOVE < NO
ol CONDITIONS, FINITE |

DIFF.METH GIVES I8
POTENTIAL DISTRIBUTION NO.OF CYCLES
>N

Y

NO Is YES RY(I, J)

H(I, J) - ¢(1, J)XC =0

FINAL
SOLUTION

FIG. 3.15

Fig. 3.16 is a typical result of such a numerical analysis. Also
on the same diagram are traces of the phreatic surface. As was
explained in the previous section it is possible to define the
phreatic surface in two ways, ie. a line joining the tope of the
water level in the sectional fissure which indicates the pressure
in the top elements or a stepped line which defines the area of
flow. From these results it can be seen that the results of the
physical or hydraulic model agree very closely to the computer
solution. The solutions for the other different boundary
conditions agree very well with the hydraulic model indicating
that the method of analysis and of obtaining the free surface is
correct.

YES
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INTRODUCTION TO FLOW IN AN
ANISOTROPIC MULTIPLE FISSURE
SYSTEM

A large hydraulic model has been made at the Rock Mechanics
Centre to simulate fluid flow through a fissured rock mass.
Having successfully used the perspex model to test the theory
under idealised conditions (sectiomn 3.2.0) it was decided (a) to
consider a fissure system in which the spacing between fissures
in the two orthogonal directioms is different (b) the fissures
are not smooth parallel plates, but have surface roughness, (c)
there is a drainage gallery or tumnel in the fissure system.

With the above conditions in mind, impervious engineering bricks
were chosen as the model material for the blocks which
constitute a fissure system. TFor a variety of input pressures,
measurements were carried out of the potential distribution
within the model by observing piezometric levels and also the
flowrates were monitored once stable conditions were achieved.
Computer simulation of the above model was subsequently carried
out to compare the theory with experiment.

DETAILS OF THE HYDRAULIC MODEL

Fig. 3.18 illustrates a section through the model which con-
sists of 13 horizontal and 21 vertical fissures with a quadrant
of a drainage gallery in one corner of the pile of bricks. By
symmetry it can be assumed that the model is in fact four times
the size shown in the diagram and therefore represents a fairly
realistic size of problem. Pressures within the model are
monitored at different locations and elevations by piezometers.
A piezometer consists of a hollow nylon tube which is fixed
(open ends) at the point where the measurement of pressure is
required, ie. within the fissure plame. A large number of
piezometers daylight above the top of the model while the
installations within close proximity of the drainage gallery are
connected to a manometer. Transit time or seepage velocity
between any two piezometers can be made using the Schmidt
trigger device (described in detail imn Part IV). It consists of
two bare terminals at every piezometer and the wires connected
to the terminal pass through the piezometer tubes are connected
to the Schmidt Trigger and a chart recorder. The depth of the
water level in the piezometer is measured with two base wires
connected to an Avometer which are lowered into the nylom tubing.
When the wires touch the water surface, the circuit is closed,
thus locating the phreatic surface.
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SCALE OF THE MODEL

4 inches
2} inches

Distance between vertical {issures
Distance between horizontal fissures
Radius of gallery = 7 inches

If, for example, the gallery in the model represents ome 6 ft in
diameter in the field, the distance between fissures becomes 3 ft
5 in and 2 ft 2 in.

MODEL SINGLE FISSURE CHARACTERISTICS

Fig. 3.19(a) is a cross section along the direction of flow in
the brick fissure model. The photograph does not clearly illus-
trate the uneven nature of the conductor as compared to Fig.
3.19(b), which is a real fissure in purphyry (9). A close
examination of the fissure Fig. 3.20aillustrates how the aperture
of the fissure varies.

10

0 1

02 04 06 08 10 12 14mm

MODEL FISSURE

FIG. 3.20a.

These measurements were made with a reflecting microscope. It is
believed that irregularities such as these cause nonlinearity in
the pressure flowrate curve. The histogram also indicates that
the size of the irregularity is roughly of the same order of
magnitude as the aperture, as opposed to pipe roughness which is
much smaller than the diameter of the pupe. The wide wave-band
of aperture values indicates a convergent—divergent flow pattern
and the skewness that the asperities and cavities are inter-
mittent (9). From this roughness profile it is very likely that
nonlinearity will begin at a relatively low Reynolds number.
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Simple flow tests were carried out along the length and width of
the fissure to (a) calculate permeability of a single fissure

(b) to observe whether the pressure--flowrate curve is nonlinear,
(c) to determine if there is any anisotropy to flow in the plane
of the fissure. A final test was carried out on a pile of eight
bricks to compare the value of permeability per fracture from this
test to the previous two, see Fig. 3.20(b).

A
LLL L L L2 Z L L L el
IN ouT
—p —p
FT77 7777777 — .
7777 777 A7 7777777
TEST L SFTTTT?
4 A .
TesT 2 TEST %

] I
- I

Plan Seckion A-A.

Puan.

FIG 3.200)

Fig. 3.21 illustrates the result of the tests 1, 2, where flow-
rate is plotted as hydraulic gradient. Only the very early part
of the curve can be classified as a straight line. The relation-
ship is a nonlinear one and from the experimental points there
seems to be no difference between flow in two directions within
one plane. There is no distinct change from laminar to turbulent
flow and therefore it is no possible to define the Reynolds
number at which laminar flow breaks down. In order to obtain
values of permeability for purposes of comparison the initial
linear part of the curve is used.

If we assume Q = AKJ Q is flowrate
A cross section area of flow per unit
width

K fissure permeability

o

hydraulic gradient
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TABLE 1
2
Test 1 AX = 1,98 cm /sec
2
Test 2 AK = 3.5 cm /sec
2
Test 3 AK = 4.1 em™/sec

The above results can be expressed in terms of permeability if a
value for mean opening can be assumed. From the histogram the
value of mean opening is 0.8 mm.

TABLE 2
Test 1 K = 24.7 cm/sec
Test 2 K = 33.2 cm/sec
Test 3 K = 40.7 cm/sec

Assuming a parallel plate model with an opening 0.8 min

2 2

K =88 _ 980 x (0.8)2 x 10

— = 46.1 cm/sec
12v 12 % 1.14 x 1072

In table two it can be seen that the permeability between Test 3
and 1 is different. The reasons for this is that the edges of the
bricks are not all sharp and therefore some liquid escapes through
the gap between the brick walls which is created when an arrange-
ment such as Test 3, Fig. 3.20(B) is used. The value of
permeability of an equivalent parallel plate, ie. one with an
aperture of 0.8 mm is much higher. This is reasonable because the
roughness on the brick surface reduces the permeability by
increasing the viscuous drag on flow.
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3.3.4 MULTIPLE FISSURE CHARACTERISTICS

Fig. 3.22

If Fig. 3.22 is a typical block element out of the fissure
system, flow will take place along three different planes, ie.
ABCD, DCET and BCEG. The flow along channel ABCD and BCEG can
be thought of as flow through a two dimensional system, the flow
in each plane by symmetry being reduced to a line flow as in
Fig. 3.23 where xy corresponds to ABCD

2y corresponds to BCEG

X 1,Y
T




FIG. 3.24.

gt
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FIG. 3.24,




CHAPTER 3

Flow in element DCEF and others in the same plane can be thought
of as flow in one large single plane. Therefore the total flow
being the superposition of the two dimensional flow in the XY, YZ
direction plus flow in the plane parallel to DCEF. This super-
position is clearly only possible for the case of linear flow.

For a large number of different upstream pressures the pressures
within the model were measured so that a picture of the phreatic
surface and hence, the potential distribution could be made up.
Fig. 3.24 is a typical example of two such tests. In the first
test, a head is applied which is equal to the height of the model,.
The second one is a case with 757 applied head. The pressure drop
from the upstream end is linear most of the way towards the end
where there is a sudden decrease towards the gallery. This
behaviour is believed to be due to the acceleration of the fluid
as it approaches the gallery.

DETERMINATION OF SEEPAGE VELOCITY
USING THE SCHMIDT TRIGGER

Seepage velocity is measured within the model using aSchmidt
trigger device. This method relies on injecting either
hydrochloric acid or salt solution into the input end of the tank.
As the tracer front (assuming little dispersion at such high
velocities) moves within the medel and goes past the probe an
electrical signal is triggered off to indicate that the front has
moved past the given point. Fig. 3.25 is such a record where the
sharp peaks indicate the time at which the front passes by.
Numbers 1-4 indicate the piezometer numbers. Piezometer number

2 and 4 are on the same level.

DIRECT ESTIMATE
Distance from piezometer 2 to 4 = 2 x 4 x 2,54 = 20.5 cms
Time interval from 2 to 4 (Fig. 3.25) = 1.25 x 6 = 7.5 seconds

Seepage velocity from point 2 to 4 -22'2 = 2.75 cm/sec

INDIRECT ESTIMATE
Pressure difference point 2 to 4 = 50.5 - 42,0 = 3.5 cms

. . . _ 3.5  _
.+ Hydraulic gradient = 505 = 0.170

From section 3.3.3 mean permeability KJ = 32.6 cm/sec

.. seepage velocity point 2 to 4 = 32,6 x 0.170 = 5.5 cm/sec
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The degree of agreement between the two answers is not bad at all
because the mean aperture estimate is subject to error, ie. a small
error in aperture causes a very much larger error in the estimate

of permeability.

Reynolds number upstream ud
between point 2 and 4 v

u=
d
‘v‘=

= 18.3

Close to the gallery the velocity
pressure readings at point 9, 4.

Pressure drop between point 9 and

.". Gradient point 9 and 4 A

.". Velocity from point 9 to 4 =

ud _

8.8
x 1.54

28 x 8 x 10

2.75 x 8 x 102

1.2 x 1072

velocity
hydraulic radius
kinematic viscosity

can be calculated from the

4 =
8

8.8 cms

= 0.87

37.6 x 0.87 =
2

28 cm/sec

Reynolds number -

RN = 186

1.2 x 10

2

The above calculation demonstrates that the seepage velocity
increases by a factor 10 times from the upstream end of the

model to the downstream end near the gallery.

The pressure loss

due to the change in kinetic energy near the gallery is approx-

imately 8% of the frictional loss.

In this particular model the

Reynolds number close to the gallery justifies the incorporation
of the intersection losses, but otherwise they are sufficiently
low and the value is within the inaccuracies caused by the
irregularity of the block sizes, alignment of the fissures etc.
Numerical analysis will be carried out to see the degree of
correspondence between theory and model.



3.3.5

¢ lineor

CHAPTER 3

55

NUMERICAL ANALYSIS OF FLUID FLOW
THROUGH ANISOTROPIC MULTIPLE FISSURE
SYSTEM

b=H

IMPERMEARLE

dl’aP =H

f Ky = BUnits

GALLERY
" 77777777 77777777777
IMPERMEARLE
Permeabitity
very high
Potential = constant

FIG 3.2

Two cases are considered:

§-Fissure Horizontal
and Vertical
Direction

1. Ratio of principal permeabilities = %%

2. " " n " n 1 Fissure in

Vertical Plane

The same numerical technique as described in the previous section
is used except that at the bottom left hand corner a gallery is
introduced. The gallery potential is always constant and equal
to the elevation potential. The permeability within the gallery
is very large compared to the permeability of the fissures.

A large number of computations were carried out to establish
the free surface so as to compare the numerical results with
tests carried out in the hydraulic model. Figs. 3.27 and 3.28
illustrate the free surface using various techniques. As was
mentioned in the previous section, the phreatic surface can be
represented (9) by the stepped line which is the uppermost flow

- KX =8BUnits /4’:CONSTANT
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boundary. It is strictly not the phreatic surface but if the
dimensions of the problems are large ie. high hydrostatic
pressure and close jointing, the error in using the stepped
version is small, If, on the other hand, the slope is not too
high and with widely spaced fractures, the uppermost flow
boundary will not correspond to the phreatic surface. In this
case it is suggested that pressures at each node are recorded (in
terms of head of water) and a line is drawn joining the top of
these pressure lines as in Figs. 3.27 and 3.28. The slight
irregularity in the free surface of the hydraulic model is due to
the surfaces of the bricks being uneven. As far as the computer
solutions are concerned the phreatic surface is represented by
either the smooth line or the stepped version which is the upper-
most boundary of flow. The free surface is represented in

Fig. 3.27 and 3.28 for the isotropic and anisotropic case, the
two conditions corresponding with flow either in the plane
parallel to the gradient or in the vertical and horizontal
directions., The total flowrate in the gallery is given by the
sum of the two flows (by superposition). As far as the free
surface, there is no rigorous solution to such a problem and
therefore the mean of the two free surfaces should represent the
phreatic surface.

The numerical solution agrees reasonably well with the hydraulic
model, allowing for the fact that the geometry of the hydraulic
model is not exact, the flowrate-pressureé law is nonlinear and
finally the pressure drop due to the kinetic energy has been
neglected in the numerical solution. It was shown in the
previous section that this difference at a distance equal to
twice the radiuvs of the gallery from the bottom left hand cormer
of the model (Fig. 3.27 and 3.28) the effect of neglecting the
losses due to acceleration were as much as 10%Z. Closer to the
gallery in the hydraulic model no measurements were possible, but
an example can be considered from the numerical solution.

Prior to examining conditions downstream, let us compare the
gradient in numerical model to the actual measured value at the
same position.

In section 3.3.4 the measured hydraulic gradient between point 2
and 4 is given by J = 0.17

From the computer solution the gradient at the same
location, point 2 to 4 is given by _ 0.4 x 2.5 % 2.54
J =
4 x 2,54

= 0.25

This agreement is considered to be reasonable since the numerical
model is an approximation to the brick model in that the problem

is solved by the superposition of two dimensional flow in two
orthogonal planes and further in the hydraulic model, the different
elements are not strictly homogenious.
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Assuming full head at the upstream end the gradient close to the
gallery is:

- 5.0x 2.5

% = 3.1 (As opposed to gradient of 0.2 upstream)

J

From Table 2, section 3.3.3
K mean = 32.6 cm/sec
Assuming linear conditions:

V =32,6 x 3.1 = 100 cm/sec
V2 100 x 100

.« Kinetic Energy losses = EE = X980 5.1 cms Head of Water

Difference between measured phreatic surface
. = 9.7 cms Head of Water
and theoretical surface ————

The discrepancy between the measured and calculated phreatic
surface can be explained in terms of the kinetic energy losses
that occur as the fluid accelerates on approaching the gallery.
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CONCLUSIONS

The perspex and brick model have proved that the use of simple
numerical methods in a discontinua can give reliable answers,
provided the inertia effects are small. Having established that
it is possible to use numerical methods in such problems it
becomes possible to attempt to solve difficult geometries and
varying permeabilities with greater confidence. Variation of
parameters is very much easier in a numerical study as opposed to
a hydraulic model. It will obviously not be possible to model
field problems in detail due to the difficulty in obtaining enough
input data and therefore, the numerical tool provides a further
advantage in being able to vary the input data and then study the
influence on either the stability of the structure or the
variation in the total amount of flow in a given system.
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INTERACTION BETWEEN STRESS AND PERMEABILITY
IN JOINTED ROCK.

Synopsis

In jointed rock the relationship between permeability and stress is
a non-linear one such that a small change in stress produces a cor—
respondingly very large change in permeability. The deformation of
a rock mass is comsequently a complex interaction between the solid
body stresses and seepage pressures. To date the seepage of water
through a network of fissures has been considered as that through
non deformable conductors., Analytical expressions describing such

a phenomenon are cumbersome and applicable to only simplified cases,
It is proposed to use two separate numerical models, one performing
the structural analysis and the other calculating seepage pressures,
suttably coupled to study the interaction problem.

Seepage pressures as obtained from a non-deformable analysis are
compared with those from a coupled analysis for the case of a rock
slope. Such a coupled analysis requives certain assumptions about

the behaviour of the conductors under normal and shear stresses.
Information from published literature ie used for the determination
of the conductors under normal stresses. An experiment was carried
out to get an idea of the change in permeability with shear displace-
ment at low normal stress,
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INTRODUCTION

Let us consider flow through a "parallel plate" idealisation of
a fissure. For laminar flow from Chapter 2,3.

Q = AK_J
KJ conductivity of the fissure
J” Hydraulic gradient
A Effective area of flow
Q flow rate
2

= £8

where KJ T3V

for unit width of fissure

. q = e3g J
° " 12v
e QooJ
and ane3

A small change in "e" produces a large change in Q or

in J which is related to the uplift forces in a rock mass. On the
laboratory scale Bernaix has shown (Chapter 2 part II) how the
application of confininig pressure in a triaxial cell changes the
permeability of fissured rock by three or four orders of magnitude
while for an intact specimen there is no appreciable change. In
practical terms this suggests that if there is a constant volume
of recharge in a fissured rock mass, such as the upstream end of

a dam, stress concentrations at the toe of the dam lead to daming
up of the water, thereby building up excessive seepage pressure in
the area. A further very important implication of consideration of
stress and its influence on permeability is that it causes aniso-
tropy in the system. Consequently the analysis of boundary value
problems becomes very difficult and often soluble only by numerical
methods.

The simple case of the interaction between permeability and stress
for a case of parallel fractures with self weight loading has been
analytically solved by Snow (33) using continuum mechanics equations.
This work was initiated in order to understand the mechanism assoc-—
iated with seismic events which may be caused by fluid injection into
deep disposal wells. Owing to the very complex nature of the problem
the analytical approach does not constitute a realistic model,
Features such as the deformation of blocky nonlinear systems (caused
by fissuration) cannot be simulated with such an approach.

INTERACTION MODEL

In order to calculate the deformation of a rock mass under the
combined structural and hydraulic loading two separate numerical
schemes are suitably linked to calculate stresses and water pressures,
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The essential concept behind the interaction model is best des-
cribed graphically as in Fig.4.l.

GIVEN GEOLOGIC STRUCTURE
AND IMPOSED LOADING

¥
ASSUME CONSTANT |, STRUCTURAL ANALYSIS
PERMEABILITY FINITE ELEMENT/RIGID BLOCK METHOD
Y
NEW DISTRIBUTION OF PERMEABILITY
3
FLUID FLOW ANALYSIS T
Egﬁg???gNs > FINITE ELEMENT/FINITE DIFFERENCE
METHODS

Y
FLUID STRESSES

4

COUPLED STRESS FLOW PHENOMENON

Fig. 4.1,

To begin with it is assumed that in a given problem the geological
structure is given and so is the imposed loading. Initially a con-
stant permeability is assumed, i.e. mo stain in the system., A struct-
ural analysis is carried out assuming no water pressures. This analy-
sis can be a continuum or jointed finite element analysis (76) or

a rigid block type analysis (34). From such an analysis it is poss-—
ible to obtain stresses and strains in the system, The strains give
new values of permeability which together with the boundary conditions
are used in the fluid flow analysis to give a distribution of seepage
forces, Once again for this part of the analysis it is possible to
use Finite Element or Finite Difference techniques.

Seepage forces are now fed back into the structural analysis of the
problem in order to obtain a new loading due to water in the system
and consequently new joint closures, With the recalculated values of
permeability a seepage force distribution is obtained and fed back
into the structural analysis.
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This process is repeated until the deformation or seepage pressures
converge to a steady value for a further one or two cycles. It is
believed that this is the final deformation of the rock mass under
combined structural and hydraulic loading.

STRUCTURAL ANALYSIS OF THE ROCK MASS

A vast number of methods are available for this part of the analysis
in which the rock mass is treated as a continuum with elastic or
non elastic properties and others which take into account the prop-
erties of the fractures under imposed loading (76). For the first
attempt at the interaction model a continuum model is chosen and is
described in detail elsewhere (76), A finite element method is used
to analyse the stresses and strains in the model and for ease of
computation it is assumed that the rock mass behaves elastically
(this however, is not an essential assumption),

Input information for this part of the programme includes the
boundary conditions, loading and elastic properties of the rock mass,
such as modulus of deformation, poisson's ratio, etc,

FLUID FLOW ANALYSIS

The analysis of seepage pressures is as described in Chapter 3,

Part I, A finite difference method is used to solve the distribution
of seepage pressures assuming certain boundary conditions and a
permeability distribution.For the case of a phreatic surface an
iterative technique is used to simulate gravity. For complex fissure
systems it is perhaps easier to use the finite element method (61).
The interaction or coupling of the two numerical methods becomes
easier if both the methods are similar.

LINKAGE OF THE TWO NUMERICAL SCHEMES

In order that the two numerical schemes can be linked it is import-
ant that the two grid systems are compatible.

(o O
— equivalent solid
element
flow  ——r1
element
O O

FIG 4.1
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In the subsequent analysis that is going to be carried out the
finite element method in the structural analysis was successfully
linked to the finite difference fluid flow analysis by St. John (76).
Fig.4.1 shows the equivalent solid element and the fissure system
each with its own numbering and grid system. In the fissure system
the forces are transmitted from within the fissure to the continuum
structural element through the nodal points as shown in Fig.4.2.

—
——
—

uplift in horizontal
fissures

continuum element

FIG 42

4,2,4 DETAILS OF THE ROCK SLOPE MODEL

Fig.4.3 shows the boundary conditions, size, elastic constants etc
that were used in the model,

i 100m |

_ L 4

£ rock mass FIG 43

O

=

nofllow
o v
. 2

Compression modulus = 1000 kg/cm
Poisson's Ratio = 0.2 9
Compression mod of fissure = 500 kg/cm
Initial fissure opening = 0.1 mm,
Height of model = 100 metres
Width of model = 100 metres

Joint spacing =’ 5 metres.
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RESULTS OF ANALYSTIS

In section 4,2,0 the flow chart for the interaction model shows
how the first step of the calculation is to determine the stress
distribution without water, Fig.4.4 shows the result of a typical
stress distribucion in such a case where the contours are non-
dimensionalised, It is interesting to note that the influence of
the toe in as far as stress concentrations are concerned is very
localised and unlikely to cause any damming up of water, on a
large scalel In effect as a result of excavation the slope heaves
outwards.

During the first cycle of the calculations for seepage pressures
it is assumed that the permeability in the model, as in Fig.4.3 is
constant everywhere and given by:

e2g
Ky = 13

e = aperture of the fissure = 0.lmm,
g = gravitation constant
¥V = kinematic viscosity

Initially it is assumed that the entire model is submerged under
water., The effect of this is one of buoancy, fluid pressures
being a function of depth. These seepage pressures are fed into
the structural analysis so that new deformationsbased on effective
stress are computed, These stresses produce new strains and con-
sequently a new distribution of permeability. The fluid flow
analysis is now carried out with these values of permeability and
the original boundary conditionms.

This time, however, the phreatic surface is calculated iteratively,
The result of such a calculation is new seepage pressures. This
process is repeated until convergence is obtained. In Fig.4.5 the
phreatic surface can be seen during an intermediate cycle until it
finally settles down to a position from which it does not change
with further cycling. In this particular problem it was found that
the solution converges after three intermediate cycles.

Also in Fig.4.5 is plotted the phreatic surface for the case of

flow through the model assuming that the conductors are non deform—
able (marked isotropic flow). It can be seen from the model that the
phreatic surface for the deformable model is much lower than the
isotropic case. This indicates lower seepage pressures in the system
or better drainage. The effect of water is to heave the model up and
to the left as a result of which the fissures open up increasing the
drainage of the rock mass.

1 This ofcourse assumes that there is no impervious. boundary near

the base of the excavation.
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In this particular model the change of permeability with shear
displacement is ignored because it is not certain what the relation-
ship is, short of knowing that a joint dilates during shear.

EXPERIMENT TO OBSERVE CHANGE IN
PERMEABILITY WITH SHEAR DISPLACEMENT

It is not possible to carry out measurements of permeability in
the 50 ton shear machine at Imperial College. It was therefore
decided to carry out an initial test on a very simple experimental
set up. The test was performed at a low normal stress and this
eliminated the need for a complicated loading system, The choice
of low normal stress was made to be consistent with the evidence
put forward of the existance of low stresses that are found in
rock slopes (34, 76).

TEST SET UP

The shear box is made out of 1" thick perspex and the sample is
housed in the middle as shown in a schematic sketch, Fig.4.6.

‘WATEQ

I | /roz SAMPLE o ARALDITE FISSURE

—
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-
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NORMAL LOAD = SELF WEIGHT

FIG A.G

The sample used for the test was a 25 sq.in. slab of slate which

was split along a cleavage plane. The two halves were mounted
carefully as in Fig.4.6. The first permeability measurement was

made at zero shear displacement, i.e. when the two halves of the
sample fitted each other and although there was a small gap to

allow fluid flow through it, the vertical displacement was assumed
to be zero, The sample was sheared along the direction of lineations.
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4,.3.2 Results

Permeability measurements were made at shear displacement intervals
of approximately O.2cm, Fig. 4.7 shows the result of the experiment
where for a shear displacement of lcm, the permeability has changed
from approximately 102 cm/sec. to 1 cm/sec., the dilatation due to
the shearing being just under 0.2cms., This experiment illustrates
how the permeability changes substantially with shear displacement,
This phenomenon must play a part in the progressive failure of a
slope, for example, where excessive pore pressures cause sliding of
the rock mass along discontinuities and a result of the movement
the rock drainage increases, possibly thereby stabilizing the system
for such a time when the pore pressure builds up again, to cause
further movement. The experiment illustrates the importance of the
change of permeability with shear displacement and it is suggested
that more controlled tests in terms of stress application should

be carried out to study this phenomenon.However, in reality it is
expected that the change in Permeabity may not be as large as shown
in Fig 4.7 since (a) even at low normal stresses the dilation is
less than at zero normal stress and (b) fines develop which may block
the fissures thus reducing the effective aperture.The increase in
permeability is likely to be higher in hard rocks than in soft
rocks like schists.

10—
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FIG 4.7
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CONCLUSIONS 4

The strong interaction between stress and permeability in fissured
rock is an extremely important phenomenon which has been ignored so
far and is just beginning to attract attention, This is largely due
to the fact that the equations of state of this combined phenomenon
have not been formulated or solved and the problem is soluble only
by coupling two numerical schemes iteratively until convergence is
achieved, The linkage of the flow programme to the jointed rock mass
analysis of St. John (76) and Cundall (34) will provide further very
interesting insight into the deformation of fissured rock under the
combined structural and hydraulic loading. A preliminary analysis of
a rock slope shows the vast difference in the seepage pressure dis-
tributions. As a result of the interaction programme it can be seen
that a slope has a much higher drainage than postulated by the rigid
element analysis of Louis (8) and Sharp (9).

It is felt that in the case of a dam foundation where both the stresses
and hydraulic gradients are high (unlike slopes) this effect will be
even more pronounced, The interaction problem needs much more detailed
evaluation especially the practical aspects where little is known
about the change in permeability of fissures with normal and shear
stresses., An attempt has been made to stimulate further interest in
this area and it is hoped that more results will become available in
the near future,
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INTRODUCTION TO PRESSURE TESTING IN ROCK

SYNOPSIS

A brief historical introduction of flow from or into

a eylindrical cavity is provided so that some sort of
perspective can be gained into the present state of
knowledge - and consequently, current practice. Quite
often the assumptions behind a theory are forgotten in
practice and the unreliability of the test results is
blamed on the inaccuracy of the method. Recent research
obviously follows the historical development of the
subject and before considering any further research it
is important to know which areas have been studied or
are at present being looked at by Engineers interested
tn the flow of fluids through fissured media.
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FIELD OF APPLICATION

The study of flow of water through soils and rocks illustrates
the principle of the university of modern sciences. It is here
the hydrologists, geologists, meteorologists, engineer and
agronomists overlap in their activities. As a result of this
diversity, the approach to the problem has been extremely

varied, from the very practical approach of the farmer, through
the descriptive mode of the geologist and the semi-empirical
approach of the engineer to finally, the rigorous solutions
sought after by the applied mathematicians. However, the com~
plexity of the problem has even lead a genious like Leonardo da
Vinci to comment "that water flows from the vast depths to the
mighty ocean in the deep caverns that lie uid within the bowels.
of the earth, whence, through the spreading veins upwards against
its natural course, incontinual assent to the high summits of the
mountains, it returns through the burst veins to the deep".

HISTORICAL DEVELOPMENT

It was as early as 1848 when the French eingineer Dupuit (1)
developed the theory of filtration to be soon followed by Darcy (2)
in 1856. It was, however, Dupuit who calculated the flow of water
into wells in unconfined and confined acquifers. Shortly after-
wards in 1886 Boussinesq (3) and Zhukorskii (4) developed equations
and solutions to three dimensional, nonhomogenious and time depen-
dent problems with simple boundary conditions.

It was not until 1955 that any serious interest was shown in
fluid flow through fissured media (4). At the same time a paper
of considerable interest was published by Baker (5).

Baker considered the case of axisymmetrical flow of water in a
fine fracture towards a cylindrical cavity. Model tests on a
fissure proved that analytical solutions based on a parallel plate
model could be used to describe flow within the laminar regime,
Further, he was the first person to demonstrate the large volume
of fluid that could flow within a fissure compared to an
unfissured formation. For example, a single fissure with an
aperture of 0.01 inch is equivalent to 454 feet of infissured
forgation having a uniform permeability of 10 millidarcys or

10 ~ ecm/sec. Another important conclusion in Baker's paper is
that the pressure drop within close proximity of the hole, as

a result of flow into or from a hole, is extremely severe compared
to the case of a porous media. In the case of a 1 mm aperture
fissure, Baker shows that 80% of the pressure drop takes place
within a foot of the hole. In the case of a pumping test in
fissured media this obviously prcves that it is the aperture of
the fissure within the 'confines' of the hole that determines

the flow capacity under a given applied gradient.
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Polubarinova-Kochina (6) summarizec a vast amount of work
which has been done by Russian Engineers and gives detailed
solutions to a large class of problems of fluid flow through
porous media. The approach used is that fractures occur
randomly and if the correct scale is sued to analyse problems,
continuum mechancis equations can be applied as in a porous
medium. However, an essential difference is made in the case
of fractured media. The medium is given two distinct
permeabilities; primary permeability to the intact

material and secondary permeability to the fissures; the
secondary permeability, obviously, being much greater than the
primary permeability. Navier-Stokes equations are now applied
to a medium where there are two pressures; 1i.e. pressure in
the pores and in the fissures, taking into account the
transfer of liquid from the pores into the fissures. Solutions
are thus given for certain specific problems of non-steady
state seepage in a fissured rock. Although the derivations
are extremely rigorous within themselves and a feat in Applied
Mathematics they cannot be easily applied in Civil Engineering
or Mining problems for two reasons. The first one 1is that very
often the fracture systems have some form of symmetry, e.g.
sedimentary environments, and also the degree or intensity¥*

of fissures is comparable to the size of structure under
consideration. Therefore mean characteristics, whereby the
averaging is carried out on a scale which is large compared to
the dimensions of the individual blocks, 1s inadequate.
Secondly the transfer of fluid from the porous media into the
fractures takes place so slowly, if at all, because the input
boundaries of near surface strctures are probably directly
connected to the fissure systems, e.g. during a pumping out
test in a saturated fissured rock mass water would be
transmitted from the fissures directly to the cavity at
relatively low pressures, making it impossible for water within
the intact material to move towards the fissures sufficiently
quickly to maintain a high constant flowrate.

In 1965 Snow (7) presented a theory of flow from a cylindrical
cavity into a jointed media. Snow begins his hypothesis on

the basic assumption that a fissure in a rock mass can be
represented by an equivalent parallel plate model. He further
assumes that the flow within such a parallel plate will stay
laminar under all conditioms.

Individual fissures or fissure sets can have any orientation in
space and they have different apertures and spacing. If a
hydraulic gradient is applied to such a medium, the direction

of flow does not necessarily follow the same direction. Such

a flow is termed anisotropic flow. The anisotropy in the

medium is a result of the strctural skeleton of the conducting
elements and their individual apertures. However, such a medium

*Degree or intensity applies to the spacing between fissures in
this thesis
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has principal values of permeabiliiy and also principal
directions of flow. Snow presents the equations of fluid

flow from a cavity in such a medium in a tensoral form. This
approach makes the three dimensional nature of the problem
easier to appreciate and manipulate mathematically. Snow's
main conclusions were that in a parallel plate model the
discharge is proportional to the cube of aperture and
consequently in a fissure system with coarse and fine fissures
the coarse ones will dominate the discharge. Anisotropy could
be a result of orientation, spacing between fissures, varying
apertures and due to surface texture such a foliation of rock
fabric, and lastly, Snow proposes that statistical techniques
can be used to predict the fissure frequency and apertures
from standardised pressure tests in a borehole. Snow's method
can solve a large number of problems adequately provided that
that the fracture frequency is high enough with respect to

the scale of the test and the fracturing is apparently random,

A vast amount of very interesting analytical and field
experience is available in the 0il Industry on fluid flow
through heterogenious reservoirs., These studies have ranged
from investigations of behaviour of wells near faults to
performance of wells in naturally fractured reservoirs. For
example, methods exist whereby the distance to a fault can be
very accurately determined by a pressure build up test (39).
Pollard (40), Warrent and Root (41) Odeh (42) have all
considered the flow of fluid, in a naturally fractured
reservoir, towards a well., Essentially, the above analyses

are numerical solutions to Navier Stokes equations assuming

a slightly compressible fluid. Idealisations are made of the
fracture systems prior to the application of numerical methods,
A typical plot from a pressure build up test is one of log
pressure v time., The result is in the form of three straight
lines, each with a different slope indicating the pressure build
up within close proximity of the well, the coarse fissures and
the fine fissures. In view of the vast importance of the 0il
Industry in Economic terms a large number of controlled
experiments have been carried out and proved to be useful.
However, the use of existing methods in Civil Engineering and
Mining is not really possible because of a fundamental
difference in one of the assumptions. Owing to the great

depth at which petroleum work is carried out, all the methods
assume that the fluid is slightly compressible under large
stresses. It is this factor which gives the time dependents to
the equations of flow. In the majority of civil engineering
problems the water is assumed to be strictly incompressible and
if there is a time dependence in the test it is due to changing
boundary conditions.
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CURRENT PRACTICE

Prior to the introduction of the Lugeon test, all field tests
were carried out in wells and open holes. To obtain representa-
tive parameters for filtration of water through a soil or rock
mass, either the well was pumped out in which case the flow rate
and pressure in the well together with the drawdown in
surrounding holes was observed, or water at a known rate was
pumped down a hole and the subsequent changes of the water level
observed. With the advent of large civil engineering

structures on soils and rocks the need for a better test was
felt and the Lugeon test emerged. A Lugeon test comnsists of
pumping water into the rock mass between two inflated packers in
a borehole, Fig 1.1. Water is subgequently pumped into the hole
at a standard pressure of 10 Kg/cm”™ and the corresponding flow
rate measured. A Lugeon is defined as a,flow of 1 litre/metre/
minute at an excess pressure of 10 Kg/cm™.

N
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FIG 1.1

A rock mass is grouted if it's absorbtion of water is greater
than one Lugeon (32). This criterion is based on experience in
the civil engineering industry., The test is well over 50 years
old and is still used in its original form in a large number of
projects. In order to examine its validity, the assumptions

of a Lugeon test must be very clearly stated.
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(a) An acquifer of infinite extent

(b) Homogeneous and isotropic conditions

(c) Steady state conditions

(d) Relationship between pressure and flowrate is linear
(Darcy's law)

(e) 1Inertia terms negligible

(f) No communication between the packed off section and the
remainder of the hole

These assumptions lead to a relationship between pressure and
flow rate as follows

Q = 2w LKk (R-P) (11)
‘Qﬂe (rz/rt)

Flow rate cm3/sec

Q=

L = Length between packers in cms

K = Permeability cm/sec

P1 = Pressure at the hole in cm of H20
P2 = Pressure at radius r, in cm of HZO
r, = Radius of hole, cms.

Unfortunately, equation 1.1 has been used rather indiscriminately -
i.e. without fulfilling the assumptions. In most soils this
equation gives reasonable results, if the distance between the
packers is kept large. This, in fact, implies that any small
internal variations in permeability are statistically swamped.
However, even the most optimistic soils engineer finds it
difficult to establish conditions (a) and (b) in the field.

There is remarkably little information on the comparison of
permeability values of the same medium as obtained by different
methods. Moser (11) has carried out very extensive laboratory
tests. In the laboratory using a homogeneous material such as
sand he has been agble to correlate successfully different methods
of determining permeability. However, in the field this has
proved virtually impossible, The difference in permeability of a
saturated soil as determined by a pumping out test and two
different tracer tests is greater than 50%. The two different
tracer tests were (a) transit time method and (b) Point dilution
method (11, 10).

Both the tracer tests gave consistent results while the pumping
test lead to a smaller value. This difference is attributed
possibly to the factors (a) to (f) not being fulfilled, Childs (12)
after a very exhaustive account of permeability measurements in the
field concludes that the methods are difficult and subject to
considerable errors: "Some of the objections reported are assoc—
iated with genuine difficulties of soil properties, such as
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instability which makes it impossible to maintain a borehole or
cavity of known dimensions. Some, hcowever, are the result of an
inadequate appreciation of the nature of hydraulic conductivity
as a statistically averaged soil property'. It is this last
factor which has contributed most to serious errors in the
measurement of fissured rock mass permeability.

If a pumping test is carried out in a fissured medium it is
important that the above assumptions are kept in mind. Since
deviations from these assumptions are more likely (8, 10) in a
fissured rock mass than in a soil they will be discussed in
subsequent chapters in this part. Because of the diverse nature
of a rock mass it is difficult to generalise on remedial measures
and therefore where possible, special cases will be put forward
and discussed.

RECENT RESEARCH

The assumptions outlined in Section 1.3 have been examined more
recently by Snow (15) for the case of a fissured rock mass. A
method of analysis is proposed and examples worked out for the

case where the three principal permeabilities and their directions
can be worked out from a three-borehole test (mutually perpendicular)
arbitrarily oriented in space. This method 1is extremely powerful

if the rock mass is heavily fractured and the spacing between
fractures is small. In a further paper Snow (43) has used data from
pumping tests to obtain an estimate of average spacing and average
apertures of water conducting fractures in undisturbed rock masses.
This work is supported by complex statistical techniques in the
hope of generalising the method.

Sharp (9) has considered the flow of water from a cavity into a
homogeneous fissure system, one in which the fissures are equally
spaced. The influence of increasing the test section length on the
pressure-flowrate relationship are considered. If the test cavity

is small compared to the depth of the impermeable boundary -the flow
from it is spherical. In a two dimensional system, for example, this
means that the permeability value is a mean between the permeability
in a direction parallel and the one at right angles to the cavity.
Sharp demonstrates that by increasing the length of the test section,
flow becomes cylindrical and therefore the predominant flow is in

a direction at right angles to the cavity. In this way a test becomes
directional and in the context of a fissured rock mass, more meaning-
ful. These studies have been carried out by him on an analogue and
also on a digital computer. Another important aspect of this research
is that the pressure drop within the vicinity of the borehole is
significant (80%) due to the limited cross section area which is
available for water to flow out of a
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hole. Sharp reports that a variation of conditions at some
distance from the hole makes little change in the pressure-
flowrate relationship. Conversely it is the area close to the
hole that controls the response of the rock mass to the test,

Another important assumption which has been considered
recently is validity of the linearity between flowrate and
pressure. In a recent paper by Trollope et al (13) this
aspect of flow behaviour has been tested rigorously. Although
this work was carried out on crushed granite aggregate

(3/16" size) the Reynolds number is very similar to that in
fissures. However, for such high velocities as they have
measured they propose the use of the Forchheimer relationship
between flow and pressure. In the case of a confined
axisymmetric flow into a well the Forchheimer relationship
gives a flowrate which is well within 17 of the measured
flowrate. The Darcy approach however, leads to an error of
well up to 20%. Baker (5) evaluates the importance of non-
linearity and the subject is considered by others (9, 10).
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EQUATIONS OF MOTION OF FLUIDS

SYNOPSIS

In this chapter equations are derived for the axisymmetric

flow from a cavity into a fissure system. These equations are
for laminar and turbulent flow and it is assumed that the tests
are performed in an infinite aquifer. Methods are provided to
deal with the case of anisotropic flow. The influence of a three
dimenstonal fissure system on such a test is discussed. Reasons
are put forward for the substantial amount of space given to
axisymmetric problems in view of the possibility of three
dimensional flow.
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AXISYMMETRIC SEEPAGE

It is proposed that equations of motion of a fluid are developed
for the case where pumping-in of a fluid takes place. The follow—
ing assumptions are made: .

(a) Fissure of infinite radial extent (SINGLE FISSURE).

(b) Linear Flow Law.

(c) Radial Flow, ie. equipotential lines are circular - isotropic
in fissure plane.

(d) No inertia effect as a result of acceleration of fluia.

(e) No influence of secondary fissures, parallel to the hole,
eg. no influence of gravity.

Note: This special case of a fissure at right angles to the bore-
hole is considered to make the mathematics simple and clear. In-
fluence of gravity, as would be the case in an inclined joint, is
simply allowed for by linearly superimposing the gravitational
component g.sind to the gradient (see Ref.10).
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Consider Fig.2.1 using polar coordinate system:
Darcy's Law applied to a parallel plate model

dr
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]

where KJ

v

joint permeability

mean velocity

e mean opening

The flow from a cavity into a fissure is

Q - 21mre.V (2.2)

Substituting 2.1 into 2.2 and integrating gives

L _ KoP
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2meK; ) (P,-R) (2.3)
{loge (Q)]
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2.1.1 INFLUENCE OF FISSURE FREQUENCY IN
DIRECTION ORTHOGONAL TO BOREHOLE.

If within a given test section the fracture frequency orthogonal
to the hole is considered as regular, ie. the spacing between
joints is constant, equation 2.3 1is very simply modified to the
following, by the principle of superposition: +

Q = |2menks | (P-R) (2-4)

= (%)

where n is the number of fissures.

In such a case, it now becomes possible to use the term equi-
valent permeability if the fissures are identical in aperture.

P Borehole
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If we consider flow from a borehole into a set of fissures, the
discrete element approach gives us the flowrate as:

QR ={'Zﬂenl<l} (R-PR) (2.5)
" .
loge (£)
where K_ is the fissure permeability.

J
Using the continuum concept, for the same problem
Q - {21Tbn Ks] (%-PR) (2.0
I n ’
oge (I’a)
where K, is the system permeability.

S

Since flow is the same in both cases: €Ky = b¥s

e Ky - Ks (2.7)
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An alternative way is to use L, the test section length instead
of bn

l.c QKJ — .I_-_-. KS
n

However, an important class of problems exist, ie. most

practical cases, where the distribution of fissures is random
with respect to the hole or alternatively they occur in clusters.,
In this case, it is essential to find out the scale on which the
pumping test results are going to be used in a subsequent analysis
(10).

If the information from a pumping-in tegt is going to be used

to determine the fracture frequency as proposed by Snow (7) then
some form of statistical evaluation might prove to be fruitful.
However, if the results are going to be used for computing leakage
from under a dam or pressure distributions in a rock slope some
other form of method will have to be adopted.

In the ideal case, the problem can be solved by splitting up

the area of interest in discrete zones of different fracture
frequencies, information of the frequency being obtained from geo-~
technical logging. These different zones would then be tested indi-
vidually using the correctly scaled packer spacing (discussed
elsewhere) and values of permeability assigned to these zones. In
this way, a model could be made up of the area, and leakage, and
pressure distributions could be calculated using numerical methods.

Unfortunately, the ideal case where such zones can be delineated
by the geologist is far from being practical and also the variable
packer spacing type of test demands a technology which has not
arrived vet in commercial projects. If a case occurs where the
packer spacing is fixed and clustering occurs in the test section,
either the spacing b is recalculated as a geometric means from all
the values of b to obtain equivalent permeability or alternatively,
the concept of equivalent permeability is dropped completely in
favour of equation (4) in which case eK_ can be calculated per
joint and this information fed into the numerical model. This
topic will be dealt with in detail in the chapter on Field Testing.

EFFECT OF INERTIA IN A LINEAR SYSTEM

Consider the case when a large amount of water flows through the
pipe and down the hole where it enters the packed off section.
Passage of water now changes from a circular smooth tube to either
one or many very fine fissures. This process results in a sudden
acceleration of the fluid and consequently, a change in kinetic
energy. In order to estimate the influence of this phenomenon it
is proposed to treat a fissure as a parallel plate model.
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This is done because calculating kinetic energy assumes a know-
ledge of the velocity profile. In the laminar case it is assumed
that the velocity distribution is parabolic.

e
E+3z

Sy v

At any point F from the axis the velocity is given by
v - (B-R)g [ EF)
mL 8 2

where u is Kinemalic Viscosity X P, and P, are pressures
the mean square of the velocities

+%
2,2
() = [(E= 5w ror's 4,
...e/z e /V
S Wm - (R-R)etq? (2.10)
120}‘1 L?. .

the drop in pressure due to change in KE

PR = | (Vz)m

23 units of Py =Cms/ head of water
substituting Eq.2.10 in the above

2
Pc = (P-m) e*q® (2-1)
240 pu* Llg
Poiseiulles law for parallel plate model is
Vin = e__z_g {éf,} (QIQ)
2pm L
Substituting (4) in (3)
1
P = 2V, (2.13)

59
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For radial flow the friction or inertia loss is given by (5)

R = ééigi_____ l -1 (2HL4)
2omtetg | ' *

where r = radius of hole
r, radius at which pressure has dropped to minimum
value

Thus equation 2.14 represents this loss of energy, due to
sudden acceleration. For the case of n fractures

Py = . 2Q° {1 _1 } (213)

2,2 .1 K3 2
20mte" n'g L " 1
Eq.2.15 can be simplified to the following expression:

P _ c@?
et n?
where C is a constant

For a given Q if the size of fissure is reduced the denominator
becomes small and therefore the KE loss terms becomes very large.
This expression should be incorporated into the original equation
for estimating the permeability.

A hypothetical example illustrates the point and also the
importance of the aperture in such a test. Assume a pressure
test with 20 fissures - discharge 20 litre/min. Yo = 1.5inches,
r, = 120inches.

For a fissure system with apertures of 1lmm PKn = 0.025 cm.head
of water.

1/10mm PKn = 2,5 em. head of water.

1/100mm PKn = 250 cm. head of water.
The relationship between flow and pressure now becomes for the
linear laminar case:

P_. Qlog, (r'/rol + 2’Q2 .l_ —_ -‘-1}
21 Kz n 201r?e*n*g LN 1o

or very simply

L P . AQ +BQ? (2.16)
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However, it was found in the field trials that the term BQ?Z is very
small and can be ignored in general. If in a field evaluation the
pressure—-flow curve is non linear, it is advisable to calculate

BQ2 before proceeding on to apply a non-linear flow law.

THE USE OF NON LINEAR PRESSURE-FLOW LAW

Numerous pressure-flow laws exist for the case of turbulent flow,
The most general of them being the Forchheimer law and the Miess-—
bach law (13). For these calculations the latter of these two is
adopted. The reason for this choice is that it is easier to mani-
pulate mathematically the Miessbach law to fit equations of motion
of a fluid either from or to a cavity in a discontinuum model. It
is interesting to note that the field data of Pressure v Flowrate
fits the Forchheimer Law extremely well. However, the extraction
of the generalised permeability factor from a radial test is a
bit cumbersome if the Forchheimer law is used. Miesbach law for
flow in a parallel plate model is given as:

(V)" = C 3p (2.17)
or

where n is the degree of non-linearity and its value lies between
1 and 2. When n = 2 flow is generally assumed to be fully turbulent.
C is a constant which depends on the medium and the viscosity of
the fluid that is used. Various people have worked on what this
value C is in terms of pipe flow. Louis (8) has done considerable
model work on planar conductors, both rough and smooth to further
define C in terms of roughness, degree of separation, angularity
of the asperities in a fissure etc. And in each case this definit-
ion is bound up with Reynolds number. While this work is important
in so far as research is concerned into the relationship between
the aperture obtained from a non linear test to a linear one, it
is felt that in practice, no further definition of C is essential
as it is a parameter that will be determined experimentally in the
field anyway.

Let us assume that

Mean velocity = Vm

the flow from or into a cavity in a single fissure system is

@ . 2wreVm (2.18)

r is radius at any point
e is effective opening of the fissure

substitute Eq.2.17 into Eq.2.18,

QY - cr

nns—

2nre or



88

CHAPTER 2
n W orh
fé: _ ¢ (2me) /M:
v rn Q" Py
n
| ] = cl2me)” (p-R)
rn-l - Qh
ra
| _ 1 _ cCme)" (R-P) (1-n)
r;n—l rO- - Q"

or R = CCZTTQ_)n r'«:W-‘ . r\n_{} (po— R)(""‘) (2‘|9)

nﬂ‘l _ r-on—l

Pl = pressure at point r
r; = pressure to a point r
r = radius of the hole

Alternatively, EQ" = (Po-'Pu)

and nlgQ + logE = log (P-R) (2.20)

In the case of non linear flow, a curve of log (Po-Pl) vs log Q
should be a straight line. The slope of the curve indicating the
degree of non-linearity and from the intercept on the pressure
axis a value of Ce can be obtained. This value will be termed
the "non linear permeability function" (N.P.F.) to distinguish
if from the permeability in the laminar case.

Examples of this type of behaviour will be discussed in the
chapter on Field Evaluation.
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USE OF INERTTA TERM IN THE NON-LINEAR
PRESSURE-FLOW RELATIONSHIP

As in section 2.1.2, equations will be developed for the isotropic
case of radial flow in the horizontal plane where K.E. changes due
to acceleration changing the pressure.

2

Per = 1 Q -‘-z -1 } (2'2‘)
29 4n*e* ((fp, [

As in the case of linear flow this quantity is negligible and

therefore will not be further considered.

AQUIFER OF INFINITE RADIUS - IMPLICATIONS

It can be seen from equation 1.1 that the most elementary formula
relating pressure and flowrate requires two observations of press-—
ure—one at the borehole and another one at some radius rl from the
hole. In a Lugeon type of test, this second observation is not made
but a large enough value substituted into radius rl to give what

is supposed to be an accurate answer. The argument put forward
generally is that since this relationship is a logarithmic one, any
changes in rl do not make significant changes in the final answer

(9) (10).

A term which is used quite often for rl is the radius of influence
and has been empirically derived by Sichardt to be (9)

e = 3000 (¢ —¢,) /K (2.22)

r, is radius of influence potential at the hole
be potential at distance r,

K permeability; cm/sec.

Equation 2 leads to a reasonable answer for the case of porous
media flow according to the author, but there is no evidence of
either its validity or practical use in fissure flow. The concept
of infinite aquifer yields reasonable answers in most cases 1in
porous media, and therefore it is interesting to see its implic-
ations theoretically.

Eq.2.4.

lo r
5 (&)
rewriting for permeability

21en (P.—R) o

suppose the term in the big bracket = 1, the above equation reduces
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to: &J = 1oge (rllro)

for a 3" diameter hole, r= , 2 12 = i ft.

r (ft) 1 10 100 1000 10000 100000  10°
n/ry g 80 800 8000 80000 800000 8x10°
Ky 2,079 4.4 6.7 9.0  11.3  13.6  15.9
TABLE 1

Table 1 shows that the maximum possible error could be not more
than an order of magnitude, if the above concept of infinite
aquifer was used.

Unfortunately, the above reasoning which has been reiterated
before is not strictly true. Two possibilities could exist. The
first one is that at a certain radius from the hole there is a
boundary which is impermeable, ie. change of topography or
geological change in strata and lastly, a major discontinuity
such as a fault or a dyke. The second possibility is a constant
pressure boundary eg. a recharge area. The result of these two
boundaries is to completely change the form of the solution,
Qualitatively, the first case can be thought of in this way:
continuous pumping-in of water from the borehole into the surround-
ing rock will build up the water pressure in the system. This
build-up will be non uniform in the radial direction because of
the continuously changing back pressure. In effect this build-up
amounts to a non-steady state solution in which the pressure
distribution not only varies with radius but also with time, It
is absolutely essential that in a field test if pumping is being
carried out in one hole, observations of pressure changes should
be made in a nearby hole, for the above reason and also because
the pressure drop in the radial direction is non-linear.

(See Chapter 3).

ANISOTROPIC FLOW IN THE HORIZONTAL PLANE

So far all the different conditions that have been considered
assume that a fissure is isotropic in the horizontal plane. This
assumption amounts to conditions of radial flow (see Fig.2.4.).
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Equi Potzn\:ials

A
'

- ”
Flowlines

Fig 2.4 Isotropic flow

Very often the nature of the fissure topography is such that

it is easier for flow to travel in one direction rather than
another. This could be due to lineations on the fissure surface
either as a result of erosion (eg. Karst) or due to tectonic
movement. This alteration and its subsequent hydraulic effect
causes anisotropy. For a two dimensional case, the complete
permeability of the fissure is described by the following case
tensor. The tensoral representation of permeability has been
derived from first principles by Irmay, Childs and Scheidegger
and therefore, will not be repeated.

‘Kl = Kl\ KI?. (222)

Ka Kzz

Where K11 for example is the resistance to flow in the one
direction given a gradient in the same direction and K12 is the
resistance to flow in the one direction if there is a gradient
in the 2 direction. K12 = K21 is normally accepted for reasons
of continuity.

A graphical representation of anisotropic permeability can be
made to make it clear what the principal directions are in such
a case. A method analogous to Mohr's circle is proposed by Irmay
(4). Fig 2.51is self-explanatory. Kx, Ky are the two principal
permeabilities, mathematically this amounts to equation 2.22
changing its form to

] -

\(xo)
O Ky
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If 1, 2 are two orthogonal but arbitrary directions,by applying
a known gradient in either of the two directions, the flow com-—
ponent can be measured in both the direction of the gradient and
orthogonal to it. Then by applying a known gradient in the other
direction it is possible to measure flow components as in the
previous case, In this way three of the constants K11, K12, K22
can be calculated and then using the Mohr circle method (Fig.2.5)
it is possible to obtain the direction and value of the principal
permeabilities.

K2

Kaz
Ky

4

Fig. 2.5.

Anisotropy in the horizontal plane means the flow travels more
easily in one direction than another. Fig.2.6 illustrates an
equipotential ~ due to anisotropy in a system where flow is either
from or to the origin.

1y

\/

Fig. 2.6.
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It is rather cumbersome to deal with problems of flow from a
cavity into an anisotropic medium by analytical means. It is very
often much easier to use numerical models and these will be dis-
cussed in the chapter on Numerical Analysis. Also the case of the
non-homogeneaus, and anisotropic flow will be considered in the
chapter on model work, since this aspect is intractable even with
a computer model.

Anisotropy in the plane of the joint can be extremely difficult
to detect. Lack of detection of such an existing anisotropy can
give completely midleading computations of flow rates. And,
further, the flow test as it exists can completely miss the anis-
otropy, because the relationship between pressure and flow is
derived on the basis of radial flow, in which case the radial
permeability is equal to permeability in any direction., It seems
Virtually impossible to obtain the anisotropy from one test and
therefore, it is proposed that during a pumping—in test the
pressures are monitored in two observation holes as in Fig.2.7,
where r is an arbitrary length. The Numerical and Field sections
will deal with this aspect of the problem in detail.

Fig. 2.7.

INFLUENCE OF SECONDARY FISSURES

So far, a great deal of emphasis has been placed on the partic-
ular case of flow from a borehole into a single set of fissures
which intersect it. There are two reasons for this. The first one
is that there are a great deal of problems in the range of sedi-
mentary rocks where the bedding can play an important part in
fluid transport, especially if this bedding is associated with
some form of stress relief. There are numerous other cases of
schistosity, zones of shear joints and faults which come into
this category of flow-structure relationship. Faults as the
dominant fluid carriers, in fractured rock, have been generally
disregarded. The second reason is a hydraulic one.

It was Muskat and later Baker (5) who demonstrated that the
pressure drop within the vicinity of the borehole is so large
that the performance of a well in the oil field or a borehole
is consequently governed largely by what happens near the hole.
Fig.2.8 demonstrates this very clearly.
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FIG 2.8

Pressure drop occurs as fluid flows from horizontal fractures
into a cavity. In the case of a fissured media the drop is a
very much more severe one. Baker attributes this behaviour to
the limited area available for flow of a fluid in a fissure
system and the acceleration of the fluid as it approaches the
cavity. It is worth considering a hypothetical numerical model
to illustrate this point in view of its great importance.
Equation 2.4 gives. - 2renKr }(po_pl)

loge (%)

Let us assume the following conditions:

n = 1 K. = 2
J =eg
e = 1 o 120
10
Q = 1 Litre/min
PO = 800 cms. head of water (Approx. 26ft.)
r = 3 cms.
)
r. = 6 cms,
P at ry = ?

substituting these values in the above equation:
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1000 _ 2 x 102 x 1 x 10°% x 980 (800-P, )
60 12 x 1.45 x 10(-2) x 0.7
1000
60 = 0.05 (800-P1)
800—P1 = 1000 = 333
60 x 0.05
P1 = 467 cms head of water

Pressure drop = 58.5% in a distance twice the radius from
the hole.

Now consider a continuum approach: Eq.l.l

Q 2LKs
log (rllro) (Po—Pl) ,L = distance between packers = 1 metre
2 -4
eqs . _ _ 10 " x 980 oy
the permeability of one fissure KJ = %EV = 13 % 1.45 x 10 2 =

0.56 cm/sec. = 5.6 x 10_1 cm/sec,

Now let us assume that the continuum permeability Ks is the same =

5.6 x 10 1 cm/sec.

-1
1000 _ 2 x 100 x 5.6 x 10 _
60 0.7 (800-P;)
1000
= 160 -
&0 (800 Pl)
800-P, = 1999',
1 9600
P1 = 800 - 0.11 = 799.89 cms head of water.

In a continuum at a distance twice the value of the radius
hardly any pressure drop has occurred.
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This exercise illustrates how the pressure drop is substantial in

a fissure system. Therefore it is the permeability characteristics
of fissure near the borehole that will decide how pressure~flowrate
is related. Since a large number of fissure systems exist where
the spacing between fractures is greater than 6 cms. it is clear
that the influence of the secondary fissures which do not inter=-
sect the borehole cavity is not substantial. The pressure drop

near a borehole was also observed by Sharp (9) who has indicated
how pressure drop from a hole changes under varying ratios of
borehole diameter/length. As was mentioned previously it is impor-
tant in a Field situation to perform tests in one hole, and observe
the effect, in terms of pressure changes in another hole which is
at a known distance. In such a way it is possible to decide;

how severe the pressure drop is away from the hole. If the drop is
not substantial the influence of secondary fissures must be taken
into account (see section on Numerical Analysis) otherwise the
analysis described in the chapter can be used.

INFLUENCE OF FLUID STRESSES DURING
A PUMPING TEST

It is often very difficult to predict from the results of a
pumping test if the fissures have opened up. A conventional plot
of pressure vs flowrate may be non-linear; but it is difficult

to see from this plot whether the nonlinearity is due to fissure-
widening or a host of other factors. Therefore it is suggested
that a curve of P/Q vs Q is plotted. If the relationship between
the pressures and flows is given by the polynomial,

P = AQ + BQ2

the second term indicates changes in kinetic energy. A curve as

in Fig.2.9 will indicate a decrease in kinetic energy loss with
increasing flowrate. This is only possible in a system where the
water carrier ie. a fissure in this case, increases in its aperture.

N

pio

FIG 2.9

Bernaix (14) considers the problem of radial percolation in an
isotropic medium and its influence on the total stress field.

For example, given a constant percolation pressure, or alternat=
ively, the hydraulic gradient the permeability is much higher with
divergent percolation (10 (-8) cm/sec.) than with convergent per-
colation (2 x 10 (-9) cm/sec.). In the two cases the effective
stress field has changed, (see Fig.2.10) as a result of the fluid
pressure.
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77 77

Pumping out Pumping in

FIG.2]10

Since the relationship between permeability and aperture is

a cubic one, it is obvious that small changes in stress will
cause much greater changes in permeability. Fig.2.1ll describes
the results of laboratory tests carried out by Bernaix to show
the importance of fluid stresses on permeability. Since the
analytical solution has been described by Bermaix for the iso-—
tropic case, the author has considered various cases of aniso-
tropy and stress application to a pumping test. These results
are discussed in the section on Numerical Methods.

Powdery materiol

Water at pressure Py
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TWO AND THREE DIMENSIONAL SEEPAGE
FROM A CAVITY (GRAVITY FLOW)

As it was stated in section 2.1.7 the influence of secondary
jointing is to introduce flow in different directions. However,
it must be once more stated that the jointing has to be compar-
able in spacing to the diameter of the hole in order to cause
dominant non axisymmetric flow. Fig.2.12 demonstrates a general
case of a two dimensiomal fissure system where the fissures
intersect at an angle to each other. Now the two fracture
systems may have completely different in permeabilities and
therefore, cause anisotropy. In theory, it is possible to meas-
ure the ratio of anisotropy if two pumping tests are carried
out in holes orthogonal to each other and arbitrarily oriented
in space (section 2.1.6 or Ref. 15). If the degree of jointing
is high and random, the system can be regarded as a continuum,
and then it is possible to calculate the ratio of permeability
using the method proposed by Smow (15).

FIG 2.12

If the frequency of the two sets varies, the problem becomes
rather more intractable and cannot be solved anmalytically. The
only possible way then is to build a numerical model of the
system. Since the permutations can be enormous, it was felt that
little could be gained by setting up a totally general model. A
more specific model was considered which could be treated numer-
ically, and subsequently a check made on the method with either
a perspex model in the laboratory or in the field.

Discontinuum JACO"H" uum

rlo

N? of Fractures .

FIG 2.13
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Fig.2.14 shows the model which has been treated numerically. The
frequencies of jointing can be varied with great ease and so can
the length of the test section. Using this model it has been poss-
ible to solve for the anisotropic case of permeability. Also the
influence of the test section has been examined in order to arrive
at a reasonable idea of scale for the test, given a certain fissure
frequency. (See section on Numerical Modelling).

By scale is meant this — if a pumping test was carried out with

a given packer section, for a given pressure, the flow will be an
amount proportional to the fissure permeability. Now, if the length
is doubled the flow should double too = should the system be homo-
genious and isotropic. However, this does not happen in a realistic
fissure system until a large enough number of fissures are taken.
Fig.2.13 shows this concept described graphically. Details of this
will be discussed in the sections on Numerical Models and Field Work.

Fia 2.14

END EFFECTS IN A GRAVITY SYSTEM

In a two or three dimensional system the end effects at the cavity
cause a problem in computation of permeability. Many authors have
discussed this problem but no analytical proof exists where this
effect has been calculated. However, with a numerical solution it
is possible to correct for this effect. Numerous shape coefficients
exist which have been obtained for the case of isotropic flow. In
the section on Numerical Work this problem will be discussed in
detail for the case of anisotropic flow. Two practical solutions
exist to treat this problem. The first one is to increase the test
section length to such a degree that the spherical component at
either end becomes negligible. The alternative to kthis is the method
developed at Imperial College (45) where a system of four packers
is used. The end packers act as flow linerarisers and the middle
section is where the measurements are taken. In this way it is
possible to measure the contribution to resistance in a direction
normal to the hole without bringing in any other factor. Field
tests with this type of packer have been performed by the author
and they are dealt with in a later section.
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CONCLUSIONS

In view of the geologic nature of problems and the effect of fine
fractures on flow from a cavity, axisymmetric flow equations have
been developed for the case laminar and non-linear flow. Although
the equations for the laminar case are not original, they have

been rederived with a discontinuum model of a fractured rock mass
in mind. The non—~linear equations are new and must be further test-
ed both in the field and in the laboratory. Although in nature the
problem of fluid flow in fissured media is complex and needs numer-—
ical models to solve boundary value problems the equations in
Chapter 2 can be the first step in describing the response of the
rock mass to flow of water within it. Field trials were carried

out and the methods developed in Chapter 2 were used and proved to
be relatively consistent. Where possible these equations have been
tested for their validity in the laboratory under controlled
conditions. The results were satisfactory for both the idealised
case and the '"real cases", where tests were performed on araldite
replicas of real fissures.
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MOTION OF A FLUID FROM OR TOWARDS A
CAVITY - NUMERICAL SOLUTIONS

SYNOPSIS

Numerical methods are discussed which make it possible to solve
otherwise intractable problems of fluid flow through an aniso-
tropic media. Different cases are considered where the flow occurs
from a borehole into a single set of fissures and also into a

two dimensional intersecting set of fissures. In both these cases
the influence of anisotropy is considered on the pressure distrib-
ution and also on the flowrates. Methods are discussed whereby the
ratio of principal permeability can be measured in the field. The
influence of the cavity size relative to the fissure frequency
and also the influence of boundary is analyzed for the case of
isotropic and anisotropic flow.
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INTRODUCTION

The advent of digital computers has made the solution of complex
boundary problems relatively easy. Whereas in the past, solutions
to differential equations with simple boundary conditions and
relatively straight-forward material properties were possible,
realistic and consequently generally complex problems were not
attempted. Techniques such as the Finite Difference and Finite
Element computer-based methods exist which can solve, anisotropic
non-linear systems. For example, Freeze and Witherspoon (16) have
used the Finite Difference method to study geohydrological problems
under steady state conditions. This method of computation is essent-
ially based on the relaxation technique of Southwell (17). Use of
Finite Element method has been made by Zienkiewicz (18) to treat
two~-dimensional anisotropic flow. However, both these methods are
solutions of groundwater flow in a continuum under steady state
conditions.

Treatment of fluid flow through a discontinuum has been described
by Louis (8) who studied numerous cases of groundwater flow in
slopes, under dams and into tunnels. The method used is basically
analogous to electrical networks. The different joint systems con-
stitute a network. Two criteria are used to solve the equations

and they are identical to Kirchhoff's Laws. Equations are written
in such a way that the mathematical formulation is in a matrix
form between potential, flow and permeability. Sharp (9) has used
the relaxation technique described Southwell te solve two and three
dimensional problems; with modifications for free surfaces, drain-
age and impermeable layers. A completely different approach is used
by Stark and Volker (19) who solved numerically the Navier-Stokes
equations of flow through a clastic material. This approach is
extremely rigorous in that it takes account of the inertia terms
and the solution yields the detailed flow path through the clastic
system. In addition a completely general flow law is used. In this
section the solutions to various problems are based on the relax-
ation technique (9).
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FLOW FROM A VERTICAL CAVITY INTO A TWO
DIMENSIONAL ANISOTROPIC FISSURE IN THE
HORIZONTAL PLANE

Case (A) ho natural gradient

INFLOW
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Consider the case of flow of water from the cavity as in Fig.3.l.
Water either flows into a single or multiple fissure system. In

an isotropic system, the equipotentials will be a series of con-
centric circles and flow will be radial. If the surface profile

of the fissure is such that it allows water to flow preferentially
in one direction rather than another the permeability of fissure
will be termed ANISOTROPIC. Such profiles are for example gener-
ated as a result of tectonic movement, ie., faults or shear joints,
On a large scale, the presence of lineations has been described

by Ramsay (50) as a result of complex folding. In a Karstic en-
vironment solution cavities can be formed within the plane of the
fissures, thereby allowing preferential flow. Therefore the pot-
ential distribution in such an environment will depend on the
degree and extent of anisotropy. Very often permeability tests are
carried out in such systems on the basis of isotropy. It is proposed
to simulate a water pressure test in an anisotropic fissure plane
to study (a) the pressure distributions in the principal permea-
bility directions; (b) the influence on the flowrate from a cavity;
(c) detection of anisotropy. In each case comparisons will be made
with an isotropic condition which is generally assumed.

NUMERICAL MODEL

In Chapter 2 is has been shown that the optimum direction for a
borehole is orthogonal to the fissure set under examination., Fig.
3.1 shows such an intersection and since the problem is two dimens-
ional flow only in the plane of fissure is considered. Although it
has been assumed that the aquifer is infinite, for practical reasons
a finite model has to be used in which the borehole is very much
smaller than the size of the boundaries. This assumption will,
however, be tested at a later stage.
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The entire area of the fissure is considered as a continuum and
divided into elements with a central hole as shown in Fig.3.2.

The borehole is defined by 5 nodes. This configuration was chosen
after preliminary trials on a single node and four node configur-
ations (Fig.3.2). The four and five node systems gave approximately
the same answer and were well within 107 of the total flowrate. This
total flowrate is obtained by having a large number of nodes to
simulate a hole, obviously suggesting that the greater the number
of nodes that define the hole, the better is the convergence of the
flowrate to the true value. These conclusions agree with those of
Sharp (9) that unless a hole is well connected, as shown above,
considerable errors creep into the system due to the non-simulation
of radial flow conditions.

In all the computations that follow flowlines and equipotential
lines are identical whether the flow occurs from the cavity into
the fissure system or conversely from the fissures to the cavity.
Therefore it is quite arbitrary whether the borehole is at a higher
or lower potential than the surroundings. In the examples that
follow it is assumed that the borehole potential is zero while

the boundary is at 10 arbitrary units. The resistance in the x and
y direction is fixed by the ratio of the principal permeabilities.

METHOD OF SOLUTION

Solutions to Laplace's Equation provide the potential distribution
in most flow problems. The derivation and assumptions of the equat-
ion are outlined in numerous papers (6,8,9,12). The Laplace Equation
can be rewritten in terms of a Finite Difference Equation and then
solved using Relaxation Techniques. Having fixed the boundary pot-
entials at 10 and O units (Fig.3.2) all the remaining nodes in the
mesh are given an arbitrary but temporary value of 10 units. By a
suitable relaxation technique which is outlined in the Appendix,

a solution for the potential distribution is obtained. Contours of
equipotentials are then drawn by joining points of equal potential
at suitable intervals.

NODE
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NUMERICAL ANALYSIS

The following cases were considered where the ratios of principal
permeability are given as:

EY or Kx
Kx Ky
Kx = permeability in x-direction

Ky = permeability in y-direction.

The following cases have been examined using the numerical model.

Kx
@ & 1,2,

by K
(b) X -1,2,5

When the ratio of principal permeabilities in one flow is isotropic
and the equipotentials are circular as in Fig.3.2. In anisotropic
flow, however, the potentials are in the form of ellipses and the
principal axis of such coincide with the principal permeability
directions. This can be seen in Fig.3.3 where the ratios of principal
permeabilities are marked.

Since the equipotential lines are elliptical in shape it is obvious
that the pressure distribution along any axis taken from the hole,
is dissimilar to the isotropic case., Fig.3.4 is a dimensionless plot
of Potential in the x-direction vs distance from the hole. For the
case where the ratio Kx/Ky is greater than 1 the pressure distrib-
ution in the x—direction is less than in the isotropic case. This

is because it is much easier for the fluid to flow in the x-direction
than in the y-direction and therefore the frictional loss is smaller
in the x-direction . The converse is true for the case where Kx/Ky
is less than one. If a pressure test was carried out as described

in Chapter 2 and the fissure-set was anisotropic in its plane the
error in determining permeability (eq.2.3) could be calculated from
Fig.3.4. For example if the observation hole is at a distance five
times the diameter of the hole and the ratio of principal permea-
bilities Kx/Ky = 1/10, the difference in the pressure from the iso-
tropic case is given by:

(.1>_.x K_! = _‘. = 0.95
$o| Ky 10
?i—x' K'X = 1 = Oc76

o | Ky
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In an anisotropic system the flowrate in the two principal direct~-
ions is governed by the ratio of principal permeabilities. Fig.3.5
shows how the dimensionless flow varies with the permeability ratio.
When Kx/Ky = 1 the ratio of the flow is also equal to 1; thus indic-
ating isotropy. It is interesting to note that initially the curve
is extremely non-linear and when Kx/Ky = 3 it begins to straighten
out; suggesting that for higher values of Kx/Ky the dimensionless
flow in the x—-direction increases limearly with Kx/Ky. An implic-
ation of this result is that if a pressure test is being carried

out with respect to the plane of the fissure with Kx/Ky> 3 the
permeability will approximate the maximum of the two principal
permeability directions. Very careful use should then be made of
such a result in solving a boundary value problem.

DETERMINATION OF PRINCIPAL PERMEABILITY
RATIO: APPROXIMATE METHOD

In problems where the ratio of principal permeabilities of a
single set of joints or faults is important in terms of flow-
rates or pressure distributions it is proposed that a test is
carried out as part of a routine to assess the magnitude of such
an anisotropy. The test very simply consists of pumping water
into/out of a borehole which intersects the fissures orthagomnally.
During pumping it is essential to monitor pressures in the obser~
vation holes. This particular section refers only to an approximate
determination because the principal directions have to be guessed,
unless of course, a lot of trial holes can be drilled for an
accurate determination of the principal directions of permeability.

Indirect methods could be used to determine the principal permea-
bility directions. For example, the direction of the tectonic move-
ment in a fault system can be used as one of the principal directions.
This assumption has been tested on a model and the details are rep-
orted in Chapter 4. Sharp (9) has demonstrated how a histogram of
surface topography can represent different fissure models. Clearly
some histogram shapes such as in Fig.3.6 indicate anisotropy.
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Stress distributions can result in the fissure becoming anisotropic.
Since the permeability of a fissure is proportionmal to the cube of
the aperture (for a simple model) any small changes in aperture as
a result of stress would plainly effect the ratio of principal
permeabilities. Therefore, prior to a test on a single set of fiss-—
ures it is important to examine the stress distribution along the
plane of the fissures to see if there are any serious stress concen-
trations which would result in anisotropy.
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CHAPTER 3 III

If x, y were the principal directious, three holes, as in Fig.3.7
should be used. The hole marked P is where water is either pumped
in or out. Points O at distance x from P are the observation holes.
By pumping water at a constant rate into P (assuming steady state),
the pressures are monitored in 0. If the fissure or set was iso-
tropic the pressures in the two holes O would be identical. Any
deviation indicates an anisotropy.

]——‘ 0

FIG 3.7

A IS

P x

-

If the observation holes O lie on concentric circles generated

from the pumping well, the ratio of the potentials during pumping
should give an indication of the ratio of the principle permeabilit-
ies. The greater pressure drop obviously occurring in the direction
of minimum permeability. Fig.3.8 illustrates the ratio of potentials
in orthogonal directions at onme given radius plotted vs increasing
permeability ratio in the same directions. For a permeability ratio
of 1 the ratio of the potentials is unity indicating equal flow in
the two directions. As ¢£§/¢ry decreases the ratio of principle
permeabilities increases. It can be seen from Fig,3.8 that very small
differences are required in potential in the two orthogonal direct-—
ions to provide large changes in Kx/Ky. The results as shown in
Fig.3.8, when replotted on a log-log scale lie extremely well on a
straight line. Several cases have been considered of potential
ratios in orthogonal directions at varying radii, Fig.3.9. The
straight lines pivot about 1, the steepest gradient being the ratio
of potentials very close to the hole. As one gets further away from
the hole, the line rotates anticlockwise about point 1 tending to-
wards the horizontal at infinity where the ratio of potentials
approaches one.

By giving a suitable distance for the two observation holes, say
10r/o readings should be taken of the pressures while water is
either pumped into or out of hole P. The ratio of the pressures
or potentials can then be located on Fig.3.9 to obtain an idea of
the ratio of principal permeabilities.
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CASE (B) PRESENCE OF A FIELD GRADIENT "J"

The presence of a field gradient on pumping tests can be treated
by superposition of the two potential fields. In the previous
numerical model for example instead of keeping the boundaries at
constant potential, a gradient is applied, thus in a linear system
the summation is quite straight forward.

TWO AND THREE DIMENSIONAL FLOW SYSTEMS

As was mentiomed in sectiom 2.1.7 two and three dimensional flow
systems become important as far as the water test is concerned when
the degree of fissuration is high. Since the whole phenomenon of
flow from a cavity into an arbitrary system is so complex, models
that are considered are at best speculative. Therefore, it is hoped
that by studying a few idealised examples, it may be possible to
get some form of a picture. In this section it is assumed that the
relationship between cavity size and fissure spacing is such that

a two or three dimensional flow system is possible.

DETAILS OF THE NUMERICAL MODEL
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CHAPTER 3 II5

The case is now considered of a borehole intersecting a two dimen~
sional fissure system in an infinite medium. One set of fissures
intereects the borehole orthogonally while the other one is parallel
to the axis of the borehole. It is proposed to study the influence
of a pressure test on the potential field in such a medium. By in-
creasing the spacing between the packers (Fig.3.10) it is possible
in theory to obtain flow which is dominantly orthogonal to the
borehole. It is also possible to obtain the ratio of principal
permeability by carrying out a series of tests with different packer
spacing. Obviously, altering the packer spacing introduces the vari-
ability of the sample size (of fissures) and consequently the value
of permeability. The results of this enumerative study will be
compared with those of Snow (7) which are based on statistical
studies. The following assumptions have been made in the numerical
study:

(1) Linear system

(ii) NSH» NL

(iii) Two Dimensional Fissure System

(iv) Const. Potential at a large radial distance from the hole,
) Const. Potential in the hole between packers.

(vi) STEADY STATE conditions

(vii) Borehole is a line source or sink.

(viii)The distance between fissures and the total number of
fissures in the entire model is constant.

The infinite medium is represented by 10,000 elements or fissures.
Each element has two nodes either side of it as in Fig.3.1ll. The
elements in the y-directions represent the fissures in that direction
and similarly in the x-direction. Each element had its prescribed
permeability value. A borehole in the y-direction for example is
described by a chain of nodes linked by elements in the y-directionm.
All the nodes within the borehole are at constant potential and the
permeability in the y-direction in the borehole is infinite. A line
source or sink is justified on the basis that overall changes in
flows and potentials are considered with changing permeability ratio
and therefore the detail pressure distribution near the hole is not
essential and further, in the real situation, a 3" diameter hole is
very small compared to the areal dimensions of fissures and therefore
appears as a line source anyway. The boundary potentials are clearly
labelled in Fig.3.10. Since the problem is symmetrical about the
midpoint between the packers, only one half of the problem is
considered,
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NUMERICAL ANALYSIS

A constant potential of 50 arbitrary units is applied to the
boundaries as shown in Fig.3.10. The borehole has a potential
of O units. The following cases have been considered in the
numerical model.

(a) Kkx =1,2,5
Ky

(b) Xy =1,2,5
Kx

The method of solution is as in Section 3.1.3 where having fixed
the boundry potentials, temporary values of potential are given
to the rest of the system and by a process of relaxation a solut-
ion is obtained to the problem. The details are listed in the
appendix.

END EFFECTS IN A PRESSURE TEST

\\E:‘/l y

CYLINEQ(CAL
FLOW COMPONENT x

POTENTIALS OF

| SPHERICAL FLOW
COMPONENT
~B[H

FIG 2.12

Fig.3.12 illustrates the cylindrical and spherical components
of flow during a pressure test in a fissured media as described
in section 3.2.2, Since the flow direction is not unique, ie.
either the X or y direction; the value of permeability thus
obtained has no directional significance.

Using the methods outlined in section 3.2.2 and 3.2.3 the in-~
fluence of increased packer spacing in an isotropic and aniso-~
tropic medium was studied. This amounted to beginning with a small
value of NL (Fig.3.10) which was subsequently increased to include
more fissures.
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Fig.3.13 is a typical result that was obtained from the computer
analysis and shows lines of equipotential surrounding the bore-
hole during a test. A visual examination of the contours shows
the area which has predominantly cylindrical flow and that with
spherical flow. An obvious way to produce predominantly cylindri-
cal flow is to increase the packer spacing. Fig.3.14 shows such

a phenomenon occurring when dimensionless flow from or to the
borehole is plotted vs the distance between the packers. Initially
the curve is non linear showing the complex interaction that must
occur between the cylindrical and spherical components of flow.
Once the ratio of NL/NHR 0.3 the relationship becomes linear and
flow is directly proportional to the surface area of the cavity;
thereby indicating that the majority of the flow is cylindrical.

The same problem was repeated for the case of anisotropic flow.
Fig.3.15 demonstrates a typical pressure or potential distrib-
ution when Kx/Ky = 10. The ratio NH/NL was varied as in the iso-
tropic case. Fig.3.16 illustrates the relationship between dimen-
sionless flow and packer spacing when Ky/Kx = 5. Unlike the iso-
tropic case the curve is non-linear for almost the entire range,
thus indicating the difficulty in obtaining a predominance of
cylindrical flow. The obvious solution of increasing the packer
spacing will not help in such a situation. Instead practical
tools such as four packer systems can be tried to improve the
situation (see Chapter 4).

DETERMINATION OF ANISOTROPY RATIO IN
A TWO DIMENSIONLESS FISSURE SYSTEM.

The importance of anisotropy in nature cannot be over-emphasised.
It's occurrence in the form of different fracture frequencies in
different directions and or variations in apertures of fissures

is more likely than not (7,15). Isotropic systems where fissure
frequencies and apertures are identical are difficult to envisage.
If anisotropy is so common, must there be an easy way of detect-
ing it?

The simplest and most obvious way to determine the anisotropy in

a model such as the one outlined in section 3.2.2 is to measure
permeability of individual sets of fissures. The problem with this
is that for an n fissure system, n holes are required - or very
simply in a two fissure system, ie. bedding and orthogonal fissures,
one requires two hules. The alternative for a highly complex fract=-
ure system where there is no pattern in the fissure directions, it
is proposed that the method suggested by Snow is used (15).
Numerical studies carried out on simple but anisotropic systems have
yielded a method whereby anisotropy ratio can be arrived at by only
one test. This model is theoretical and therefore any field applic-
ation of it must be made with extreme caution. The model is justified
on the basis that it provides insight into the mechanics of the
problem.
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A SIMPLE ONE HOLE METHOD TO ESTIMATE
THE DEGREE OF ANISOTROPY IN A TWO
DIMENSIONAL SYSTEM.

It is proposed that a pumping out test is carried out in a hole
which is perpendicular to at least one of the fissure sets. Dep-
ending on the mean spacing of the fissures, the first test is
carried out with the minimum packer spacing, section 3.3.1. This
spacing is then gradually increased in stages. Fig.3.17 illustr-
ates the dimensionless flow into the cavity vs the ratio of prin-
cipal permeabilities. A number of such curves are drawn for in-
creased packer spacing or the ratio NL/NH. By allowing for different
increments in packer spacing as indicated in Fig.3.17 and measuring
the flow rate under a given head a series of points are obtained.
The line joining these points should give an intercept on the x
axis which is the ratio of permeability.

This method, although not totally rigorous gives an idea of whether
the ratio of principal permeabilities is large or small. If it is
large, it is proposed that tests are also carried out in boreholes
orthogonal to each set, taking into account the number of fissures
each time. In this way, the anisotropy can be obtained first on a
global and secondly on a localised level. The global parameters
being used in analysis where the rock mass is equated to some form
of a continuum.

A large number of cases were considered, but not all of them are
plotted for two reasons, in Fig.3.17. The first one being that it
overcrowds the diagram and therefore makes the determination of the
ratio of principal permeabilities confusing. Further in the field
economic limitations make it impossible to carry out a vast amount
of testing. It is interesting to note that all the curves lie on
straight lines when plotted as log Q/Qc vs log Ky/Kx. For a value
of NL/NAK0.06 the curves can be reduced to a single line as shown
in Fig.3.18. This obviously has the advantage that only one test
is required to determine the ratio of principle permeability.
Practical use of the above method is obviously limited; but it
demonstrates the principle that lies behind the mechanics of the
problem,

INFLUENCE OF TEST CAVITY SIZE ON
PERMEABILITY VALUE

In Chapter 1 and 2 it has been suggested that the size of cavity
used during a test could have an important bearing on the value of
permeability. In soils for example, the size of cavity should make
no difference, since the pores through which flow takes place are
so very small compared to the size of the borehole. In a fissures
media no simple law exists which describes the scale effect during
a test.
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CHAPTER 3 I25

In the oil industry attempts have been made to correlate the values
of permeability obtained in the laboratory to those in the field.
Warren and Price after an exhaustive approach and computer simul-
ation arrive at the conclusion that permeability is well estimated

by the geometric mean of individual measures. Snow (7) has considered
this problem from the statistical angle suggesting that the perme-~
ability increases with the number of conductors as in Fig.3.19.

Before examining this phenomenon it is important to decide which
concept of permeability is going to be used in the fissured media.
From Eg.1.1.

K, = Qloge (r2/r1)

2nL(P,~P,)
where Ks system permeability other symbols defined before

Using the Discontinuum approach this equation is reqritten as

K, = Qloge (r2/r1)

2nen(P1-P2)

Assuming a fixed spacing between the packers an increase in n will
obviously result in a decreased value of K/J. Alternatively, an
increase in the number of fractures will give a higher value of K/S
because:

enKJ = LKS if e, K_, L constant then increase in n will result in
higher Ké

The permeability referred to by Snow is the system permeability and
therefore the hypothesis that system permeability increases with
the number of conductors could be correct.

If the concept of system permeability is to be used, the test sect~-
ion should take account of the mean spacing between fissures. Con-
sider Fig.3.19A which indicates that the joint frequency within the
test cavity is 6 inches. Let us assume that the boundry of the test
will be given by an area 36' x 36'. Diagram B to E illustrates how
the fissure frequency is reduced in stages while the test section
length is kept constant at 5ft. If the value of system permeability
is evaluated in each case A to E it is observed that the value
reduces as predicted by Snow. Computer simulations were made to test
this concept while increasing the fissure frequency and the overall
boundries of the problem. Fig.3.20 illustrates the result of such
an analysis. The initial part of the curve is non-linear; but it
soon becomes assymptotic to the final system permeability.
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If system permeability is going to be used in the field obviously
tests should be carried out with a changing packer spacing until
an assympototic value of system permeability is obtained. This
phenomenon which is predicted by the statistical and enumerative
approach was observed in the field and is reported in Chapter 4.

Use of such a method in the field is, however, very difficult
because the method relies on the fact that the fissures belong

to the same family and therefore have roughly the same effective
aperture and constant spacing. Very often cases occur in a sedim-
entary environment for example where the fissures occur in clusters
each with different value of aperture and spacing. In such a case
system permeability should be discarded and a numerical model built
on the joint permeability values for each cluster, where the overall
permeability of the cluster is given by the number of fissures

X KJ.

Heterogenities can be built into the computer simulation of the
test very easily. These can be in the form of anisotropy, imper-
meable boundaries etc.

INFLUENCE OF BOUNDARY CONDITIONS
ON THE TEST

x

FIG 3.2]

Fig.3.21 shows the numerical model in which the number of fissures
that intersect Z the borehole remain constant while x and y are
changed simultaneously.

Fig.3.22 shows how for different permeability ratios the boundary
affects flow into or from a cavity. In most cases, after a ratio
of 2R/L>8 very little change takes place in the total flowrate
that leaves or enters the borehole.
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This is important in deciding how long the test section should be
in case the boundaries are nearby. Alternatively, it gives an in-
dication of the importance of boundaries, such as dykes or faults
in the vicinity of the test zone. If a situation exists whereby
the fracture frequency is such that a long section is required

and further if the boundaries are a bit too close, the various
equations previously derived to determine permeability cannot be
applied, since they are all based on the concept of an infinite
aquifer. For such special cases the various criteria outlined in
Chapter 3 should be recomputed using the programs which are listed
in the appendix with changes to allow for the particular boundaries.

The case of a hole intersecting an arbitrary three dimensional
fissure system has not been considered since it is felt that in

the case of a close but random system it is best to use the methods
proposed by Snow (15). However, for a fissure system where the spac-
ing is larger, numerical modelling has not been attempted because
most situations lend themselves readily to two dimensional study

and further, the computer storage for a three dimensional problem

is so enormous that it is rarely justified. A physical model was
constructed for such a case and it will be dealt with in another
section.
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CONCLUSIONS

This chapter has exploited the use of numerical analysis to study
fluid flow from a cavity into an anisotropic media. Analysis along
these lines is wvirtually impossible with analytical methods, but
the methods discussed so far have showed the ease with wich numer-—
ical models can deal with complicated situations.

The analysis shows that during a pressure test where water is being
pumped into or out of a rock mass at least one observation hole is
required in the isotropic case and two in the anisotropic case.
Various dimensionless plots of pressure, flow and ratio of primncipal
permeability in a given system are given so that (a) it is possible
to understand the mcchanics of the problem (b) comparisons can be
made with field situations not to pin point answers but to study
the sensitivity of different parameters. Methods are discussed for
measuring the ratio of principal permeabilities in the plane of the
fissures and also in systems where the anisotropy is caused by
different sets of intersecting fissures.

Flow from a borehole into a two or three dimensional fissured media
is a combination of cylindrical and spherical flow. This obviously
leads to a value which is non-directional, unless the test takes
this effect into consideration. In the isotropic case for example
cylindrical flow begins to completely dominate if NL/NH)» 0.3 where
NL is half the test cavity size and NH is the distance from the
test cavity to the impermeable barrier. Obviously this is not easy
to obtain in practice and it is suggested that either NL/NH>O0.15
is used where a large amount of flow is cylindrical or the four
packer system is used in such a case (see Chapter 4). In an aniso-
tropic case it is virtually impossible to achieve cylindrical flow
when the permeability in the direction parallel to the cavity is
higher than in the orthogonal direction. In a field situation
obviously a compromise has to be made in view of a large number

of other factors which influence a test., The number of fissures that
must be used to give a representative sample in a test are discussed.
If the system concept of permeability is to be used it is suggested
that pressure tests are carried out on the same family of fractures
but with varying packer spacing until an assymptotic value for the
system permeability is obtained for that one particular case, If

on the other hand the concept joint permeability is to be used in a
numerical model there is no further need to consider the scale
effect because the value of joint permeability in such a model is
always used in conjunction with a given number of fissures at a
particular location.
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LABORATORY EVALUATION OF PUMPING TESTS

SYNOPSIS

In Chapter 1, 2, 3 methods have been outlined to predict the
permeability of a fissure system on the basis of results
obtained from a pumping test in a borehole. It is proposed
in this chapter to verify some of the equations which des-
ocribe flow from a cavity into an idealised and a real fissure
system. For the ideal cuse the model consists of smooth
parallel perspex plates and the real situation is modelled by
producing an exact geometrical replica of a porphyry fissure
by using liquid araldite which sets hard at room temperature.
Water is pumped either in or out of boreholes in the above
models and the relationship between "pressure-flowrate" is
studied at the borehole and within the flow field.
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4.1.0  INTRODUCTION

The earliest and about the only physical modelling of flow from

a cavity into a fissured medium has been carried out by Baker (5).
Several attempts have been made by research workers to model flow
from a borehole in a soil., Childs (12) has achieved a remarkable
degree of success, while examination of the ASTM (20) shows the
large degree of variation in the answers using different methods
of obtaining permeability. The difficulty has been attributed
largely to the difficulty in obtaining a reproducable packing or
porosity in the model and the inaccuracies which are inherent in
the methods themselves. Baker's model work consisted of proving
the validity of the radial flow equations (Chapter 2) and also
finding the region of turbulance, surrounding the borehole. Fig.
4.1 demonstrates the test outlay.
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FIG 4.4

The model consisted of two concrete blocks 10ft. in diameter.
The aperture of the fissure was varied from 0.05 inches to 0.4
inches. For different flowrates the pressure distribution was
obtained. Fig.4.2 shows how rapid the drop is for a fissure
system as opposed to a continuum in the radial direction. This
has important implications in that it makes the test very much
more difficult to analyse and also the radius of influence, or
the area of representation of the test is reduced tremendously.
For example, changes in aperture of the fissures at a radial
distance 2 x diameter, makes little impression on the majority
of the pressure drop in the test. Another factor that was high-
lighted by Baker's work was that large volumes of fluid were
involved in the transport phenomenon. His theoretical and pract-
ical work shows that a fissure with an aperture of 0.0l inches
is equivalent to 454ft. of unfissures formation having a uniform
permeability of 100 millidarcys*. Baker's work shows the ease
with which a fluid communicates in a fissure system in spite of
the low fissure frequency provided there is an adequate inter-
connection in the system,

* I Darcy = 1078 cm/sec.
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Since the flow from a cavity into a fissure can at best, be only
approximated, and that badly in detail near the hole, it is best
to physically model the situation. For this, two simple models
were conceived, The first is a parallel plate model, but instead
of using a "radial flow" situation, a fissure with a flow occurring
due to a natural gradient is modelled, with a hole in the middle
of the flow field. The second case is one in which an araldite
model of a natural fissure is cast, giving the exact replica of
the fissure topography, and then a hole is made into the fissure
and tests carried out to simulate a real field situation. The
second test is an extension of Baker's work by using real fissure
surfaces. The object of this exercise is not to produce general=-
ised laws; but to study the mechanics of the problem in one real
but arbitrary situation.

PRESSURE TEST IN A FISSURE UNDER
A NATURAL FLOW FIELD

Fig.4.3 illustrates the general outlay of the model; dimensions

of which are given in Fig.4.4. The model material is perspex and
the fissure is formed by two smooth parallel plates with a mean
opening of 1.25 mm., The diameter of the hole is 3.8 cm. and the
fissure is 36 cms. wide. The "fishtail" entry to the model to-
gether with the available length of the fissure prior to the bore-
hole ensures that the turbulence is g minimum as flow enters the
model via a circular pipe and then flows into a thin rectangular
box section. An obvious problem with such a model is to maintain

a constant fissure aperture of 1.25 mm. Care was taken during
construction to maintain this opening but on examination after

the tests were over showed that the aperture varied from about
1-1.25 mm. The sides of the model are considered as 'mo-flow"
boundaries. Since the gradient is applied in only one direction,
ie. parallel to the "no-flow" boundaries, the distance of the
boundary from the hole is considered as adequate as regards inter-
fering with the flow field.
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Different hydraulic gradients are applied and these resulted in
different flowrates. Pumping tests are carried out under these
different flow conditions once steady state is achieved in the
model., (By steady state is meant that there is no change in flow-
rate with time). Throughout the test the fluid temperature was
measured.

TEST RESULTS

In Chapter 2, section 2.1.2 the pressure change as a result of
flow into or out of a cavity in a fissure system is given by
the following equation.

P: Q‘05¢ (r‘/rp) -+ 3a 1 - }_ (4 ‘)
21Ky en 202e?ntg 7 )

or very simply: P = AQ + BQ2 where A and B are friction and
kinetic energy term constants respectively. In the presence of
a flow field this is altered by (superposition in a linear system)

to:

p=aQ+BQ° ¥ qu .

A%y

+ . . . . .
~ depending on whether the test is pumping in or out of the cavity.
Q' is flow in the fissure under natural gradient.

1 no. of fissures

n=
A = cross section area of fissure
KJ= permeability of fissure

1
where Q nlL is pressure drop due to flow in the fissure

J (Darcy's Law).

=

Numerous pumping out tests were carried out because it was found
that it was easier to maintain a steady suction from the cavity
rather than a steady supply. Fig.4.4bshows some of the results of
the actual pressure distributions along the length of the model,
ie. in the direction of the gradient. For a given constant flow-
rate in the model pumping out is performed at three different
steady rates.

Fig.4.5 shows the pressure distribution along the centre line in
the direction of flow close to the hole. The problem was simulated
with a computer model and it is clear from the diagram that the
pressure drop is severe in the practical case within the vicinity
of the hole. This difference is due to the fact that the kinetic
energy terms as well as turbulence and non uniformity of flow are
ignored in the computer simulation.
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Further this experiment confirms the findings of Baker that the
pressure drop is steep in a fissure system near the hole. In a
continuum the decline of pressure would be much more gentle owing
to a larger available surface area and lower velocities.

One of the tests has been considered in detail. Numerical calcul-
ations have been carried out to test (i) the validity of the assum-
ptions in Chapter 2 and equation 4.2. (ii) the magnitude of the
different components. (iii) to calculate permeability from a pump-
ing test and compare it with the theoretical value and also one
obtained by applying Darcy's Law directly, since the flowrate, cross-
sectional area and gradient are known.

Q' = flowrate under natural gradient = 45 cc/sec.

Q = flowrate during pumping test from B/H = 22 cc/sec.
Pressure at hole with no pumping out = 74.6 cms. Head of H20
Pressure at hole during pumping out = 64.3 cms. Hedd of HZO

Net pressure drop = 10,3 cms. Head of HZO

Frictional component due to radial flow =

Qloge("1/ry)
= 0.89 cms.

2neKJ

where (K. = ezg )

T 13y
and U = kinematic viscosity
Ki= 111.0 cm/sec. @ 15 deg.C.

1oge(r1/ro) = 3.5,

Kinetic energy component = 3Q2 (1/r12 - 1/r02)
2O7fe2g
Cross section area of fissure = 4.5 cmz, L =127 cm.
Pressure drop prior to pumping out in the fissure = Q'nL
AK
J
= 11.5 cms.

From Equation 4.2.
p=aQ +BQ% ¥ Q'nL

Ay

= 0.8 + 0.13 - 11.5 = 10.48 cms.

Measured pressure drop at the hole = -10.3cms.
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These results indicate two things. The first is that the pressure
drop due to the kinetic energy term is significant compared to
the frictional term. Secondly, the use of the complete expression

in Equation 4.2 gives an extremely accurate picture of what is
happening.

COMPARISON OF PERMEABILITY VALUES

(A) Value based on Poiseiulle's Law.

-

1 measured

Q= AKsI A‘&“ l ¥ Q
I - |/36 maasured
Ky= Q . 224x36 . 187 cm[sec

Al A x

(B) Value based on Theoretical model,

K = e2g . 155x1072x980

\2v 12 x LIS x 10”2

= Il em[sec.

(C) Value based on Pumping Test (Lugeon Type).

Po-Qloge ("/r) ., @nL
21 e Ky AXy
.8 -10.% = AQ

0.- Q lOSQ (rl/rl)
21re ¥y

= {.2

.

S Ky = 22x3.5 = 8.5 em[sec.
27 x 1L.25% 107 1,2

(D) Value K based on Modified Pumping Test.

i
P= -AQ-BQ?+ QL
A Xy

27 ¢ K 201 e*g n

1.2 = — 22x3.5

LLX2e0 0~ DD
2172 1.25x 107 Ky

.‘v KJ = 22 x 5-5
21 x 1.25 x 107« 1.07

= D2.5 em/sec
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Summary of Permeability Values

(A) Direct Estimate 187

(B) Theoretical Value 111

(C) Pumping Test, Lugeon 81.5 cm/sec.
(D) Pumping Test Modified 92,5

From these values it can be seen how the permeability varies even

for a uniform fissure. The first value is assumed to be the correct
one. The Lugeon test gives a very much smaller value whereas the
modified Lugeon is nearer the first value, because of the inclusion
of the Kinetic Energy term. The theoretical value is so small because
there may be errors due to variations in the fissure opening. Small
errors in the aperture term can lead to large errors in permeability.

4.2.1 PRESSURE TEST IN A MODEL FISSURE

Analytical solutions for the case of flow from a cavity into a
fissure system have been derived in Chapter 2. The case of more
complex boundary conditions are outlined in Chapter 3. In section
4.1,1 experimental work has proved the validity of some of the
mathematical expressions. Having established the basis of a theory
for testing under ideal conditions the method should be applied

to real fissures. Since large rock samples can be so cumbersome in
the laboratory in terms of weight, machining, cutting and drilling
without disturbing the two mating surfaces of a fissure an alter-
native was sought which would cut down some of these problems.

The important factor which controls the relationship between press-—
ure and flowrate at low stress levels in the geometry of the fissure
surface. (8,9,10). Therefore if we can reproduce the surface exactly
it does not matter what the material is as long as it is stable,
Liquid araldite which sets at room temperature takes the shape of
the cast it is moulded in without much shrinkage. Further it has the
advantage that the finished replica is completely transparent. This
is extremely useful in experiments on fluid flow because it is
possible to visualise the streamlines to see whether the flow is
laminar or turbulent and also how the '"dead water' areas change
with applied gradient.

In this experiment the model fracture is cast from a fissure in
Porphyry which has already been tested in a direct shear machine,
The model fracture consisted of two castings. The first cast is
made by pouring liquid araldite on to the porphyry fissure and
allowing it to set. Once set it is easy to tear it away without
damaging the surface. The first cast flow acted as a mould for the
second casting. The above procedure is repeated after suitable
lubrication of the surface. As a result of the two castings two
halves of a fissure are obtained which perfectly match each other
(see Fig.4.6) and Fig.4.7 . Fig. 4.7 illustrates the actual

fissure used.
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Since equations of radial flow are to be examined in the case of

a real fissure the model has a circular outer boundary with a
borehole in the middle. The radius of the outer boundary is 12 cms.
and the radius of the borehole is 1,25 cms. The aperture of the
fissure cannot be measured since it represents a rough surface
with a wide spectrum of values., Only an estimate can be made in-
directly from the relationship between pressure and flowrate.

During an experiment the aperture of the model can be fixed by

a mechanism which consists of adjusting screws which separate the
two halves of the model. Input into the borehole consists of water
supply from a constant head device via a needle valve. The output
from the model consists of flow through the fissure into a stilling
basin, ie. the output is always submerged so that a constant back
pressure is applied.

One of the test results will be dealt with in detail to illustrate
the mechanics of the problem.

TEST RESULTS

A constant pressure of 5.7 cms. head of water was applied at the
borehole and pressures were monitored at several different posit-
ions which all lay on concentric circles. As has been described in
Chapter 2 and 3 the pressure drop is very sudden and most of it
occurs with a few radii of the hole as in Fig.4.9. This further
confirms the previous tests in section 4.1.0. There is a slight
difference in pressures in the observation points along any one
concentric circle. This indicates that there is a certain amount
of anisotropy in the flow system as a result of the shearing of
the model. Evidence of the anisotropy can also be observed in
Fig.4.8 where a coloured dye was introduced into, firstly, the
middle section, where it can be seen that the fluid front is far
from being circular and hence isotropic, and secondly, the stream-
lines are not radial but have a definite bend in the direction
of anisotropy. From this test, it is further proposed to calculate:
(a) the permeability of the fissure
(b) the ratio of principal permeabilities
(c) comparison of permeability value with non-steady state
solutions. .

(a) Permeability of the Model Fissure from
a Constant Pressure Test

Since the applied pressure is so small (6 cms, head of water)
we can assume linear conditions: from Equation No.3, Chapter 2,
Section 2.1.0.
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2nek _
J (P0 Pl)

loge(rl/ro)

L
I

Q Measured = 4/9 cc/sec.

(P0 - Pl) measured = 5,7 cms,

_ 12.5
eKJ =4 x 1oge(iT§§9

9x 2x x 5.7

= 2,85 x 10_2 cmZ/sec.

K_ for an equivalent parallel plate is given by

3
KJ = e2g
T2V
3
8 -2
°8 = 2.85 x 10
e’ =2.85x10 2 x12x1.15x10° _ , 16
980

1.58 x 102 cms.

@
it

0.158 mm.

@
]

In section 2.1.5 a formular for radius of influence was quoted
from Sichardt which was reported in Sharp (9). It is proposed to
test this equation in the following example.

Radius of influence from equation 1, section 2.1.5.

o = 3ooo(¢°—¢¢) ,/E

= 2000x 5.7« ’l‘z

£ [L7x10% em.

where ¢ s the potential vw Cms
K vs the permeability v Cm/sec
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This does not seem to be correct for the model. The pressure drop
is considerably more severe in a fissure system compared to a
homogeneous material and therefore the use of such a formula will
give a conservative estimate of r/e. Since it is fairly empirical
and not experimentally or theoretically justified in a fissure
system it is proposed that this formula is not used at all, rather
suppliemntary holes should be made to ascertain the pressure drop
away from the hole. The presence of supplimentary holes will not
only give an estimate of radius of influence, but they provide
more control in the evaluation of permeability. The water levels
in the observation wells during pumping provide a good indication
of anisotropy and also can be used for tracer tests.

(b) The Degree of Anisotropy

As outlined in Section 3.1.5 the detection of anisotropy is very
important in pumping tests. The ratios of pressures along any
concentric circle (with centre at BH) should give a value of unity
for the case of isotropic flow. Any deviation from this suggests
anisotropy. A very simple method is outlined in section 3.1.5
where this estimate of anisotropy can be made.

In Fig.4. 9 the direction of shearing of the specimen is shown,
this is the direction in which the lineations lie, and therefore,
from a pure geometrical argument there should be a certain degree
of anisotropy. Pressures were measured of points 1, 2, 3 (see
Fig.4.10) and from the experiment:

¢2
3. = 2.2 = 0.785.
3 2.8

substitute this value in Fig.3.9 r = r/o assuming that the direct-
ion of shearing is one of the principal directions.

The ratio of max/min. principal permeability is approximately 1.6.
It must be emphasised that this is an excercise to show how aniso-
tropy can be obtained from a simple test. The result of such a
simple application of theory agrees well with the observation in
that the greatest amount of flow was in the direction of maximum
permeability. It does not provide a universal law for application
under any field condition. To obtain a more accurate estimate in
the field each problem should be modelled in detail.
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CONCLUSTION

The equations of flow from a borehole into a parallel plate model
in the presence of a natural flow field have been shown to be
correct. Owing to the fairly high velocities involved in this model
the kinetic energy terms had to be included for the predicted
answers to agree with experimental verification. This experiment
also showed the large amount of pressure drop that occurs in the
vicinity of the borehole as had been predicted in Chapter 2 and 3.
Radial flow equations have successfully been applied to the case
of a real fissure and it has been demonstrated how it is possible
to obtain the ratio of principal permeability using the results

of the numerical analysis in Chapter 3. The result of such aniso-
tropy was demonstrated by using coloured dye during a test. Once
again in the case of a real fissure it is possible to show that
the majority of pressure drop occurs close to the borehole.
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NON STEADY STATE FLOW-AXISYMMETRIC
CASE

SYNOPSIS

The falling head test is very popular for the determination of
permeability due to its ease of execution. Solutions exist for
the falling head test as carried out in open holes in a soil

mass where the flow takes place either through the bottom of

the hole if the sides of the hole are lined or it can be a combina—
tion of flow through the bottom and sides of the hole. If the hole
penetrates a very short distance into the aquifer the flow is
spherical and if it fully penetrates the aquifer as far as the
impermeable boundary the flow is essentially cylinderical from

the cavity. Further the solutions are for tests carried out below
the water table and shape factors are used to correct for the size :..
and shape of the cavity relative to the boundary conditions.

A falling head test in a fissured rock mass 1s a very special case
owing to the geometry of the system. Equations are derived for

the case where the borehole intersects the fissures orthogonally so
that it is possible to calculate permeability from a falling head
test data. The different boundary conditions considered are (a)
unsaturated fissures of infinite radial extent (b) saturated fissures
of a known finite dimension. Model tests are carried out to test

the validity of the equations. Field results are reported in
Chapter 4, part III.
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FIELD OF APPLICATION

Investigation into unsteady seepage began at the time of

Boussinesq (2) and it is one of the most difficult problems in

the theory seepage. TUnsteady or transient conditions can exist in
two ways. The first, is the case of incompressible fluid where the
boundaries change, eg. variations in flowrate, depletion of head or
rainfall. The second case is where the compressibility of the
fluid causes transient conditions. Here time enters as an
independent variable. 1In the solution to the first type of problem
it must be assumed that at each instantaneous time Step pressure
distribution and flcwrate will correspond to the boundary conditions
at that instant, as i1f these conditions had been maintained for an

infinitely long time.

The second type of problem where the compressibility of the fluid
causes transient conditions has been studied in great detail by the
petroleum engineers (26, 27). Very rarely are civil engineering or
mining problems at depths comparable to those in petroleum
engineering and consequently at a low stress level, and therefore

for purposes of analysis, water is assumed to be incompressible.

The first approach when determining permeability is commonly referred
to as the falling head test. In such a test the borehole is filled
with water and the drop in level monitored with respect to time.

The falling head test was originally derived for the case of flow
through a permeameter where the flow is one dimensional (29).

This was further extended to the case of flow in a cased borehole
where the flow field is entirely spherical. In practice a large
number of holes exist which are not cased so that flow can occur
from the sides of the cavity. It is proposed to derive analytical
equations which describe the radial phenomenon in a fissure system.
However, to fully appreciate the difference in the two methods and
for the sake of completeness the spherical flow equation is also
derived.

{
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5.1.1 FALLING HEAD TEST: CASED HOLE BELOW
G.W.T.

The following assumptions are made:

(a) The medium is homogenious

(b) Flow from the cavity is hemispherical Fig. 5.1
(¢) Darcy's law holds

(d) Test is carried out below the groundwater table.

"o
I}
)
h,
h
GWT
h,
oy : =Y¢
T FlGg 5.1

If we assume hemispherical flow and use Darcy's law at a
distance and from the bottom _

e 2gdh
Q = -2Tr Kdr

dh = - Q@

dr ZUrZK
h Te
fdh,_f Q Sh Q @ ___9_[_‘_1}
J J 2wt K X 2K ok LTo Te
-4

Rate of change of water level in the hole

Q= ﬁﬁbzdb
de
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5.1.2 Falling head test carried out when test section is below the
groundwater table.

N
N
AN —
N f
hId'tl N h
- GWT
\ k=
1 Q \ hzaftz
- > fz
N
N _.—i.———a-'r
N
N N
N |
PN
e
FiIG 5.2

If we assume radial flow in the fracture and we use Darcy's law
at a distance Y

Q = —2nwreky dh

dar Kg = joint conductivity

h Te - ezg

Sof dh= - fdr 2v

ZT!'QKJTT
[~}
o ° e = mean aperture of the
h= To fissure
2ne ¥y hne ( ‘/hz)
h= _Q

2mwe Kj lqk (ﬁ%%)

rate of change of water level in the hole = Q =1T162 dh

h ot dh L T ae
S, = T __"'l (o] ¢/
Zre K dt 9 ("4,)
h,y £
fgﬁ = 2meKy loge (&) /dt
4 h 1T 1o % Te /
\ i

log [h) = 2eX o -k,
()= 228 e () (42
Log (Maa) _ 22K; - 222 g _ __e’g
- 3 T, B ) = 7
Ty ty loge (Y24, ) 101 Log¢(%o) LU Log, (%)
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EQUATIONS FOR A FALLING HEAD TEST IN
AN UNSATURATED FISSURED MEDIA:

Assumptions:

(a)
(®b)
(c)
(d)
(e)
(£)
(g)

(h)

Fissure is unsaturated, ie. above the groundwater table.
Linear flow-pressure relationship.
Axsymmetric flow.
Homogenious and isotropic fissures.
Kinetic energy is small.
Infinite aquifer.
It is assumed that there is no significant flow in the fissure
while the borehole is filled with water.
Viscous flow.
%3

To | To

FIG 5.3

DERIVATION OF PERMEABILITY FROM
RELATIONSHIP BETWEEN PRESSURE AND TIME

From

65'3'

ey,

T

the general equilibrium equation

6'fre + qur + Ox—%8 = O

+ 1
T 26 dy T

for radial flow : 3 _ 0 ; 6¢= g = P, say

20

0% + dTyr = O Q)

ot 0y
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for viscous flow TS’ = —p é_g_

dy T drag
u velocity
’ a‘t.‘.‘j = }‘ 320.
oY 3yt
3 _ 4% oo
T dy?
o 2 L i
2 > 3y*
Integrate w = 2%’.. 9f . By+C where BxC are consrants of mtegration
»oor B=0 since dv.o
Boundary Conditions ay
y=+ % i u=o0
Sooe= =L dP Z/?')
2u r 4
. R T B A } 3
" 2p 3r L 4 J )
. Velocity distribution paraboh’c
e,
Rate of flow, Q = Qﬂ‘rf udj = .-m:zs, é_l’
C/,l 6}" af
P | G -7~ B |
dr me> T
Integrating p = — epd x { log T + constant]
Te?
when Y = Tz outer radius of fissure p=0
when T = t, at borehole, p= YU | ¥ specific Nt of water

where u viscosity

’ O = - _é_’.ﬁ___Q [log T + constant]
Te?>
IH = — 6MQ log r, + constant}
e3>
= bu@ |\
Lo e (R )
Initial conditions
H= Heo y Te= To
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When head drops to any other value, H
Volume of water displaced = (Ho-b4)1Tr01

also T (Tt -1, )e

[ U

(”fg‘) = [l+ Ho-H} )
To 1“4
Also Q = -, dH &)
dt
Substitute (5) and (6) into (4)
}
b’H=—"i’£1r2 Lo I+ Ho—H)Z dH
250 J ( Z ) dt )
Integrating in time t = jlit
i
- N rz Hpo—H \3
[(r22e) 1 (o tgmyian g

H

If this can be evaluated we have Telated H->t for the case of
flow from a borehole into a fissure of infinite radius.

Noting that the aperture e is small compared with (Ho-H) except
when the hole is full we can rewrite (7)

I log [Ho=H] = 1 logy — ELEF . H
? [0 ] 3 Je ST, (3;_:) €©),

. plot log [Ho=H] vs ‘Hﬁ Should be strajght line

(&)

[« 8
[

log(Ho-H)

-2‘6’e3
3ur2:
o

FIG 5.4

>
H/dH/dt




CHAPTER 5§ 157

At the beginning of the test, H = Ho log (Ho-H)—a — o0
This is not given by straight line plot becavse

(a) Eqn(a)\we assumed € negligible compared with(Ho—H)

(b) Ignored the kinetic energy.

Hence there will be a departure from the straight line as
indicated in Fig. 5.4.

5.3.0 LABORATORY TESTS

The model described in section 4.2.1 part II was used to test
some of the equations which have been derived in the previous
sections,

The equation in section 5.1.2 describes the result of a falling
head test carried out below the water table, The test simulation
of this consisted of maintaining constant input into the model
until steady state was achieved. The input was then turned off
and the change in level of water in the tube was monitored with
respect to time, and can be seen in Fig. 5.5.

For such a test from section 5.1.2

Yo = V2.5 ems

h,
| “) - e3
29 \he) (h" = J To = .25 cms

ky - Uy log (Tr‘f,) 5

116 10° "

it

If the data in Fig. 5.5 is replotted on a semilogarithmic scale
the result is a straight line, Fig. 5.6 as predicted by theory.

.. the slope in fig 5.6 = log (h‘/h,_B =
TR =Y
tz-b\
. e® = Gx15x10%x 1.55x2.2 = L33x107¢ cm3
D80 x |SO

o e = O.0!l ems.

From section 4.2.1 for the same model and test set up the value
of e= 0,015 cms.

5.3.1 The case of flow from a borehole into a fissure of infinite radial
extent can be modeled if the viscosity of the liquid is increased
in which case the fluid front moves slowly through the model and
allows sufficient observations before reaching the boundary. For
this test an oil of known viscosity was used. The tesi began with
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the fissure unsaturated. Fig. 5.7 illustrates the change of 0il
level in the borehole with time. If Equation 9 section 5.2.1 is
used to calculate the aperture of the fissure the relationship is
graphically demonstrated by Fig. 5.8. This is very similar to
the predicted shape as in Fig. 5.4 where it was shown that for
low values of H/dh the experimental curve should deviate from
dt
the theoretical curve.

From Fig. 5.8 the aperture can be calculated from the slope of the
straight line.

2%e> _  0:m8
5/410" 290

l.l es E—3 3)‘0058)( lOBSKM
290x ¥ x 2

= B3« 0:58x 1:55x 0

290 x ¥ x 2
boe® o % x B.75 x 1076+
L@ = 142 <1077 = 0.0142 ems.
This value . agrees fairly well with a constant pressure test

value of @ = 0,0158 cms, see section 4.2.2 part IT.



Is1

H(Cms)

ch A N T N T I

0 I0 20 30 Lo 50 €0 T0 80
TIME(SECONDS)

FIG 5.7



162,

|

—40.8

-10.7

!
=700

H/dH/d¢t

=600

e

~500

FI1G 5.8

=400

=300

=200




CHAPTER 5 163

CONCLUSIONS

It has been shown how the mean aperture or permeability of a
fissure can be evaluated from a falling head test for the case of
a finite-boundary and also the infinite boundary. The mathematical
derivation has been verified for the two cases by model tests.
Besides practical reasons it is felt that this approach to the
determination of permeability is a very sensitive one since an
additional variable "time'" is used in the test, thereby giving
more information than the steady state methods. By looking at
the changes in the pressure-time relationship the existance of
permeable and impermeable boundaries in the radial direction can
possibly be observed. A parametric study could be conducted with
different systems to see the relationship between pressure and
time. A preliminary attempt is made in part III to do this and
it is hoped that this line of research is further pursued.



PART 3
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FIELD EVALUATION

SYNOPSIS

In order to estimate the in-situ hydraulic parameter in fissured
rock it is essential to have a clear understanding of the fracture
pattern in as much detail as possible. Once the orientation of the
major fissures becomes apparent it is then possible to decide the
test layout in terms of borehole orientation. The next step is to
obtain the frequency distribution of the fissures so that the tests
are carried out on the correct scale relative to both the rock mass
and the structures, Z.e. dam or slope under consideration. Having
established a "map" it is then possible to carry out pumping tests
in the various boreholes on the basis of the analysis presented in
Part II.

It was not possible to obtain pressure-test data from commercial
projects in fissured rock which satisfied the above limitations
and therefore it was decided to find a suitable site where the
various ideas which are developed in this thesis could be tested.
A sedimentary environment was chosen for ease of geological and

fracture mapping.

The field evaluation by the author consisted of an initial fract-
ure mapping and subsequent drilling of holes in suitable directions.
This was followed by core logging and examination of the holes with
a Borehole Television Camera. The modified Lugeon testing and Tracer
equipment was designed for execution in this field project.

Part IIT deals with the design of equipment, geological investig-
ation of the area where in-situ hydraulic tests were carried out
and results of the field measurements based on the theory developed
in Part I,
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INSTRUMENTATION

INTRODUCTION

In this section the outlay of the test apparatus will be des-
cribed together with the details of the essential components.
It is felt that the inclusion of such details is very important
for two reasons:

(a) so that a researcher can critically examine the test
set-up and use it as a basis for future improvement
and perhaps not make the same mistakes,

(b) it is easier for the practising engineers to improve
his present set up on the basis of the equipment des-

cribed,
}L“VAnms‘
—>— Pump TANK pump P Houe
FIG 1.1 '
AR —, 77— WATER
NV Ve~ pacreps
< 4
YA .
MA{
o VAN CAVITY FLOW
“4—r - LINEARISERS
a7
a—t l———>
A

Fig 1.2

Fig. 1.1 and 1.2 are a schematic outlay of the test as it was
carried out at a quarry in South Wales. Owing to the extreme
shortage of water on the site, the constant flow tests had to

be run for as short a period as possible, On an average day

(10 hours) approximately 2000 gallons were used up in testing in
one hole.

The electrical equipment was designed so that it could be oper—
ated on an alternating current at 50cps and 250 volts,
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DETAILS OF THE APPARATUS USED IN THE
FIELD

PACKERS

Packers are used in the constant and falling head water pressure
test so that certain zones of interest in a borehole can be hydr-
aulically sealed. By supplying water in such a zone at a known
flowrate and pressure, the permeability of the medium can be
estimated. In spite of the extensive use of packers in the civil
engineering and petroleum industry little is written on their
design, A large variety of packers exists on the market; but they
are generally designed for specific jobs. There are basically
three types of packers which exist:

(a) Permanent (b) Manual (c) Pneumatic.

(a) Permanent: This merely consists of a grout or cement plug
which permanently isolates given zones. In fact, piezometers
may be classed in this group in that they can be used for pump-
ing tests., However, they are generally only a few installations
per hole and thus permeability determination is restricted to
those areas.

(b) Manual: This type is quite often used in civil engineering
practice and is illustrated in Fig.l.3. The two rubber plugs are
separated by a perforated pipe (test cavity). The packers are
lowered on drilling rods and by suitably rotating them a torque

is applied on the rubber plugs. This results in an axial compress-—
ion and hence a bulge in the rubber which isolates the test cavity

‘hydraulically from the rest of the hole. This type of packer is

limited in its use, because of the difficulty of applying torque
at great depth. Further it is also very cumbersome in terms of
weight, -

(c) Pneumatic: This is by far the most popular type of packer in
current practice. A large variety of commercial packers are avail-
able, such as in Fig.l.4 which is used in the Petroleum industry-
During this field trip none of the commercially available packers
were used because of the system, that was going to be used.

As can be seen in Fig.l.l three pipes go down the hole. The first
one carries water to the main test cavity. The second pipe carries
water to the flow linearisers and the third pipe is an air line
which is common to all four packers. With this arrangement it was
essential to have a packer which would allow three tubes through
it. A packer was designed to oversome this problem. The entire
construction of the packer and associated tubing was in p.v.c.

and all the different air tight and water tight joints were made
by using a p.v.c. glue.
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This had an advantage over the conveational metal system in that
it was (a) light, and (b) complicated machining of "0" ring re-
cesses was avoided. The inflatable part of the packer consisted
of rubber tubing. Fig.l.5 illustrates the packer as a finished
product, ; Incidentally, the diagram
illustrates the problems associated with a down hole tool in
that one is severely restricted in space., The diameter of the
hole is 3 inches and the tool is approximately 23" in diameter.
Within this radius one has to provide pipes which are capable
of delivering as much as 20 gallons per minute for the test
section and the same amount for the flow linearisers,

The length of the packers was chosen at a minimum of 18'". Most
commercial packers are only 6" or so and it was felt with such
a small packer leakage could occur past the packer, i.e. a short

circuit between the test cavity
packer length should be related
ures. However, in practice this
tests in fissures it seems that
occurs within a radial distance

and the rest of the hole., In theory
to the mean distance between fiss—

would cost a great deal. From model
the majority (80%) of pressure drop
of 4 x diameter and therefore a

packer longer than that value should stop the majority of the likely
short circuiting (See Fig.l.6).

~

N
X4 ZADIUS OF 80%
A \'INFLUENCE = 41,

FIG .6

With the programme provided in the appendix and from Chapter 3.2.1
it is possible to numerically model this problem packer length for
a variety of fissure spacings.
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Fig. 1.7 demonstrates schematically the testing of the packer
in the laboratory. The packer was placed in a glass tube and
inflated, This was done to see if a seal could be obtained and
also if there was any excessive strain on the inflated rubber
sleeve, These tests in the laboratory were successful and ill-
ustrated that the technique could work,

In the field this packer was subjected to a very much more
rugged environment than had been anticipated., The most serious
problem was that the extreme changes in atmospheric temperature
caused the partial breakdown of the glue and hence the leakage
of air, This meant that the packer could not be kept blown up
indefinitely, During some early tests this caused the leakage

of water past the packer., All the leakages and cavities in the
packers were subsequently filled up with liquid araldite which
set hard in approximately 24 hours. The presence of three sep-
arate tubes down the hole made the aligning of the tubes lead-
ing to the packer very difficult and cumbersome., It is suggested
that in any future design this connection between the packer

and the pipes must be a very simple one - something along the
lines of a bayomet mechanism. P.V.C. has tremendoes advantages
in terms of economy, ease of machining, sealing and portability.
However, it sadly lacks rigidity and also behaves badly under
variations in temperature conditions.

The packers were blown up with compressed air or Nitrogen
cylinders with regulators. During the test it is very important
to monitor the airline pressure, this aspect will be discussed
in a further section on the evaluation of the test., The amount
of pressure used depends on the depth of the instrument relative
to the water table and the pressure as a result of inflow into
the cavity.

MEASUREMENT OF FLUID PRESSURE

In conventional pumping tests, the fluid pressure is measured,
as water leaves the pump, by a Bourdon-type gauge. This is a
mechanical gauge very often mounted on to the pump outlet. It
was felt that this method was extremely crude and that the
pressure gauge ought to fulfill the following requirements:

(a) During a pumping in test it is the excess pressure at the
hole which is required to compute permeability. A Bourdon-type
of gauge only gives total pressure at the exit point of the
pump. In a fissured rock mass the pressure distribution with
depth may mot be linear and therefore during such a test it is
essential to estimate the natural pressure in the packed off
section prior to pumping.
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Since this estimation is a static determination of pressure the
most convenient way to do this is to have some sort of a pressure
gauge which is directly connected to the packed off section that
does not need a steady flow of water to function.

(b) A reasonable degree of accuracy, in these experiments an
accuracy of about 17 for a range of 0-100 psi. This 1s generally
not possible with mechanical gauges unless a few with a smaller
ranges are used; range 0-10 psi, 0-20 psi, 0-50 psi, 0-100 psi.

(c) A record of pressure with respect to time - this necessit-
ates the use of a chart recorder connected to the gauge. A history
of pressure build up and fall off is extremely invaluable in deter-
mining the state of the fissures in the test zome,

(d) Measure pressure directly in the cavity between the packers.
The mechanical pressure gauge is fixed at the outlet of the pump,
an estimate of pressure losses down the pipe, past elbows and
numerous junctions is not only cumbersome, but prome to inaccurac-—
ies. The errors are introduced during tests because the losses are
a function of flowrate and the geometry of the system which in

the course of a test may vary.

(e) 1In the falling head test the test cavity is filled with water
and so is the tube bringing this liquid. Having established the
required head, the flow is turned off and from then on a record

of pressure vs time is required in order to calculate permeability.
The Bourdon—type gauge relies on a steady supply of water under
pressure for it to work.

(f) Leakage past a packer during a test is a very common problem
(15,21) which leads to substantially high permeability values.
This leakage is difficult to estimate and there are no papers on
the topic which indicate the magnitude or control, A Bourdon~type
gauge fitted to the outlet would be rather slow in reacting to
the packer air pressure changes. The changes in fluid pressure
could well be confused with the variations in pump performance

or non attainment of steady state conditioms.

In view of the above problems outlined it was felt that the
mechanical gauge ought to be discarded and an electric transducer
used instead. The transducer has some very important and distinct
advantages. The size of the unit and its capability of sending
pressure signals, via a cable makes it possible to use it down
the hole, close to the zone which is being pressurised, Fig. 1.8A
illustrates the transducer.

The signal which indicates the pressure down the hole is coupled
to a chart recorder via a flexible cable, Fig. 1.8B is the field
unit with the associated plumbing. The transducer is placed in a
water tight compartment and the cavity pressure communicates with
the transducer via a hollow pipe as indicated.
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This type of gauge fulfills all the requirements which are listed
above, The accuracy is well within 17 of 0-100 psi., Full scale
deflection is obtained on the chart recorder by simply altering
the scale knob (details in further section). Having selected a
suitable speed on the chart recorder the pressure build-up and
fall-off can be observed during pumping in and when the flow is
stopped. Since the pressure is measured close to the cavity there
is no need to correct the pressure for losses in the pipes, etc.
An outstanding advantage of such a gauge is that it measures the
insitu pressure between the packed off section prior to any test.
This determination in a fissured rock mass where the pressure may
not be hydrostatic with depth can be extremely cumbersome., As
soon as the packers are inflated the tramsducer gives a value of
the fluid pressure within the cavity. Once this pressure is known
inflow of water is begun into the cavity at a steady rate and the
new pressure is automatically recorded.

During a pumping test it is very important to make certain that the
packer is sufficiently well sealed to avoid any leakage past it.
With a Bourdon gauge it is difficult and time consuming to test

for leakage. Since the transducer is so near the test sectiom any
change in conditions within the cavity is reflected almost instant-
aneously at the surface via an electrical signal.

PRESSUZE“

/ 4 INCREASE PACKEPR PRESSUCE

TIME
FIG 1.9
For example if there is leakage past the packers an increase in
packer pressure will produce an increase in cavity pressure and
a decrease in flowrate, as in Fig.1l.9., Leakage obviously occurs
when the permeability of the fissures is low and the inmput volume:
of water is too high for the fissures to tramsport at that pressure,

If the pneumatic pressure is not high enough to maintain a seal
with the borehole, water will leak past it. This adjusting proc-
edure of increasing packer pressure is carried out until no further
changes take place in the cavity pressure or the input flowrate.

An indication of a good seal is when a temporary increase in packer
pressure produces a surge, as in Fig.1,10 indicating a momentary

or transient pressure in the cavity owing to the incompressibilitwv
of water.
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PRESSURE

N

TIME

Fi1G 110
During a falling head test the hole is pressurised to a known
level and then the water supply cut off. The transducer gives a
continuous signal as the pressure drops. Traditionally this test
has been carried out very crudely by dropping a piece of cable
down the hole, when the two terminals of the cable meet the top
of the water column a signal is given in the form of a light or
a bleep. Unfortunately, the contacts get damp and tend to give
false readings. Further the recording of such data is very cumber-
some and discontinuous. Since the gauge is so near the test cavity
any increase in the packer pressure produces a temporary test
cavity pressure surge plus, if there is leakage, a rise in pressure -
and a drop in the flowrate. After a series of adjustments a stage
is reached where an increase in the packer pressure makes no

difference to the test cavity pressure. This indicates that the
packer is sealed.

At the end of the field tests the transducer proved its worth
beyond all expectations, especially because all the field data
during a test could be recorded on the chart recorder, thus prov-
iding neat and readily understood data. In view of the fact that
a lot of practising engineers are not likely to go over to elect-
rical systems, also a Bourdon-type gauge was used and comments on
the efficiency etc., will be made when the individual tests are
evaluated. In brief it can be stated that the mechanical pressure
gauge. gave only approximate pressure values as would be required
for calculating permeability; but it failed to satisfy the require-
ments (a) to (f). .

FLOW MEASUREMENT

The criteria for a flow measuring device are as follows:
(a) Ease of operation and portability
(b) Accuracy of 17 for a range of 0—20 gallons per minute

(c) Automatic recording
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A large variety of flow measurement devices were considered from
the electric turbine to the simple float. Although the electric
turbine provided automatic recording of flowrate, the accuracy
over such a large range could not be coped with unless a few
different turbines were used. The extremely high cost of the unit
plus its constant need of service and calibration ruled it out.
Instead a simple float type device was used (Fig.l.ll). For the
main cavity two flowmeters were used so that maximum efficiency
could be obtained. One of them gave a range of 0-5 litres/min.

and the other one 5-50 litres/min. Unfortunately the option for
automatic recording had to be left out, During the tests the flow=~
rates were recorded namually on the chart in front of the respect-—
ive pressure.

VALVES

All valves were p,.v.c. types. A parallel type of arrangement with
different diameter tubes provided the necessary control of the
flowrate, Also, use was made of a by-pass system from the pump

to provide the first stage of control. Further manipulation was
carried out by altering the values at the flowmeter end.

PUMP

Once again very little information is available on the types of
pumps that are used in pumping tests. In view of the large vari-
ation of permeability that was anticipated from the structural
examination of the area a pump had to be selected which provided
low and high delivery without too much loss of efficiency. This
is an extremely difficult criteria, and after a lot of searching,
a vortex type of pump was selected (Fig.1.12).

This pump is in theory relatively free of surge; but since there
is always some vibration the outlet and inlet tubes to the pump
were of flexible p.v.c. tubing. Owing to the great shortage of
water on the site the entire operation of pumping water became
extremely hazardous and time consuming. The choice of pump, in
retrospect, could be improved to one with a steadier output. Also
the metal casing of the pump was unable to take the extremes in
the weather (i.e. freezing) and consequently cracked,

ASSEMBLY

The entire unit could be assembled very quickly and without too
much manual assistance since the entire unit was constructed in
lightweight p.v.c. The total weight of an 80ft. assembly with
three sets of pipes, packers, transducers did not weigh more than

35 pounds,

Various options were provided for in that pipes could be of
different lengths. Also since the pipes in the packer have to be
rigidly mounted to be air tight the attachments have to be such
that for greatest ease the pipes are not rotated, Fig.l1.13 shows
how this can be achieved using special unions,
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19 20 18 21 22 23 24

Ref. Name of Part Ref. Name of Part Ref. Name of Part
2 { Bearing Locknut 11| Seal Cover and Face 20} Pump Casing
3| Outer Bearing Cover 12| Seal Ring (Metal) 21 | Shaft Slceve
4| Thrust Bearing 13| Seal Ring (Rubber) 22§ Pump Cover
5{ Journal Bearing 14| Seal Spring 23 | Sieeve Nut and Washer
6} Pump Shaft 15| Spring Seat 24§ Drain Plugs
71 Stauffer Lubricator 16 | Feather for Coupling 253 Seal Key
8] Driving Head 17 | Feather for Sleeve
91 Inner Bearing Cover 18 1 Feather for impeller
10 | Water Thrower 191 Impeller
N.B. When ordering spares, the pump number should be quoted together with the number and name of part

required,
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FIG 1.15

FIG I.16
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CONTROLS

At the top of the hole the electronic control box looks as in Fig,
1,14,

As far as the pressure tests were concerned readings of pressure
could be made directly on an Avometer or on to a chart recorder.
For full scale deflection of the chart recorder four different
pressure options were available; 0-5 psi, 0~20 psi, 0-50 psi,

and 0-100 psi. The chart recorder was extremely sophisticated and
had a wide variety of speeds. The rest of the instrumentation is
for tracing and it will be described elsewhere, Fig.l,15 indicates
the final assembly which is being lowered into the hole and Fig.
1,16 shows it during a test.

CONCLUSIONS

In this chapter the design of the equipment that was used in the
field has been described. Unfortunately no commercial projects

were under way where these tests could have been carried out during
the period of study and therefore most of the equipment had to be
designed and built in the college workshop. The pressure probe and
the four packer system have never been used before and consequently
a large number of practical problems had to be solved. The use of

a pressure probe in the test cavity as opposed to pressure measure-
ments at the output of the pump proved its worth in terms of rel-
iable and accurate measurements. The test set up was designed for
research purposes where economics and speed of construction had to
be optimized. In that the choice of equipment proved its worth. From
the experience obtained in these tests, any equipment for commercial
or repeated application should be designed on a much more rugged
basis.,

The equipment should be such that it presents the user in the field
a minimum amount of headache so that attention can be given to the
execution of the tests. For example, it would be extremely useful
not only to have a continuous recording of pressure but also a
flowrate so that at any time during the test history it is possible
to have an idea of pressure and flowrate, If possible the direct
link up of the test cavity to a pump should be aboided and a con-
stant head tank used instead of the input end. The author had
enormous difficulty maintaining a constant supply of water free of
surge. The design of the packer could be improved for application
where the excess pressure in the cavity is to be greater than 40

" p.Ss.i. The improvement could be either in the choice of a thicker

rubber with better seals to fix it to the probe or a completely
different packer system. One possibility is the use of a hydraulic
piston which would compress a solid cylinder of rubber causing it
to bulge. This piston could be activated by a servo-motor coupled
to a system of gears. Finally the degree of sophistication of the
entire equipment depends largely on the economic importance of

the problem under consideration.
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ALLTWEN QUARRY

Synopsts

After a brief description of the geology of the area attention is
given to the mapping of the major fissures in the quarry where in-—
sttu hydraulic tests are to be carried out. Mapping consists of
determining the mean orientation of the sets of fissures together
with frequency counts of fissures in areas where the tests are to

be carried out. Determinotion of fissure frequency is made from
sealed photographs of the quarry face, corelogging and the bore-—
hole television camera. Global anisotropy of the system is described
in terms of the frequency counts of fissures in different directions.
At different depths in the borehole localised anisotropy will depend
on the water intake during pumping tests and it will be discussed

in a further section.
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GENERAL

Alltwen, Glamorgan is a small village in South Wales with the
following grid reference:

It has an elevation of 417ft. above the ordnance datum.
The village is well above the Pontardawe valley and

river. The general surface dip in the village is towards
the south, Fig.,2.1 is an extract from the 6 inch ordnance
map., The shaded area indicates the area of the quarry. A
line which runs NE-SW north of the quarry is an escarpment
approximately 500ft. above the level of the river.

REGIONAL GEOLOGY

The tectonic structures in this area lies in the coal measures

on the northern limb of the major South Wales syncline. Accord-
ing to Trotter (22) earth movements which have affected this area
can be divided into three episodes. The first one was a force

from the South giving rise to N-NW tear faults. The second episode
was tension during which a second N-NW system was developed. In
the last stage the structures of the past two episodes were moved
latterally by the NE Tawe Valley tear fault, This can be very
clearly seen from the top of the escarpment indicated in Fig,2.3
which is from Trotter (22).

The principal rivers that drain into the area are the rivers Tawe
and Loughor. Outside the river valley the chief topographical
feature is the broad upland formed by the Pennant Sandstone, which
slopes towards the south. To the east of the Tawe it rises to
1371ft. and to the west 1221ft. above 0.D.

THE GEOLOGY OF ALLTWEN QUARRY

This quarry was chosen as the test site for its apparently simple
geology so that the theories developed for testing could be tried
out under conditions which were well understood. However, a more
detailed examination showed that the geological structure was not
as simple as had been anticipated. Fig.2.2 shows the north face
of the quarry in which the bedding and vertical joint systems are
very clearly shown. On closer examination the bedding is a bit
confused by the cross-bedding.

ORIENTATION

In order to identify the main fissure systems many readings were
taken with an inclinometer. A sterio plot is the simplest and
clearest way of visualising the different systems and for measur-
ing average directions.
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Fig.2.4 demonstrates this at Alltwen., The spread is extremely
small by practical standards. From this Wulf net three main
features stand out and they are:

(a) the bedding which is shallow at 18deg. dipping towards
south

(b) Trend 1 dipping 80deg. west, a set of fissures running
north~-south

(c) Trend 2 a near enough vertical set 297deg. - 1l17deg.-
these trends are averaged and indicated in Fig.2.4

In order to check the continuity of this system readings were
taken at the small quarry and escarpment and a wulf net as in
Fig.2.5 is plotted. There is a remarkable degree of agreement
between these plots indicating that the fissure sets belong to
the same family. Since the exposure in this quarry and the surr-
ounding area is so good no corrections had to be made. For sites
where this is not possible, the reader is referred to the paper
by R. Terzaghi {23). Having established the orientation of the
main sets of fissures it was decided to drill holes orthogonal
to them so that permeability could be measured in the plane of
the fissures, Provided the orientation of the holes is correct
permeability can be evaluated in the principal directions with
ease, see section 3,1,0 Part 3.

Having established the first important parameter, i.e. orient-
ation of major fissures the next detail that has to be described
is the fissure frequency in different directions.

DETERMINATION OF FRACTURE FREQUENCY

In order to do this there are several options, The simplest
approach is to identify the main sets and use a measuring tape
stretched across any two points. By counting the number of fiss-
ures an idea of frequency can be obtained. However, this simple
approach does not always work because in a slope accessibility
it is very often difficult and dangerous, thereby leaving the
engineer to measure frequency in only a few places. In this way
it is difficult to obtain a reasonable average value.

(a) Large Scale Overlay Method

In order to overcome this difficulty, it was decided that a
photographic approach would be tried. Photogrammetric techniques
exist for joint surveys; but these were considered as cumbersome
and expensive for the quality of information they yielded.
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SMALL QUARRY ALLTWEN

Lower hemispherical projection

Fig 2.5
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Therefore a much simpler alternative was sought and this consisted
of simple surveying combined with photographs using a standard
35mm, camera from the survey stations.

Fig.2.7 shows the quarry with large white crosses which were marked
at the top and bottom of the face. It also shows a typical station
from which a survey was conducted to fix the coordinates of the
various crosses.

Fig.2.8 shows the result of such a survey. Points 1-4 from the
baseline quadrilateral and points L1 to L12 are crosses on the
bottom of the quarry while points Tl to Tll are at the top of the
face, Photographs of all three facies were taken from stations 1l-4,
In this way a scale is obtained for the photographs so that fre-
quency counts can be made directly.

This method is used to give an overall indication of the ratio of
principal permeabilities based on fissure frequencies in different
directions. The primary source of information of frequency as far
as the water test is concerned remains the core log and the bore-
hole television pictures. This overlay technique which involves
placing a transparency over the exposure photograph and following
the fractures with a pen gives some measure of continuity of
fissures. It can be thus very useful for making a numerical model
based on discrete fissures, or groups of fissures,

RESULTS
The success of this method depends on two factors:

(1) The clarity of the exposure. An exposure may be large and
clear to observe, but quantification becomes difficult when it

is attempted. This is generally due to the weathering that takes
place. An exposed face is liable to corrode with the influence

of air and water. The first feature that is effected is the
fissure system, This was observed at Alltwen. Although it is easy
to see the orientation of the main features, i.e. the fissure
systems, it is extremely difficult to count them,

(2) The clarity of the picture is very important. However, this is
only worth pursuing if the exposure is not badly weathered. Fig.2.9
is the mean of anisotropy ratios from four different sectioms with-
in the vicinity of the hole. The histogram is broken into three
steps because these depths seem to be the zones where the frequency
of bedding changes, and also a 30 ft, radius seems a reasonable
size with respect to the test cavity in a water test which is 5ft.
Between the 30-60 ft. mark there is an abrupt change of frequency
in bedding and jointing and this is due possibly to the litho-
logical change in the rock mass. From 60ft onwards the vertical
fissuring increases in number and this is indicated by the aniso-
tropy ratio being less than 1,

e
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(3) Degree of fissuration at the face of a slope due to blast-
ing and stress relief.

(b) Detailed Evaluation Using Core Logging
and Borehole T.V. Techniques.

The influence of fracture frequency within the test cavity of

a water test is of extreme importance (section 2,1.1). A reason-
able estimate of this frequency is a prerequisite to a meaningful
test, The majority of tests that are carried out in practice are

in exploratory holes, therefore, there is no record of the fissures.
Snow (7) postulates a model where the water bearing fractures occur
randomly along the boreholes and may be characterized by a Poisson
distribution. The mean of this distribution is the average number
of water bearing fractures, However, in a large number of problems
the distribution is not randomly distributed, such environments as
sedimentary rocks, and further the apparent randomness could be a
function due to a sampling technique. By this is meant that fissure
frequency counts are made in a hole without sorting out the orient-
ation of the fissures., It is therefore proposed that it is by far
simpler and safer to log these fissures. For this purpose two
methods were tried out.

For example in a rock mass such as in Alltwen where there are very
thin horizons (either shale or coal) which are weaker than the in-
tact rock, fracture occurs during drilling and it is difficult to
distinguish these from natural fissures. Further when a disinte-
grated shaley mess is withdrawn from the corebarrel, it is important
to decide, via the test model whether this represents a highly
porous void or an impermeable plug which has been shattered by
drilling.

The first method was to look at the core, which came out in an
excellent condition (98%) recovery. From this a fracture log was
constructed, Direct observation and the stereonet was used to
augment further knowledge of the different discontinuities that
intersected the hole.

Fig.2.10 (A;B,C) shows the fracture logs of the three holes which
were to be water-tested., Fig.2,10A is the log of the hole which
intersects the bedding normally. The horizontal lines indicate

the bedding while the inclined lines are the other jeint sets as
indicated in the stereonet. Holes A,C were specially drilled so

as to intersect one set at a time while Hole B was drilled so as

to interect the fissure system in an arbitrary fashion, It can be
seen how in Hole A initially there is a very high density of fract-
ures, it then dies out and increases again. This is a type of
phenomenon which occurs quite often in sedimentary environments

and is believed to be due to the influence of different lithologies
on the jointing phenomenon (24). Since this area is associated with
coal measures, thin coal bands were seen by using the borehole
television camera all along the borehole walls. In many places the
material was disintegrated, probably due to weathering. The majority
of the bedding planes were stained brown indicating that they
possibly transmitted water,
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The inclination of the bedding agreed very closely with measure-
ments made on the exposures.

Fig.2.11 is a series of photographs which indicates the quality
of the recovery and also the fissure spacing and orientation,
Details of the location and hole are indicated on the diagram.

In spite of the reasonable core recovery as shown by the photo-
graphs, it was felt that certain errors could creep into the
model as a result of drilling. Use was made of a borehole tele-
vision camera for two reasons: (i) to improve or substantiate

the information obtained from a core; (ii) to see if a camera

log on its own could produce data which could be of engineering
significance (20,26). Previous work on the use of the T.V. camera
has so far been qualitative and therefore, it is difficult to
assess its practical usefulness.

BOREHOLE CAMERA

A Pye closed-circuit television set was used for this evaluation,
The camera of 2}in, diameter is equipped with an axial viewing

lense (Fig.2.12). Lighting and focus controls are remote (Fig.2.13).
Maximum focussing distance is so"

The picture is received on a monitor screen which is approximately
10sq.ins. It is possible to connect the T.V. camera to a video
tape; but unfortunately, this could not be arranged in the time
available for this particular field trip and therefore the camera
had to be lowered slowly while manual readings were taken., The
lowering device is illustrated in Fig.2.14, The cable break and
depth measuring techniques were temporary; but they served their
purpose very well, Three surveying tapes were attached to a lead
weight and lowered down the hole (See Fig.2.14). With this type
of arrangement it was possible (a) to see the depth of the camera
head below ground level on the monitor; and (b) to estimate the
orientation of the fissures, as the three tape method was rigid
and did not twist down the hole. By placing one of the tapes on
the north wall of the B/H it was possible to orientate the fiss-—
ures that appeared in the field of view.

Fig.2,15 illustrates the log obtained from a camera survey. While
it was very easy to see what appeared in the core as "shattered
zones' the problem arose as to the distinction between fissures
and thin coal bands. In most cases it was possible to tell because
the coal bands were shining as the light intensity was increased,
while fissures appeared to have sharp edges.

Fig.2.16 illustrates the different locations as seen on the T.V,
monitor. The clarity of the pictures is extremely good. It is
interesting to observe points where water is flowing into the
borehole. These elevations correspond to the face seepage quite
well, However, the flowrate is so small and does not substantially
alter the water level in the hole.
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In order to get a clearer idea of the frequency distributions
the results from the core log are replotted as number of fiss-
ures per 5ft. vs depth, Fig.2.19 shows the results for all the
fractures that were stained and therefore water conductors. In
the vertical hole the total number of fissures is high to begin
with and then decreases rapidly and rises again. The inclined
hole was only 30ft. deep and the frequency drops as would be
expected if there is continuity between the two holes.

In Fig.2.20 the horizontal and vertical fissures are plotted
separately to (a) make certain that the majority of the fissures
are orthogonal to the vertical hole and (b) the fissures that
intersect the inclined hole are arbitrary, Fig.2.20 shows that
very few inclined fissures intersect the vertical hole while in
the inclined hole the spread of the two systems is fairly wide,
These diagrams are extremely useful in identifying the types of
zones where the water test is being carried out in terms of

high or low fissure frequency. Further it gives the ratio of
stained to unstained fractures at any depth.

Fig.2.21 is the histogram of frequency vs depth as obtained from

a camera survey. In general they are very similar in shape; but
the ordinates differ in areas where it is difficult to give fiss=-
ure distributions in the core due to damage or loss. The histo-
gram of total number of horizontal fractures is very much closer
to the camera log than to the number of water conducting fractures.
This does suggest that it is difficult to distinguish between the
water conductors and the impermeable discontinuities. Obviously,
this illustrates this type of problem perhaps at its worst, since
discontinuities in a fissured rock mass are usually open. The use
of colour T.V. would undoubtedly give better differentiation., If
we assume that the water bearing horizontal fractures are stained
(although there is no direct proof) then a camera survey would
lead to a difference infrequency of 427 as compared to 267 if all
the fractures in the core were assumed to be conducting., These are
not absolute values since in the estimate of stained fissures a
few musc be lost in drilling. In the absence of staining the est-—
imate would be reasonable if there were no impermeable discontin-
uities such as coal seams then this estimate could be improved.

On the basis of a camera survey in this particular example the
answer is rather poor. It is further emphasised that no account

is taken of errors introduced by the observer. This example ill-
ustrates the difficulty of data aquisition and interpretation.
Further research into the errors introduced by the different tech-
niques and observers in predicting geological information is well
warranted,
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ANISOTROPY

The important role of anisotropy has been outlined in section
2.1.6 and 3.2.3 and this briefly is that the entire flow field
is altered. If global permeability was estimated on the basis
of isotropy the errors in computing pressure distributions and
flow quantities would be so large as to question the validity
of the test. By plotting the ratio of principal permeabilities
it is possible to classify the different zones of permeability
so that tests are carried out in those zones alone and are not
overlapped. If however, permeability is to be evaluated on the
basis of conductivity of fissures then the anisotropy diagram -
helps to build numerical models.

Fig.2,22 is an "anisotropy diagram" of the ratio of principal
permeabilities if the apertures are equal on the basis of fre-
quency counts in the two holes, one vertical and the other
horizontal. An implicit assumption in this method is that the
vertical fractures which intersect the horizontal hole are
continuous and occur from the top to the bottom of the quarry.
Comparison of Fig.2.22 with Fig.2.9 shows the large discrepancy
between the numerical values, although qualitatively they agree.
These discrepancies are believed to be largely due to the weather-
ing of the face which does not permit high count of the closely
fractured rock. The closely fractured rock does give a much lower
value because of its inherent weakness it weathers quickly and
appears from a distance to be smooth and planar., This is obviously
a very important area of research where a degree of confidence
must be placed on the frequency counts. In view of the importance
of such a count to the flow model the topic ought to be studied
in more depth. It is clear that this sort of a count is more
difficult in a systematic joint, than for example the fracture,
In orientation a heavily fractured rock with no apparent clear
systems, statistical methods can possibly be used such as those
proposed by Snow.

Use will be made of these anisotropy plots in the analysis of
the results from pumping tests,
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CONCLUSION

In a sedimentary environment such as Alltwen with no complex
history in terms of folding and faulting within the quarry,
the identification of different sets and orientation of the
fissures was not a major problem, However, difficulties do
arise when the fracture frequency is to be determined. Here
localised phenomenon can lead to differing answers, but it

was felt that the core log and the T.V. camera provided
sufficient information. In the absence of core logging it is
recommended that photographs of exposures are used to estimate
global anisotropy. The description of the structure as in this
chapter is the first step to identifying the material in which
the water tests are to be carried out, This is the first stage
tie up between the structural detail in the field and the mech-
anics of fluid flow through a discontinuum. Owing to the very
complex nature of the problem it is a first stage and it is
recommended many more such investigations are carried out in
different rock types so that experience can be gained into how
much of geological information can be quantified for use in
numerical models of discontinua. Obviously, logging techniques
such as those used in the petroleum industry would be a great
asset in such investigation. Zemanek (51) for example, has
described how the "Borehole Teviewer' can automatically record
the orientation and position of fractures thereby reducing the
time involved in producing a map of the discontinuities and
further increasing the reliability of the results. Such a device
would not only give an accurate picture of the discontinuities
in a rock mass, but would considerably speed up the process of
water testing. Effort must be chanelled into the determination
of frequency distribution of fissures in a borehole as it is
vital in the determination of permeability of a rock mass,
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DETERMINATION OF IN-SITU HYDRAULIC
PARAMETERS

SYNOPSIS

The matin purpose of carrying out water tests at the Altwen Quarry
was to assess the theoretical approach discussed in Part I and
Chapter 1 and 2 in Part II in terms of a real situation in the
field. The integration of the geological information and the
mechanics of flow in fissured rock ig a complex problem. These
two aspects cannot be developed separately with the hope of
combinging them at some final stage. Theoretical models have
been postulated for a fissured rock mass and the sensitivity of
various parameters on the 'pressure-flowrate' relationship
studied. In order to do this it 18 very important to have a
detailed set of points on the pressure-flowrate curve during a
pumping test. Existing data from the field has at the most 2 or
3 points on the curve (10, 21, 32) and therefore the best curve
has to be fitted to these few points. Further, the scant data
that is avatilable makes no mention of whether the packers have
been checked for hydraulic short circuiting (7). It is therefore
difficult to use such data for analysis. It ig exactly with all
this in mind, field tests have been carried out. The result and
comparisons to the theoretical model are described in Chapter 3.
It s hoped that a close examination of the results will help to
improve the existing models and act as a gutide to further
theoretical developments in areas which have not received much
attention.

Both steady state and falling head tests were carried out in
Altwen in three holes to determine the permeability of the
fissured rock mass at different depths. As has been described

in a previous section the first hole was orthogonal to the bedding,
the horizontal hole was orthogunal to one of the vertical fissure
sets and the inclined hole was at an arbitrary angle so that it
intersected the bedding and the two vertical sets. By carrying
out computations in detail it is proposed to show how permeability
of different fissure systems can be measured in the field and

how different factors influence the accuracy of the answer. To
begin with the linear and non-linear pressure-flowrate curves will
be established and each permeability will be discussed with
reference to a continuum and a discontinuum model. Reasons will
be given which could lead to the non-linearity of the relationship.
Finally the scale and spatial effects between the cavity and the
fissure system will be described.

Subsequent to this it is proposed to show the permeability profile
as measured over the entire length of all three holes. This
description is the first step in building any numerical model to
solve problems of drainage and uplift pressures. It was originally
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envisaged that tracer tests would bz carried out on this site and
permeability results of the pumping tests compared with values
obtained from tracer tests. Unfortunately, the extreme shortage
of water during the vital period of the tests made this impossible.
Only one very brief tracer test was possible and this will be
reported separately in Part IV. The author considers this compari-
gon extremely important and it is hoped that it will be carried out
in the near future by other research workers.
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LINEAR PRESSURE-FLOW RELATIONSHIP

It is proposed to consider in detail one of the many tests
carried out in the vertical hole. The 'pressure-flowrate' curve
obtained as a result of the test is linear indicating negligible
secondary phenomenon. The following assumptions have been made
in this test:

(a) Aquifer of infinite extent; this assumption is based on the
geological observation of the area surrounding the test section.
From Chapter 2 it is clear that the fissures have approximately
the same orientation within a radius of at least 500 metres and
therefore they are likely to be continuous. The aquifer is not
bounded by impermeable zones and thus there is no danger of
pressure building up within the test area causing unsteady state
conditions.

(b) Radial flow takes place during the test. Unfortunately it was
not possible to check this with two observation holes as suggested
in Chapter 2. Only geological evidence was used which suggested
that there had been no movement of the fissure and therefore the
fissures were unlikely to have lineations. The observation of

core samples of fissure surfaces and exposures did not indicate

any strong lineations within the fissure planes,

(c) Negligible effect of secondary fissures, ie. those parallel
to the borehole axis. In general the fissure openings were less
than 0.5 mm at Altwent and therefore more than 807 of the pressure
crop will have occurred within 6-9 inches from the borehole. The
mean fissure spacing in a direction parallel to the borehole axis
in the area of the vertical hole was approximately 2'5" (see

Fig. 2.17, Chapter 2). It is on such a basis that it is assumed
that near vertical fissures do not play much part in the pressure-
flow relationship of the horizontal fissures.



215

1-0

08—

06

0.4_

0-2

0

5 10 15 20

FIG. 3.2.

25



216

For flowrates corresponding to pressure water shut off

see Fig 3.I
M I T O .
T TIME | — B ——
i g L4 . I N O A
} . - ANALYZER .
25NN S R O O S BANDWIDTH
L1 ]K:_ A o3 O1wo
: | o T S e
v L - —loso
¥e) | - I
= _‘;;_m" 1 IR - 1A ] g i )
2 - ]
i‘—n“ : —— W s 54 > | 1 7
e | do | i EHART SPEED! ~—
- ! et L w
1 10071~ bl

FIG 3-3 TYPICAL TEST DATA



CHAPTER 3 217

It is proposed to derive the permeability value from this test
based both on the continuum and discontinuum approach.

From section 2.1.2 in Part IIA, the pressure and flow can be
equated in a general way.

P = AQ + BQ2

In this equation, A represents the pressure drop as a result of
friction, while B represents kinetic energy losses, expansion of
the joint under fluid stress or any other cause for non-linearity.
A curve of Q vs P as in Fig. 3.1 is a common way of representing
the relationship between the flow and pressure. However, this
curve is generally not sufficient in pin-pointing side effects
which occur during the test. The above equation can be rewritten
as

6 = A + BQ

A curve of P/Q vs Q provides the different constants. However, if
secondary phenomenon do not play an important part, this curve is
in the form of a horizontal line provided the flow law is linear,
ie. B = 0, Fig. 3.2. A detailed evaluation will be carried out
to illustrate the above points.

Location: Hole A, packed off section 13.3-18.8 ft below ground
level.

Packing space = 5.5 ft.

Plotting P/Q vs Q gives a horizontal line (as in Fig. 3.2) thus
indicating that the non-linear effects are negligible.

Continuum Approach

From section 2.1.2

r
_ _ Q/L e
Pe Po 2 K 108e /r
s o
P
o) pressure at the hole
Pe pressure at radius r,
r, large dist. from test = 200 ft.
o radius of B/H = 1.5 inches
L packer spacing

system permeability
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From Fig. 3.1

Q,, _ 20 [ L/M]
/p= "7/14 Pl
= 20 -3 -
Ks = 17 X Oéi36 X 6.6 x 10 (0.236 x 10 3 )

-3 (conversion factor)
0.35 x 10 cm/sec

Permeability based on the continuum approach, or Lugeon type of
test

0.35 x ].0--3 cm/sec

Discontinuum

Using equations for a discontinuum; section 2.1.2

No. of Fissures

n:
p-p =2 log gr/r % = Effective opening of fracture
o 2 neKJ (cms)
KJ = Fissure conductivity (cm/sec)

From fracture log n = 15, assume fissures are identical in aper-
ture and from fracture log it can be seen that they are evently
spaced.

=-———-——(2-—-—
eKJ (PO—P)Z n lOge %r/rog
1

= %% X 0.236 x %— X 75 X 6.6

0.024 = 2.4 x 10"2 cm2/sec

Effective opening of fissures = e
e2
For a parallel plate model, KJ = If% REF(8) g = gravitational
acceleration
e3 9 V = kinematic
2B -2.4%x10 viscosity
12V -2
. e3 - 4.3 x 10—6 = 1.45 x 10 ~ poise
.e =,1.62 x 10-2cms = 0,162 mm
. K = 1,5 cm/sec



3.1.

1

CHAPTER3 219

Fissure permeability:

CONTINUUM DISCONTINUUM

PERMEABILITY 0.35 x 10 em/sec 1.5 cm/sec

Why is it necessary to compute permeability in two different ways?
The answer really lies in the use that is going to be made of the
results. If, for example, it is important to calculate transit
time of water from one point to another in a fissured media, eg.
pollution by some form of contamination, it is clearly important
which concept is used. Transit time is calculated from a flow
law such as Darcy's Law and by using the two different values
discussed above, two completely different answers would appear
for the seepage velocity, a difference of three orders of
magnitude. Often Continuum permeability values are obtained as
mean values and applied in computations of pressures and dis-
charges in dams and slopes. If fissure frequency changes within
a rock mass extrapolation on the basis of a continuum theory is
invalid whereas permeability on the basis of discrete model

could be extrapolated with reference to fissure frequency with
slightly greater confidence. This extrapolation will be
discussed in a further section.

NON-LINEAR PRESSURE-FLOW RELATIONSHIP

The case of non-linear pressure-flow relationship has recently
received considerable interest in the field of fluid flow

through fissured media (10, 13, 19, 21). This non-linearity is
an extremely complex problem and can be attributed to (a) Kinetic
Energy effects (b) non-linear pressure-flow laws within the
fissures (c) Leakage past packers (d) fissures opening up. In
prineciple there is no reason why these effects do not act
individually or in a combination. The last factor is a very much
more difficult problem to analyse. It is proposed that it is
dealt with separately because it influences both the linear and
the non-linear case. The available technology is far from pin-
pointing the side effects; but hypotheses can be made and checked
on the basis of simplified models. Pressure-flow non-linearity
is an extremely important phenomenon because it is on such a
basis discharges and pressure distributions are calculated in a
rock mass. If the non-linearity is a result of the test then
grossly inadequate results will follow from any computation.
Alternatively, failure to recognise non-linearity in a fissure
system will lead to disastrous results.
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(a) Kinetic Energy Effects

The possibility of secondary phenomenon such as kinetic energy
losses as a result of the fluid accelerating as it leaves the
hole must be evaluated at the outset; section 2.1.2 & 2.1.4. If
these are negligible and the relationship between pressure and
flowrate is non-linear, it is then necessary to apply non-linear
flow laws to the analysis of the results. Let us consider a field
example to illustrate the point.

Location: Hole A, packed off section 6.0-11.5 ft below ground
level

Packer Spacing = 5.5 ft.

Consider Fig. 3.4 which is a non-linear pressure-flowrate curve.
From this curve it is possible to calculate the component of
pressure drop due to the changes in kinetic energy. From this it
will be possible to see if the non-linearity is a result of K.E.
changes due to acceleration of the fluid.

- Q X
eKJ - (P0~P)2 n loge g /rog

Using the linear portiom of Fig. 3.4

eKJ = 0.084 cmz/sec
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Let us assume a parallel plate model for the fissures.

1.46 x 10°°

0]
]

C.oe 2.44 x 10—2 cms

The frictional component of the pressure drop at a flow of 20
litres/min

1 §r1/r g Q
p = %8 o = 233 x 6.7 = 280 cms head of water
2n’enKJ 21x15%x0.084

The K.E component of pressure: EQ 2.15

b3 1 1
Kn 20ﬂ2e2ng r12 - r°2
3 x 333 x 333
2 -2.2
2007 x(2.44 x 10 7)"x15

2 x 980 x (1.5x2.54)2

0.89 cms head of water

This indicates that the kinetic energy losses as a result of the
fluid acceleration as it leaves the hole is negligible. It is
interesting to note that at a flowrate of 20 litres/min the
pressure change was 9.5 psi ~ approximately 680 cms. This loss
is not indicated if we accept the linear pressure—-flowrate law.
The extra energy to provide a flow of 20 litres/sec is presumably
lost in overcoming friction within the fissure.

(b) Non-linear pressure-flowrate lawe within the fissure system

In section 2.1.3 the use of a non-linear 'pressure—flowrate' law
has been discussed. Two laws, ie. those by Forchheimer and
Miesbach describe non~linear phenomena of fluid flow adequately
(13). Although the Forchheimer law is more general (13) it was
decided that there would be no loss in generality if the Miesbach
law was used. A further advantage of the Miesbach law is the ease
with which data can be handled. The procedure involves plotting
log P vs log Q and from the slope and intercept it is possible to
determine all the ¢onstants in Equation 2.2.0. The Forchheimer
law applying the n~ power needs a cumbersome process to separate
the various constants.
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A very large number of tests at Altwen gave a non-linear
'pressure~flowrate' relationship. It was very carefully
decided at the outset that not very high excess pressures would
be used in the tests because this was theoretically one of the
conditions for causing non~linearity. However, this was not
always the case as non-linearity occurred for both high and low
flowrates and pressures.

It is proposed to deal with one of the results in detail to show
the non-linearity and also calculate the various parameters which
describe flow. A demonstration of this nature should highlight the
various problems and also give an understanding of how to use the
permeability function for computations of discharge and pressure
distribution.

Location: Hole A, packed off section 6.0-11.5 ft below G.L.
Packer spacing 5.5 ft

The data from the test has been plotted in Fig. 3.4 and it shows
the non-linearity between pressure and flowrate. A large number
of observations makes it possible to draw a smooth curve and thus
avoid errors which creep into the existing standardised data which
consists of 3 measurements per test (9). If the data from Fig.
3.4 is replotted as log Q vs log P the result is a straight line
with very little scatter, as in Fig. 3.5.

Equation 2.19 and 2.20 describe the conditions for non-linear
radial flow from or towards a cavity.

nlogQ + logE = log(Po—Pl) where:
n = degree of non-linearity P, 1s pressure at B/H
Py is pressure at distance
n-1 n-1 r. from B.H.
1 n ‘o ! 1
E = "/e(2tre) Ll 1 Q is the flowrate from the
1 o cavity

e 1is aperture of the fissures

r radius of borehole
r distance from B.H.

¢ 1s a constant for a part-
icular fissure - or
system - and is dependent
on the geometry of the
fissure and the viscosity
of the fluid
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From Fig. 3.8, the slope of the curve gives the degree of non-
linearity.

ce™ _ 1 2.8°% - 1000°? ) « L
7‘ 5'80.3 " ‘Oooo'-b ‘Zﬁ [ Y 0'5
=N _L X ‘ * _‘._. % ._}_.
71 1,58 11 0.3
= 27x1077 c,msa/sé:c.

Since C is dependent on fissure topography and viscosity, it is
only possible to determine it in the laboratory. In the field it
is not essential to determine the value of C as there is no loss
in generality in using Ce 1.3. This term will now be referred to
as the permeability function. For calculations of seepage and
pressure distribution this value can be directly used in
Equation 2.17 (Chapter 2)

(Vm)n = C 3T ceae Equn. 2.17

or alternatively, flowrate per unit width of a fissure with
aperture e is given by

6)

n

il
O
o

J hydraulic gradient = 3T
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This non-linear test refers to a situation where there is a high
flowrate although it is interesting to note that the applied
pressure was not too high. Obviously this represents a situation
where the Reynolds number is fairly high. A test carried out by
Louis (10) is reanalysed because it represents the other extreme
of conditions, ie. very high pressure and low flowrate. Fig. 3.6
is the test data published by Louis. The results were replotted
on a log-log scale, Fig. 3.7. The set of experimeptal points fit
a straight line well up to a pressure of 6 Kgm/cms” after which it
seems as if the fissures are beginning to dilate. The slope of
the curve or the degree of non-linearity is given by n = 1.75.
This, together with other data from Altwen indicates a higher
degree of non-linearity with increased applied gradient;

obviously the permeability of the fissure enters the relationship.
This is what is predicted by the non-linear model in Part I,
where the permeability changes with the applied "Pressure-Field".

The non-linear 'pressure—flowrate' relationship obviously poses
problems. The field determination of the 'pressure-flowrate'
curve becomes more difficult and time consuming as a lot more
readings are required to describe the relationship adequately.
This process should not be difficult if a system such as used by
the author is used. Extrapolation becomes more difficult and it
is therefore very important to carry out the water test within the
'pressure-field' that is to be encountered in the problem under
consideration. Application of non-linear laws for computations

of pressure distributions or discharges is very difficult, but not
impossible with the availability of numerical methods (8, 9, 19).

(b) Leakage Past Packers

This is a problem which has dogged many workers in the field of
fluid flow. Both Snow (15) and. Nonveiller (21) state that packer
leakage is a very commong phenomenon resulting in values of
permeability far in excess of the truth. Nonveiller (21) quotes
several examples where supposedly good packers leaked at
pressures of 10 Kgm/Cm"~ which is the recommended Lugeon test
pressure as in Fig. 3.9. The petroleum industry realised the
importance of good packers and a wide variety of tools are
available on the market which are extremely expensive owing to
the degree of complexity that must be involved in providing a
system which seals effectively. Van Pollen (30) and McAllister
et al (31) provide an excellent review of the tools required.

A 'built-in' transducer in the test section is an excellent way
of checking leakage past packers. It is also a good way of
providing the excess pressure, ie. it gives an indication of the
in-situ pressure as the packers are inflated, isolating a given
area of the rock mass. The response in the transducer was
instantaneous if any changes of packer pressure were made. The
usual procedure adopted by the author for the test is to commence
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inflow into the system and then gradually apply packer pressure.

In this way large airpockets within the test cavity are avoided.
With increased packer pressure, the in-situ cavity pressure
increases and the flow rate decreases. Thus indicating a con-
vergence towards hydraulic sealing. After a certain value of
packer pressure there is no increase in the test cavity conditions
except for a slight peak at the instant of packer pressure increase
indicating a small compression of the fluid body. This effect is a
dynamic one and soon settles to the steady state value of in-situ

pressure.
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A constant pressure test was carried out at depth 27.6-33.1 ft
below G.L. in Hole A. Fig. 3.8 shows this process of sealing.
Leakage 1s terminated at approximately 28 psi packer pressure. As
would be expected towards the end the flow rate and pressure
steadies relatively quickly. This procedure is adopted for all
tests to make certain that there is no leakage during the tests.
This method was checked during tests in the horizontal hole by
observing leakage out of the hole and it proved beyond any doubt
that it worked. At certain depths this sealing procedure
unfortunately could not be achieved because the packer design did
not permit application of an excess pressure of 30 psi. In effect,
this limitation on design was a blessing in disguise because it
brought out the importance of carrying out tests at low cavity
pressures in terms of non-linearity. If the test is being

carried out in unsaturated media at say 80 ft depth, a constant
pressure test even before it attains.steady state applies
approximately 40 psi pressure to the fissures. This, in a further
section will show to cause deformation of fissures. In situations
where curves such as Fig. 3.8 were not possible a falling head
test was carried out with a very much smaller applied head. A
leaky packer can give results of permeability up to many orders of
magnitude in error. Therefore it is proposed that in all tests
the procedure outlined above is used, otherwise this leakage
factor cannot be eliminated and its subsequent effect on the
pressure-flowrate relationship cannot even be estimated.

(c) Fissures Opening Up

INTRODUCTION

In section 2.1.8 it was demonstrated how during a pumping test
the fluid pressures open up a fissure. The so-called interaction
between the fluid and the solid body stresses is an extremely
complex phenomenon. In Part I this problem has been discussed
with reference to rock mass. Coupled stress-flow numerical
methods indicate the mechanics of the problem. Evidence of such
a phenomenon in the field was presented by Sabarly (32) and
subsequently by Louis (10) and Nonveiller (20). Snow (33)
discussed this problem with special reference to earthquakes.

Sabarly (32) presents his analysis in a very simplified manner
assuming a Boussinesq deformation at the centre of a circle. His
analysis is carried out to highlight the orders of magnitude that
are involved in the problem. Fig. 3.10 is a typical result from
the field reported by Sabarly which indicates the hysteresis loop
that is obtained in a pumping-in test which causes permanent
deformation. Prior to damage the permeability is 3 Lugeons,
increasing to 9.2 Lugeons at the end of the test. By plotting the
results on a log-log paper the relationship between pressure-
flowrate during a test is given by:

q = Ap4 (See Fig. 3.11)
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Unfortunately, Sabarly's curves (although all four of them have
the same slope) cannot be considered as a generalised conclusion.
The main reason being that there i1s an interaction between the
fluid stresses and solid body stresses which causes the non-
linearity in the pressure flowrate relationship. The degree of
non-linearity depends on the individual stress levels of the two
components. The author plotted out of interest all the field
results from Altwen on log-log scales and discovered no such
universal law. However, Sabarly's results are important since
they indicate the non-linearity of the pressure-flow relationship.
In a more recent publication Nonveiller has published the result
of a pressure test in fissured/bedded sandstone (see Fig. 3.9).
Once again the trend is similar to that in Sabarly's tests in that
the relationship P-Q is nonlinear. Both writers conclude that in
essence the most important thing in a pressure test is to decide
the 'pressure level' that the final structure is going to be
subjected to and then carry out tests within those limits. The
Lugeon criteria as a generalised criteria for fissured media is
incorrect for the above reasons and this is the conclusion reached
by Louis (10) and the author.

TEST TO DEMONSTRATE FRACTURE BREATHING

The test carried out at a depth of 58 ft below the surface
demonstrates the jacking influence of fluid stress. Fig. 3.12

is the result of the test as fluid is pumped into the hole at
different pressures. Clearly the relationship is a nonlinear one,
and if it is plotted as suggested in section 2.1.8 as P/Q vs Q the
fissure breathing mechanism becomes apparent. Fig. 3.13 shows that
as the flowrate is increased Lhe kinetic energy drops and this is
only possible if the fracture opens up, thus decreasing the flow
velocity (velocity = flowrate = AREA OF APERTURE). In this
particular test the leakage past the packer was checked as
previously suggested in Part (B). A similar phenomenon is
observed in the data published by Louis, Fig. 3.14 and 3.15.

It is clearly instructive at this stage to look at the solid-body
stress level. Fig. 3.16 is a non dimensional stress plot from
Cundall (34). At the depth where the test was carried out the
stress is given by:

6, &= 24psi
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This analysis (although arproximate and simplified) illustrates
that the fluid stresses are well within the stress level of the
rock mass. The normal stiffness of a fissure (35) is in range of
1/10th that of the solid mass and this means that the deformation
of the fissure as a reuslt of pressure testing is very likely. A
very much more sophisticated analysis of the type of situation is
under consideration using an interaction numerical model, the
result of which is described in Part I.

CHANGING GEOMETRY OF THE TEST SECTION

INTRODUCTION

By changing geometry of the test section is meant the complex
interaction that takes place between the fissure frequency and

the potential field. As was mentioned in Section 2.1.1, Part IL °
the value of permeability is more meaningful if it is based on the
fissure distribution rather than an arbitrary length which may be
practical from the point of view of carrying out the test. In the
numerical section i1t was shown how the flow per unit length
increases with fissure frequency until a stage is reached where the
increased test section length makes no difference on Q/L. Obviously,
such an idealised model could never be found in nature; but the
principle will be demonstrated. It must be remembered that scale
effects are important when bulk parameters are used, or conversely
a test should be carried out to see if bulk parameters can be used,
For example in a highly fissured and structurally random system
(15) it is possible to use directional bulk or global parameters
whereas as in a sedimentary environment where the orientation of
the fissures is systematic in spite of folding and faulting and

the degree of fissuration depends on the lithology, it is iuwportant
to measure permeability on a fissure set basis. Obviously, the
same reasoning applies to faults which occur more distinctly and
are fairly well spaced relative to the diameter of the borehole.

INFLUENCE OF 'END EFFECTS' IN A
WATER TEST

In section 3.3.2 Fart II the influence of end effects in a water
test was discussed. While it is theoretically possible to
eliminate end effects by having a long test section the practical
usefulness of this method is limited because of the changing
frequency/unit length of the fissures. The method could only be
tested within certain limited zones where the fissure frequency
was constant. The best results were obtained in the horizontal
hole because the fissures there have a fairly constant effective
aperture,
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FIG 317

Fig. 3.17 illustrates schematically the test carried out in the
near horizontal hole. The majority of fissures that intersect
this hole are near vertical (see Chapter 2). A pumping—-in test
into this hole would involve the transport of fluid in the near
vertical fractures and some to the horizontal fissures. Two tests
were carried out between 21.2-31.9 ft from the face of the slope
with a packer spacing of 5.5 ft. The values of permeability
obtained were as follows

2.25 x 10_3 cm2/sec. number of fissures: 7

Test 1, eKJ

fl

Test 2. ek 1.67 x 10—3 cmz/sec. number of fissures: 6

J

Thus indicating that the fissures are almost identical.
Subsequently a test was carried out from 27.3-38.0 ft with an
increased packer spacing of 10.7 ft. The value of permeability

was as follows:

Test 3. eKJ = 6.2 x 10 4 cmzlsec. number of fissures: 13
This decrease in permeability could be due to the increased test
cavity size which leads to a dominance of cylindrical flow. 1In
general the permeability of the horizontal fissures is much
higher than the vertical fissures and thus a dominance of flow in
the vertical fissures should lead to a smaller value in
permeability orthogonal to the borehole axis. A more practical
approach than increasing cavity size to eliminating end effects
is described in the next sectiom.
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TRIPLE PACKER PROBE

INTRODUCTION

In section 1.2.0 the details of the packer and the test equipment
are described. Fig. 3.20 illustrates the triple packer system.

All the details of the equipment remain unchanged except that
there are three cavities where fluid is injected from ground level,

Louis (36) described this system as an obvious and simple way of
correcting the end effects during a pumping-in test. The end
effects essentially constitute flow in a hemispherical fashion
resulting in the motion of the fluid in a direction at right
angles and along the axis of a borehole. If the system is aniso-
tropic hemispherical flow could lead to rather distorted answers
in the determination of permeability. Fig. 3.21 is self-
explanatory and describes the test in a schematic manner. Sharp
(9) has performed calculaticns for such an arrangement with
varying cavity sizes. The results are essentially applicable only
to a porous medium. For such a method to work in jointed rock, the
degree of fissuration has to be intense, ie. the fissure spacings
is comparable to the diameter of the hole. In a fracture system
where the fissuration is in the order of a few feet upwards, the
method does not apply, since flow is essentially axisymmetric
within the fissures intersecting the borehole rather than two
dimensional. This is largely due to the severe pressure drop near
the hole leaving very little excess pressure to cause a dominantly
two-dimensional flow. Tests were carried out at Altwen to assess
the new method to see if better answers could be obtained - by
isolating the influence of the fissures parallel to the borehole
axis.

FIELD TESTS

In view of the fact that the analysis for this type of method is
based on a continuum model tests were only carried out in areas
where the fracture frequency is high.

Louis (36) and Sharp (9) recommend using equal pressures in the
sub-cavities. Failing this, Sharp recommends increasing the sub-
cavity pressure, so that flow within the main test cavity can be
confined, This practice was not adopted since it was felt that
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the influence of higher sub-cavity pressures would be to distort
the potential field and that short circuiting would occur from
the sub-cavity to the main cavity. Owing to the variation in
permeability with depth, the supply to the sub-cavities was
commenced first and also the potential was maintained at a lower
value than the main cavity since this is easier to achieve than
equal pressure in all three cavities. This sub-cavity potential
was still above the in-situ potential and therefore, it provided
a saturated zone above and below the main cavity. In this way any
external influences on the main cavity flow were minimised. The
flowrate within the flew lineariser was altered — 20% and it made
no significant difference to the pressure-flow relatiomship in the
main cavity.

Fig.3.18 illustrates the test result of a triple packer probe.
The 'pressure~flowrate' relationship in both the cavities is
non-linear. If the results fori.the main cavity are plotted on
log-log paper the points lie fairly well on a straight line, see
Fig.3.19. Also plotted on the same diagram are the results from

a two packer test at the same depth. The degree of non-linearity
is approximately the same in both the tests and equal to 2 indic-
ating that flow is fully turbulent. The difference in the non-
linear permeability functions is about 25%. This difference is
certainly not substantial; but it indicates that the flow-liner-
isers could be providing a constant potential flow zone above

and below the test cavity and isolating some of the vertical
fissures in the wicinity of the borehole thereby cutting down

the output from the test cavity into fissures parallel to the
axis of the B.H. Water is forced to flow in a direction orthogonal
to the borehole and therefore at a given value of borehole press-
ure the flowrate in the triple packer system is less than in the
two packer system. Obviously this change of conditions depends on
the ratio of the permeabilities of the two fissure systems. Other
tests with the triple probe did not show a dramatic change in the
value of permeability. Many more field investigations should be
carried out to further assess this method.

SCALE EFFECT IN A TEST .

Scale effect is the influence of variation in n the number of
fissures per given length on the value of permeability. In section
3.3.4 Part II the theoretical aspects of scale effects were
discussed and it was shown how with increasing number of fissures
per given length the continuum value of permeability goes up while
the discontinuum value goes down. In theory, if the number of
fissures is increased indefinately the discontinuum value of
permeability approached the continuum value. This can be seen by
examining the expressions for permeability based on the two
approaches;}
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Equation 2,3 Part II

_ T
eKJ = Q loge( l/ro) (A1l symbols defined in Part II
Zn(Po—Pl)n or nomeneliture)

Equation 1.1 Part II

2
= r =...__....eg
Ks Q 1oge( 1/ro) where KJ T30 for a parallel plate

model

2R(P _~P)L

L above is the spacing between the packers and if it remains
constant for a given water test K <KXK_ if n is small, If n is
increased the value of K_ decrecases ahd approaches that of K_,
This phenomenon will now be demonstrated to exist in the fie?d.
Obviously other factors influence the value of permeability
such as the variation in aperture of the fissures, orientation,
applied pressure field during a water test, different fissure
families intersecting the borehole etc,

In Part I, section 1,2.0 the rock mass is described in terms of
the fissure frequency or order of heterogeneity., Fig. l.1 in the
same section describes the concept graphically.

Let us consider the fractures in the vertical hole for instance
(Fig. 2.2 0) for the first twenty feet below ground level the mean
spacing of the fissures is approximately 1.3 cms. On Fig. 1.1
Part I this point lies at the border of second and third order
heterogeneity, consequently a sample test would be in the 'inhomo-
geneous media class'., However, a massive test would fall in the
homogeneous region as long as the distance between the packers was
greater than 10 ft, In terms of a water test this implies that if
the packer spacing was increased within this region, the flowrate
per unit test section length would not change substantially. This
in fact was the case in the highly fissured zone (spacing 1.3 cms
and less) at Altwen (see Chapter 3 Part III).

From 30-50ft below ground level in the vertical hole the mean
spacing between fractures is approximately 22 cms. On Fig. 1.1
Part I this corresponds to a massif test where the packer spacing
is of the order of 100 ft before the test gives a value of
permeability of an equivalent homogenous media. Once again this
is the correct order of magnitude, as can be seen in Chapter 3
Part IIT that the system permeability varies substantially for
packer spacing of 5.5 ft and 10 ft thus indicating that at this
scale the system appears to be heterogeneous; but when the number
of fractures is approximately 100 the permeability of the
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inclined hole is the same as that of the vertical hole, Fig. 2.25
and 2,26, This result shows that when the test section is large
enough the medium behaves as if it were homogeneous. It must be
realised that neither these results are exact nor in the theory
rigorous, but it throws some light on what is an extremely complex
phenomenon.

FIELD RESULTS ON THE INFLUENCE OF
FRACTURE FREQUENCY ON THE VALUE OF
PERMEABILITY

Fig. 3.22 is a plot of the discontinuum value of permeability

eK_ plotted vs the number of fractures for tests carried out in
the horizontal hole., The most important outcome of this set of
results is that the value of eK_ falls with increasing fracture
density per unit volume, This is exactly what was predicted by
theory. Further the points lie fairly close to a straight line,
Results from the inclined hole fit the relatiomnship, Fig, 3.23 and
so do the permeability values from the vertical hole, Fig. 3.24.
In the latter set of results it is interesting to note that there
is a cluster of points away from the straight line relating
permeability and fracture density. These points all belong to a
set of fissures where the lithology has changed. In Chapter 2 it
was shown how the lithology changes with depth and presumably the
characteristics of the fissures change as depicted by their
conductivity in Fig. 3. 24. If we accept the relationship between
log eK_ and log n as being linear it should be possible to predict
the permeability orthogonal to the borehole provided the fracture
density was known, With a relationship such as this it is then
possible to compute leakage under a dam or in a rock slope with a
greater degree of confidence. For example in Fig. if we
start increasing the fracture density the value of permeability
decreases, and at n = 126 which is the total number of fractures
in the vertical hole, the projected straight line from tests
carried out on fewer fissures lies extremely close to the value
from the water test carried out on the entire hole., These results
justify not only the extrapolation of eK., values but they simplify
the application of numerical models to predict the behaviour of a
rock mass., On the basis of this study an hypothesis is proposed on
the basis of the numerical modelling and field results that if the
assumptions outlined hold true, such as the fissures belonging to
the same family, tests carried out within the same pressure field
etc, then eK = An=B yhere A, B are constants which depend on the
properties o% the rock mass of the fluid. It is suggested that in
any field application this procedure of carrying out the water test
with changing frequency is established to see if extrapolation
based on frequency distribution is possible. The method obviously
relies on the availability of data on fracture density and the
degree of confidence that can be placed on the continuity of the
fissures in terms of fluid transport.
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The system permeability X_ has been plotted vs number of con-
ductors as in Fig.3.25. Ofce again as predicted the value of
permeability K, increases with increasing fracture density.
However, the scatter in values is much higher because this
system in its evaluation of K_ takes no account of the fissures
frequency and the value of pe%meability K is based on a fixed
length L between the packers. S

CORRELATION OF FREQUENCY OF
FISSURES AND WATER ABSORPTION

The term neK_ is an indication of the water absorption of a mass
of fissured rock (Chapter I, Part II). This quantity correlates
extremely well with fracture frequency as can be seen in Fig.
3.26. This in general suggests that the absorption of the fluid
is highest where the fracture frequency is the densest; omnce
again the assumption that the fissures belong to the same family
must hold, A graphical comparison such as this is extremely use-
ful in seeing rapidly if there is any correlation between perme-—
ability fracture density and/or depth.

INFLUENCE OF.BOREHOLE ORIENTATION
ON PERMEABILITY VALUES

In section 2,1.7 Part IIA, the importance of making certain that
the borehole intersects one fissure set orthogonally was outlined.
This in principle, allows the determination of permeability of one
fissure set at a time., Field tests were carried out to demonstrate
this and the table below shows quite remarkable results. The in-
clined hole is at approximately 25 deg. and it consequently inter-—
sects both the horizontal and vertical fractures. The value of
permeability as obtained from the inclined hole lies between the
permeability of the horizontal and vertical fissures, clearly
suggesting that in the first and third tests flow is confined to
one set of fissures only while in the second test it is free to
flow in both sets of fissures.

HOLE DEPTH Ks cm/sec neKJcmz/sec n
(1) Vertical Hole 38.2-19.3  2x10 > 3x10" ¢ 15
(2) Inclined Hole 13.0-18.5 1x107% 1x10~2 22
{(3) Horizontal Hole 38.2-48.9 2x10“5 6x10-3 20

Very often fissures are mot horizomtal or vertical but may be
inclined in almost any position. In gemeral boreholes are drilled
vertically downwards for Lugeon testing. This, in effect, results
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in values which are somewhere between the true values of individual
fissures. If the individual values of permeability are vastly
different, very large errors could creep inte calculations of
seepage volume if the test hole was not orientated correctly with
respect to the fissures system under investigation,

ANISOTROPY OF THE FISSURE SYSTEM

The method proposed by Snow is not used to determine the ratio of
principal permeabilities because the fissure system is not
considered random. Since the fracture system is fairly well
defined it is proposed that an ideal anisotropy is best obtained
from tests in two orthogonal directions. Also the method described
in section 3.3.3 based on the nuwerical approach will be used to see
if it gives a reasonable answer. As was pointed out in the section
the method proposed is extremely ideal and eonly gives an idea as

to how the system behaves, It is assumed that in an anisotropic
system the ratio of principal permeabilities adequately describes
the anisotropy of the system,

APPROZIMATE DETERMINATION OF
PRINCIPAL PERMEABILITIES FROM TESTS
IN ONE HOLE

The method described in section 3.3.3 Part IT is applicable to
data obtained from the horizontal hole.

In general, ¢ = AneK_H

n, ek J
. 9 Dl e; ) _ 13 x6.2x 10-.4
ot Qc 2077 80 x 6 x 10
= 0,168
Q. = flowrate assuming cylindrical flow
& = constant
eK, = permeability x e
H = Excess pressure
n, = No. of frectures with packer
- spacing 5.5 ft
n, = No, of fractures for entire hole,

Let us consider that complete cylindrical fleow is obtained when
ni = 50 ft.

. NL 2,25

NG < s 0.045 2NL = packer spacing
S.0Q N = 0,168 _ 4 .
o, W 0.045 *e

From Fig. 3.18 Part II
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In this case since the hole is horizental, y is in the horizontal
direction; and therefore the ratio;

Ky PRINCTI'AL PCRIZONTAL FERMEABILITY = 3
KX PRINCIPAL VERTICAL PERMEABILITY

RATIC OF PRINCIPAL PERMEABILITIES AS
OBTAINED FROM WATER TESTS IN ORTHOGONAL
DIRECTIONS

In view of the large variation in the horizontal permeability the
test results are divided into three zones and the ratio of
principal permeabilities is as fcllows

Depth Ratio of principal permeabilities
(a) 10'-30" 10
(b) 30'-50" 1
(¢) 55"-65" 10

Obviously these values are substantially more accurate within the
specified zomes than the value obtained in section 3.7.1. The
value obtained in section 3.7.1 is more of an indication than a
precise determination as was pointed out earlier. However, it is
encouraging thst it gives an answer in the right direction, Also
the answer in section 3.7.1 is of a Global nature rather than
localised as would be the case of a twc borehole test,

Mrother method that can be used tec get an idea of the ratio of
principal permeabilities is toc use the ratio of the number of
fissures in the two orthogoral directions. This methcd however,
relies on the apertures being equal and can therefore be grossly
inaccurate since permeability is related to the cube of the aperture.
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Summary of Results
Vertical Depth Principal Worizootal Permeability
Principal Vertical Permeability
FEET Cre Hole Two llole  Fissure Frequency
Test Test Method
10-30 3 10 20
20-50 3 1 0.2
55-65 3 10 0.1
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CONCLUSTIONS

In this chapter some of the results of the tests carried out in
Altwen are reported., They reflect the in—-situ hydraulic measure-
ments made with the geological structure in mind. The capacity to
absorb water has been observed to be related to the fracture fre-
quency and orientation. An outcome of such an approach is a decision
as to which cencept of permeability should be used to define the
hydraulic characteristics of a fissured rock mass. As predicted

by theory the discontinuum value of permeability converges towards
the continuum value as the number of fractures per unit length in-
creases. For purposes of extrapolation of such data in a large scale
problem it is suggested that the discontinuum concept is used if the
scale of the structure, i.e. dam or slope, is comparable to that of
the size of the heterogeneity. In practical terms on the basis of

a continuum concept this would imply very little change in perme-
ability with different lengths of test cavity.

In order to calculate seepage pressures and performance of drainage
holes the directional value of permeability is an important parameter.
In a sedimentary environment for example the principal directions of
permeability may be aligned with the structure, e.g. bedding. If the
ratio of principal permeabilities in such a system is large a test
carried out in an arbitrary direction would lend to a value of perme-
ability which has no directional significance. It is therefore sugg-
ested that the test holes are drilled orthogonal to the fissure
system which is to be examined. In Altwen this hypothesis was checked.
Three holes were drilled, two orthogonal to the fissure systems under
examination and the third was at an arbitrary angle so that approx-
imately equal number of both the fissures were intersected. The perme-
ability measurements from the inclined hole were approximately equal
to the mean of the other two measurements indicating the directional
significance of the test.

The simplified computer simulation of an anisotropic fissure system
was used to obtain the ratio of principle permeabilities from a single
hole test. The results are within an order of magnitude of the field
measurements in two separate, but orthogonal holes thus showing that

a certain amount of practical information can be gained from para-
metric studies if carefully used.

The presence of a nonlinear pressure—-flowrate relationship which has
aroused a lot of speculation was observed in the field. However, these
results had to be carefully examined because very often the nonlinear-
ity was introduced by the test procedure. The nonlinearity was observed
at both low and high flowrates and pressures. The practical implic-
ations of a nonlinear relationship are obviously important and it is
therefore suggested that in an evaluation care is taken to make sure
that the correct test is carried out at a pressure which the rock

mass is likely to undergo.
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An important outcome in evaluating the results of the experiments
described in this chapter is that during the tests pressures at

an observation hole should have been monitored. In this way it

is possible to observe the anisotropy in three dimensions. Further
it would give an extremely good idea of the radius of influence

of the test. Since this has been shown to be very small (Part II)
it would be essential to have the observation hole very near the
test area, otherwise the changes in the observation hole would be
too small to be used with any degree of confidence. Unfortunately,
the shortage of time did not permit this at Altwen. Since the
observation hole in a Lugeon test is not customary it is suggested
that tests should be carried out to evaluate its importance.

Eventhough the size of area tested in Altwen was so small a large
variation in permeability was observed. The changes would be app-
arently random if careful observation was not made of the fissures.
The zone of influence of a single hole test is small and therefore
its value is of some doubt unless it is carried out in conjunction
with an observation. hole. The equipment and services required for a
constant pressure test are quite substantial. For measurement of
permeability below the groundwater table if it is not possible to
carry out a two hole test it is suggested that the falling head test
with two packers is used (see Chapter 4) because its requirements

in terms of logistics are not as great.

The triple packer test which was carried out to elliminate the end
effects in a borehole test proved to be practically very difficult
because of limitations in size and complexity of test set up. The
value of permeability obtained as compared to a two packer test
showed that the end effects were slightly reduced, but in practical
terms the answer was not widely different. However, this system would
be useful if the ratio of principal permeabilities was very high.
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UNSTEADY STATE TESTS TO DETERMINE
PERMEABILITY

Snopsis

Falling head tests with a packer system were carried out at Alltwen
to determine the permeability of the fissure systems. The practical
advantages of such a field test were enormous and it is proposed to
demonstrate in this chapter how the test was carried out to obtain

permeability as deseribed in Chapter 5 Part 3.

By using a packer system it was possible to measure the permeability
of the fissure system all the way down the hole. From such a test
1f the results are going to be used for comparison of the different
gones it 18 possible to assign a time constant to a test., Alter—
natively, the conventional approach of calculating permeability can
be adopted.
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TEST SET UP

The test set up used is as in a conventional pumping or Lugeon test.
Two packers were lowered down the borechole to a suitable depth and
the packers were inflated. The test cavity is then suddenly filled
with water to a given pressure depending on the depth of test
section below ground level and the permeability of the fissure
system. Obviously in a falling head test it is not necessary to
fill up the water input pipe all the way up to the ground level.

At Altwen the same arrangement for the falling head test was used
as in the constant pressure test. A tranducer was mounted
immediately above the packers as in fig 4.I

—%-{Test bzgins with
water Level here
Test stops when

water regches
this point

——————

=
NN

. water

L Pressure measuﬁqﬂ device
&Q
r L

'3

7

FIG 4.1
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DETERMINATION OF PERMEABILITY
USING THE FALLING HEAD TEST

For those tests carried out above the water table in the field it
was difficult to decide whether to analyze the results as if the
test began in an unsaturated fissure system of infinite radial
extent or to use the case where the horizontal fissures are of
known radial dimension in which case they become saturated for
that part and the rest of the unsaturated fissure system has such
a large storage and permeability that it can be assumed that at

r = re, p=o0

Fig.4.3 shows a typical test result carried out in the unsatur-
ated zone at a depth of 24,5ft, below ground’level, If the results
are replotted on the basis of the theory in section 5,21 Part III,
i.e. the fissures are unsaturated and of infinite extent a curve

as in Fig.4.4 is obtained. The data although it fits a straight
line well is in the opposite direction to that predicted by theory.
It is therefore evident that the assumption regarding the model is
incorrect,

An interesting observation was made when carrying out model tests
described in Chapter 5 Part III, Where oil was used to test the theory
of flow from a cavity in an unsaturated media another falling head
test was carried out, but this time the test began subsequent to
steady state test, The falling head was monitored with respect to

time and gave a result as in Fig.4.5. Replotted on the basis of an
infinite aquifer the slope of the graph is opposite to that predicted
by theory, Fig.4.6. Infact this leads us to the second type of model
where at:

r=re, p=o0

CALCULATION OF PERMEABILITY FRCM
THE H-t CURVE

Fig.4.7 vepresents the data from a falling head test carried out

in the unsaturated zone at a depth of 17.8' - 28.5' below the ground
level., If we use the analysis in section 5.1.2 Part 111 by plotting
log P/PO vs time it is possible to calculate the permeability of

the system from Fig,4,7 and 4,8,

e®> _ oGurlk loge (‘-’e/ro) v IOSQ(P\/PO)
3 tz — &y
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CHAPTERA

If n = number of fractures = 25
e = aperture
U = kinematic viscosity
re = radius at which vertical fissures intercept the
horizontal fissures = 127
r,o= radius of hole
e>g : .

AMlso ey = o K3 = Fissure conduckivity

substituting in the above:

QKJ - ©x (|-5><'2.54)2 x 2.1
12x 25 < 12

I

445 % VO™ cnit [sec

This is the value of permeability as defined in section 2,1,0 Part II,

At the same location a constant pressure test was carried out, the

Tesults of which are given in Fig.4.9.

ek = Q x 1 x loge (*¢/x5) = conversion factor

xlx._l..x 6-7’(0025@

k)

= B.05xi10” c,m'z/sec

The two results agree with each other and are well within an order
of magnitude, The constant pressure test gives a slightly higher
value and this could be due to the higher pressures used in the

latter test.

PRACTICAL ADVANTAGES OF THE FALLING
HEAD TEST

v

The falling head test has numerous practical advantages over the
constant pressure or Lugeon type of test. The Lugeon type of test
relies upon a large amount of plant being available to carry out a
test, e.g. pumps, valves and water supply. The latter adding up to
a vast quantity if the rock is permeabile, The high pressures im-
posed by the constant pressure test, as would be the case if the
test zone was a long way down the hole and a constant head would
have to be applied to maintain constant flowrate, would open up ™
the fractures to give a false value of permeability. Whereas with

a falling head test very little water is required and the level can

be arbitrary as long as it is above the top packer and is sufficient

to give a reasonable H-t curve. The low applied fluid pressure also
in such a test would be less likely to cause inertia effects which

once again give a false value of permeability.



258a

H rPSI

N A O

16,
14

12
10

N N B N

10 20 30 40 50 060
TIME SECONDS

Fig 4.7



faag =i

.8
0.7
6

-9

TIME(SECONDS )}
.00 Io2h 3¢ L8 €0 70 Bh ‘ 132
R
[
(J

FIG 4.8

258b



258¢

I2.0

10.0

L+t r &t 1 § |

2,0 k.o 6.0 8.0 1I10.0 I2.0 Ik.0 IF.0 1I8.0
PRESSURE(psi)

~ -.. FIG 4.9



CHAPTER 4

259

CONCLUSIONS

It has been demonstrated in this
can be used in a fractured media
The use of the falling head test
sents no difficulty but if tests
saturated region it is important

chapter how a falling head test
to give a value of permeability,
below the froundwater level pre-
are to be carried out in the un-
to decide if the medium can be

treated as if it were of infinite radial extent or alternatively
the value of re can be assumed or established such that during

the test the region between the borehole and re is always saturated,
A practical way to satisfy this condition is to run water into the
hole and hence the fissure system for somewhile before testing.
The test result which compares the value of permeability from a
falling head test to that using a constant pressure shows that in
spite of the assumptions that were made there is a close agreement
between the answers. The higher value of permeability using the
constant pressure test possibly indicates that the fractures are
opening up as a result of the applied pressure.
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INTRODUCTION

Tracing has played a very important part in hydrological
investigations, However, its application in Mining and Civil
Engineering problems has been far from satisfactory. The use of
radio active isotopes for tracing, together with the detection
of natural tritium in water has helped to advance state of
knowledge and technology in groundwater tracing (37).

Groundwater tracing generally involves the introduction of an
inert solution in the flow field. This inert solution acts as

a label making it possible for the observer to follow the flow
path of the contaminated fluid. The choice of tracer is a com-
plex matter depending on many factors. They are best summarised
by Clayton and Smith (38) as:

(a) Dye adsorption properties of the tracer

(b) Stability and solubility in water

(¢) Life of the tracer

(d) Types and energy of emitted signal

(e) Maximum permissible level in drinking water
(£) Maximum specific activity available

(g) The cost of the tracer

(h) 1Its availability

After an exhaustive survey by the author it was decided that
although radioactive isotopes were probably the best tracers

in general, factors, e,g,h, completely ruled out their use. The
best altermative which satisfies all the above points is some
form of Fluorometric technique., This will be discussed in
Chapter 5.

Introduction and detection of the tracer can influence the

hydrodynamic field and it is this factor that must be given
careful attention when evaluating the aquifer or formation

characteristics.

Natural chenicals and tritum exist in groundwater and in some
cases it is possible to evaluate groundwater parameters on
such a basis. Geochemical analysis has been carried out on
two field problems and these will be reported in a further
sectiom,
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TRANSIT TIME TRACING

SNOPSIS

Methods are described whereby seepage velocity can be determined
directly from the transit time of a tracer between two points
which are at a fixed distance apart. Seepage is considered both
under a natural gradient and under an applied field. These methods
are discussed on the basis of a discontinuum model and where poss-
ible laboratory tests are carried out to test the metheds. Finally
a case study is reanalyzed on the basis of a discontinuum to show
that large errors in seepage velocity and hence transit time can
ocoeur if a fractured rock mass is considered as homogeneous and
igotropic with respect to flow.



262
CHAPTER 2

2,1,0 "TRANSIT-TIME" TRACING

By this is meant that a given volume of tracer is injected at
a constant rate or as a pulse, It is then picked up elsewhere
and the concentration measured. The method of introduction and
pick up of the tracer in the flow field is an important part
of the test and controls the method by which the formation
characteristics are evaluated,

SINGLE WELL TEST

This is probably by far the easiest of the cases where the
tracer is introduced upstream of the borehole or well. Assuming
steady state conditions, the tracer mixes well with the entire
ground water regime and flows towards the hole under a natural
gradient, Fig.2.1 illustrates the method schematically,

LAKE / 5/”
L —% NATURAL
Ake | GRADIENT
O’B.H —p -

>

—T> DIRECTION OF &
.4 oW SECTION
/

TRACER
PLAN
FiGg 2.1

This problem illustrates for example, the case of a lake in

a sedimentary environment where the majority of water is con-
ducted in the bedding planes. Since the hole is in the natural
flow field, the level of water in it will reflect the pressure
within the field at that position. The hydrodynamic influence
of the hole is minimal in this case and is shown in Fig.2.2.
This is a computer solution for equipotentials, assuming an
isotropic and homogeneous fissure. If it can be assumed that
the bedding plane can be represented by a parallel plate model
(7) it is possible to calculate the permeability or average
aperture of the fissures by directly using Darcy's law V=KJ,
where V is given by the time taken for the tracer fromt to
travel from the lake to the hole. J is the hydraulic gradient
and is given by ’

J= Difference in elevation between lake water level to hole
water level
Distance between the lake to the hole




FIG. 2. 2.

263



+15V

? ¢ 4 o)
% Schmitt Trigger

R4 é
TR, TR4

-

Al QT& TRQ:' gvm
/ e—»output

-Ve step
+——.-—-——. ’ on arrival
salinity differential I , of salinity

— amplifier
= probe P 2 3 ' front.

-L P ¥ \ O— —- & O
- OV earth set threshold knob
- (calibrated ten-turn)

NS SS——
-15V

FIG2.3 Variable Threshold Salinity Front Trigger. Circuit of one channel shown.

%92




CHAPTER 2 265

LABORATORY EVALUATION

It is assumed that in fissure flow the velocity of flow is so
high that there is virtually no dispersion of the dye or tracer.
For example if a tracer such as salt is injected into a stagnant
pool of water the ionic activity is such that the tracer spreads
out in all directions, and given enough time contaminates the
entire pool, provided the active life of the tracer is greater
than the dispersion time.

If a tracer is introduced into a reservoir of water and it mixes
well and then enters the groundwater regime, a device which gives
the arrival of the front as a sharp pulse is essential., The tracer
used in the laboratory tests was salt (NaCl) which is highly con-
ducting when in solution. Fig.2.3 illustrates the essential circuit
required for such a device, As the front arrives at the lst observ-
ation point a sharp pulse is released and the same happens at

point 2. From the time taken to travel from (1) to (2) the seep-
age velocity vector can be calculated.

ot

(Y E—

Fig 2.4

//TANK

\<§S

FIG 2.5 Brick model — plan view
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Tests were carried out on the brick model, Fig.2.5 which des~
cribed in detail in part 1. The observation holes A, B are at
a fixed distance apart and the time taken to travel this dis-
tance by the tracer front is the velocity in the fissure, From
the chart recorder result Fig.2.6, the transit time is given
ast t = 3 seconds

the distance from A to By L = 4 x 4 x 2.54 cms,

.'+ Mean seepage velocity in the fissures;

Vm = TS < 13.5 cm/sec.
From pressure measurements; the hydraulic gradient is;
J =A% = 9/4 x 4 x 2,54

using Darcy's Law;

vm = KjJA§-; where KJ is average fissure permeability = 33.0 cm/sec.
partl
»Te Vm=33x9 = 7.3 cm/sec
16 x 2.54 * *

The above two answers are in fair agreement, considering that in
the second ome the value of permeability is based on the mean
value of the aperture, which is obtained from a histogram of the
aperture distribution,

b= - 0 ’

| BH1 - BfH2

~BjH1
v

N
Jjownted rock

SECTION PLAN

FiGa 2.7
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If in a fissure media a hydraulic gradient is applied by pump-

ing water out from one well and returning it to another, steady
state is achieved after a certain period of time. In an infinite
homogeneous aquifer this is equivalent to a source and sink
problem (see Fig.2.7). Several solutions exist for the case of

a homogeneous aquifer and the one by Muskat (46) and Webster (47)
gives the following relationship for the mean transit time between
two wells

2
t = —EuTL (2-1)
ao 3 8 .

where g, daverage pumping flow rate
L is distance between wells
E is the porosity

m is thickness of aquifer

This value of tramnsit time is for the streamlines which travel
directly from B/Hl to B/H2, i.e. the shortest path,

Similarly, the transit time for the general streamline in
equation 8 can be expressed as a ratio to the shortest transit
time in equation 2.1,

tao sin2 ¥

ta transit time for general streamline

V angle at which streamline leaves injection well or enter
discharge well measured from the line joining the two wells.

The above equations apply for the case of non dispersed flow.

The injection of the tracer can be in the form of a pulse as
described in section 2,2.1 or it can be a steady discharge of
the tracer for a short-period of time, Details of injection and
pickup of the tracer concentration are detected in detail in
Webster (47) and therefore will not be discussed.

If we assume that the two wells are connected by continuous
conductors from B/Hl to B/H2 e.g. bedding or alternatively
anisotropic fissure system where the permeability is much greater
in the horizontal direction than the vertical direction then
analytical techniques can be used to form simplified models,

Let us assume a model where the fracturing is dominantly horizontal
from B/H1 to B/H2. Equn.2.l, is modified to:
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1 2
tao =3 Ene ML (2-3)
g

where n = number of fractures

1l

e = effective opening of fissures

In a fissure system the porosity of the system is given by:

e
= - 2-4
Eb()
where e is the aperture

b is the spacing between fissures

CASE STUDY OF A TWO-CELL TRACER TEST

It is proposed to recalculate the results published by Webster
et al (47) on the basis that fluid flow takes place throught a
discontinuum rather than a homogeneous porous media,

Webster et al (47) describes a two well tracer test which was
carried out in fractured crystalline rock. A pulse injection of
tritium was made into the fractured rock mass 1,000ft below the
surface. The two wells were 1,765ft. apart and the duration of
the test was 2 years, "The theoretical curve was developed and
the only unknowns were (a) the transit time for non dispersed
flow along a line joining the two wells and (b) the character-
istic dispersion length in the medium. These two values were
obtained by curve fitting. The results of the tracer test agree
with computations based on the assumption that flow was through
a homogeneous medium consisting of numerous intersecting fract-
ures',

However, examination of the data shows firstly, a recovery of
337 of the injected tracer, Secondly Fig.5 in the paper (47)
shows that the tracer begins to appear at the monitoring bore-
hole at 50 days; although the non-dispersed flow arrives at

400 days, This latter valve is assumed to be the mean transit
time, Several things could have happened in this test: (a) the
flow is anisotropic and this would explain the 337 recovery since
the rest could have travelled in a direction not parallel to the
applied gradient (7); (b) Figure of 50 days might suggest that
the model is not necessarily equivalent to a homogeneous porous
media.

It would be useful to carry out an excercise based on the flow
through a discontinuum, However, to use the discontinuum approach
an estimate of flow conductors is required if from a given value
of porosity we wish to calculate the mean aperture, Let us assume
that there is a conducting fracture every two feet,
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From Eqn,2.4

e = Eb we are given that E = 0,08% (not unrealistic Ref.(44)).
= 1765 ft.

m = 250 ft.

_ 0.08 1

= "1'!—0—6 X 3'6—6 X 12 X 2.54

= 1,22 x 10.-2 cms <==1/10mm,

A thickness of approximately 1/10mm for a fracture is not un-—
likely. Darcy's Law for a parallel plate model: '
2

=88
V=13 L

substituting the above values I = 120/1765

Vv = 0,11 cm/sec.
= 325 ft/day.

This approach immediately illustrates that the velocity of flow
in a fissure system is much higher than that in a porous media.
The previous calculation is mnot an exact analysis; but it illust-
rates how the velocities can be fairly high. Obviously in a real
situation the fissures will not be continuous and this would
reduce the seepage velocity, but not too seriously.
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CONCLUSIONS

This chapter has outlined very simple methods which can be used
to predict the overall behaviour of the fractured mass. These
techniques are useful and very cheap compared to other tests where
the transit times are required between two points in the field,
However, they are not suitable for detailed permeability evalu-
ation of a rock mass for pressure distribution analysis, Further
it is important to decide if the field situation approximates to
a discontinuum or a porous media., This decision should be based
on the degree of fissuration and the recovery of the tracer,
Perhaps monitoring the tracer concentration in a direction at
right angles to the applied gradient would be useful in deciding
the criteria for a flow model.
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THE DILUTION METHOD

SNOPSIS

Where natural groundwater flow occurs as a result of a field grad-
tent it is proposed that a borehole tracer dilution method is used

to determine seepage velocity and permeability. This method has

been very successfully applied to a porous media (Ll). Lewis et

al (48) has applied the technique to determine the hydraulic con-
ductivity of fractured rock., However, in estimating the permeability,
flow was assumed to occur in a porous and homogeneous media. In thie
chapter the relationship between seepage velocity and the rate of
dilution is derived from first principles. The validity of the
equation 1s subsequently checked with a physical model. The predicted
values of seepage velocity agree extremely well with the measured
velocities. Field equipment was designed as a result of the above
experience. Unfortunately, owing to the shortage of time and the
unusually low water table encountered during the field trip prevented
the author from carrying out field trials.
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DILUTION METHOD: THEORY OF THE
PROPOSED METHOD

If a borehole intersects a system of fractures below the ground-
water table and there is groundwater flow as a result of a nat-
ural gradient, it is possible to obtain seepage velocity and
subsequently permeability by the dilution method. Very simply
the borehole dilution method consists of injecting a tracer in
the borehole and mixing it adequately and then observing the

change in concentration of the tracer as a result of flow into
the borehole,

The choice of tracer has been outlined in Chapter 1 and for the
purpose in mind it was decided to use dilute hydrochloric acid
(HCl) as it fulfilled all the conditions laid out in Chapter 1,

$MECTION WeLL,
o BH

i/
ko Prckeps

g N

ISSURE
- Fissuees

[~ DILUTION VOLUME 1T Y%L

~

FiG 3.1

Fig.3.l is a schematic diagram illustrating the field applic-
ation of the method., For the analytical solution of this prob-
lem it will be assumed that the majority of the flow occurs in

horizontal fractures; which can be represented by a parallel
plate medel.
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MATHEMATICAL DERIVATION OF SEEPAGE
VELOCITY IN TERMS OF THE DECAY OF
SALT SOLUTION CONCENTRATION

PLAN VIEW

Filag 2.2

Fig.3.2 illustrates, in plan, a borehole and the flow into it.
It is assumed that the hole has the same potential as the flow
field at that point; but the flow lines are "pinched" in the
vicinity of the hole as a result of the hydrodynamic effect of
a circular potential field of radius T

If the potential @ is constant in the direction which is ortho~
gonal to the X~Y plane:

From Equation of continuity:

div (¥ V) =a>§<

] =
; (V) =0

If we assume Darcy's Law to hold for flow through a fracture:

p.is the potential and is equal to - P/rh+
38
Vx K o
V = K EQ
y 134
substitute Eq. 3. 1in Eq.3.
2 2
3@ + 39 _ 0
2 s 2
dx ¥y
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This however, is the familiar Laplace Equaticn,
Converting the above to a system of polar coordinates;

12 r_bi) + 1 (Eﬁﬁ) -0 (3.4)

r ¥r dr r2\ 392

Equation (3, ) is a common equation in problems involving
groundwater flew and heat conduction., However, the case of the
dilution process involves boundary conditions which are not
commonly met elsewhere. Suppose the solution to Eq.3.4 is given
by:

o = F1 (8) F2 (r) Equn. 3. where F1 and F2 and functions

substitute Eq.3. in Eq. 3.

F
Fy <e>é_ B 2 +F2 (r) 0FL @ | 4
r " dr d r 2 39%
T
Multiply by r?and dividing by Fl F2
l[l'z.‘fﬁ?_..-r dF'z] =—1[d2Ft]= n? (3-5)
F dr? dr F L d62

where n is a constant and called the degree of Harmonics.,
Equn.3. can be solved by:

d2F, + | Yo (3.6)

de?

r?d*z ¢ dF2 _ Fan? - © (%.7)
dr? dr

Equns.3. 6 and 3.7 are standard equations: e.g. Equn. 3. 1is S.H.M.
Solutiors for the above are:

F/ = Acosnf + B Sinnb fn#0
F = Cx" 4+ D"

Ifn=o0

Fi = Ag@ +Bo

Fo = Co logr + Do

.’. the complete solutions to the equations 3. and 3. are;
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¢o = (Aoe + E)o) (Co lost 4 Do) Degree Zero (5.8)
P = (AnCO+BRSO) (Cr" + Dr™") Degree n ( 2:.9)

In all physical problems a function ¢ is usually a single valued
function of 8 i.e. if8 varies from 0P 2f we get different values
of ¢ and after 2T they repeat themselves (Ref,49).

Bn (£,0 +21) = ¢n (r,0)

+"« It is essential for n to take integral values and a single
valued solutiovn is the sum of all values of n.

Cad

. ¢= (s 18 logr + 2 r"(anCosnB-tbn Sian)-t-z
n=\ n-i

rl" (CLHCos nB+h, SinnG)+C

(2.10)
Suppose that the applied field gradient is Io :

I =-grad ¢ =-Y0@ (3.1)
Original potential outside borehole

¢O =Ircos@ (5,")_)

At infinity the effect of the B/H on the field vanishes. By
symmetry the induced field is symmetrical about the X axis;
hence it is an even function of n. The constant term = 0 with-
out loosing generality.

SH
¢ = L. X0 Cosn® { thside the B[H.
L n=t In

Total potential:
o0
¢ = - I,rCos® + X InCosn®

ney TN
whenr =a; ¢ =0
S C ]
s 0 =-l°rCose+z q;rl—is—ﬁ—'
o0 fimt Qan
Ce 2. 91 Cosn® - Ior Coso

R-{ an

For n = 1; equation cos B

(1'_‘=Ior
a
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. 2
ote B = —Ior cos Ioa cos

r

i

alternatively ¢ I,a cosBja -I]

e a
K ¢

ar

Equation (3.2) v

Substitute Egqn. (3.14) in Egn. (3.2)

v = Kl,a Cosg(a/r.,_ + 1/a}

(3.14)

(3.15)

Let us assume that the flow from the fissure into the hole =

2T
SR =f [Vr]r=a.e.a.d.9

LY
where ¢ is the fissure appendix
a 1s the radius of B/H

substitute Eq.3.1% in Eq.3.1&
Q =-4Vae

V is the seepage velocity

. . . Ve
At a given time T concentration ¢ = Vo
Vo volume in B/H

Ve injection volume

dt Vo

But dvVc -CQ

TR e

dt Vo
substitute Eq.3.17 in 3.18

4 [ t
/é.e =—/e4_r= 4Vae dt
C A Vo A Vo

2

<. logc 4Vae t

o Vo

(3.16)

(2:\7)

(3.18)

(3.19)

Q
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The volume of the cavity between the packers spaced h units; Fig.3.l

V, =ta’h o log,fe) = 4Vaet - 4Vet
° O‘SC( ) 'n‘azh Trahn

If d = diameter of hole:!

V = qrdh log, (¢ ’ (3.20)
et Je (Co)

From Equation 3.20 it is obvious that in order to compute the
seepage velocity V we have to know the aperture of the fissure,
This is obviously not practical. In a porous media approach how-
ever, e is equivalent to h and therefore it is possible to deter-
mine the apparent velocity. In fissure flow equation 3.20 can be
rearranged so that the flowrate per unit width is determined,

Q = Ve = 'n'clh Lose( ) (>-21)

EXPERIMENTAL VERIFICATION OF THE
MATHEMATICAL DERIVATION OF SEEPAGE
VELOCITY

Having established the relationship between seepage velocity or
flowrate per unit width of a fissure and the change of concent-
ration with time of the tracer, Eq.3.21 it is proposed to test
this hypothesis by carrying out model tests. The method relies
on adequate mixing of the tracer so that the dilution process is
a steady onme, This mixing process has been studied and will be
described.

Fig.3.3 is a schematic diagram of the test equipment with the
different dimension marked on it. Fig.3.4 is a photograph ill-
ustrating the layout of the equipment,

The fissure model consists of two parallel perspex plates ;"
thick separated from each other by strips accurately machined to
40/1000" or 1 mm. The borehole diameter is a tenth of the cross-—
section width of the fissure. Computer studies show that boundar-
ies at that distance have no influence on the flow lines which
converge towards the borehole (Fig.3.2 ). Input of water is from
a constant head device via a control value which sets the value

of velocity of flow. At the output end the stilling basin provides

a constant back pressure,

Mixing of the solution is achieved by a magnetically coupled
stirrer as shown in Fig.3.4 . The speed of the stirrer can be
allowed to suit the flow conditions.
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This method relies on the accurate determination of tracer concen-—
tration with respect to time. Since hydrochloric acid solution was
used in these experiments the conductivity of the solution had to
be measured over a wide range and under continuously varying con-
ditions, Normal P,H. measuring techniques are not accurate over
such a wide range of conductivity values as were to be encountered
in the experiment and also not stable under varying conditions. It
was therefore decided to use a highly stable system employing an
Alternating Current Bridge technique. Fig. 3.5 illustrates the
equipment that was used,

In order to obtain continuous readings of concentration during
the experiments the Wayne Kerr Bridge was connected to a chart
recorder, This factor was important in speeding up the test oper-
ation and improving the accuracy of the data,

VERIFICATION OF THE "PINCHING EFFECT"
OF A BOREHOLE

In section 3.1.1 it was stated that the presence of a borehole has

a "pinching effect" on the flow field which would otherwise be lin-
ear. Fig.3.2 is a computer solution which verifies this. This effect
was observed in the physical model when under conditions of natural
flow coloured dye was injected upstream of the borehole. Fig.3.6
illustrates how the two injected dye lines begin as straight lines
parallel to the applied gradient and then bend to converge towards
the hole., The explanation for such an effect lies in the fact that
within a radius of r/o within the borehole there exists a constant
potential and a permeability value which tends to infinity.

DIFFUSION AND MIXING OF THE TRACER

It is important to have some idea of the diffusion of the tracer
under "nmo-flow" conditions, If this diffusion is too slow mixing
will have to be achieved under artificial conditions by using a
stirrer. On the other hand if the diffusion is too rapid it could
well be mistaken for seepage. Tests were carried out for both the
static and dynamic case to study the speed of diffusion.

Fig.3.7 illustrates the increase in concentration as a result of

a pulse injection of 5cc of dilute HCl (Ratio of Water to HCI of
20.1). The injection was carried out with the fissure and borehole
full of water but with zero gradient, A, B, C are three separate
injections of the tracer. It is evident from these tests that
attaining steady state is a slow process without mixing and also
very erratic., In all cases, however, the tracer finally mixes at
times greater than five minutes.
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Once steady state was reached, there was no appreciable change
in conductivity of the solution for at least eight hours. It
cannot be envisaged that this method would be used in fissure
flow studies where the seepage velocity is so low that the sol-
ution will have to remain stable for more than 8 hours; because
by then most of the tracer will be washed away,

Now if under static conditions a stirrer is used, a pulse in-
jection of the tracer mixes almost instantaneously as shown in
four separate trials, Fig. 3.8 and remains absolutely steady
thereafter.

Further tests were carried out to see how much difference there

was in the decay of concentration of the tracer with the gatirrer
switched off and then on. Fig.3.9 shows how at a steady flow of
2000 cc/min, a pulse injection is detected and then it decays
gradually with time. At exactly the same seepage velocity approx-
imately the same amount of tracer was injected; but this time

the stirrer was switched on, Fig.3.10 shows the decay in concen-
tration with time. Although the maximum concentration indicated

is not the same, this could be due to the volume of tracer in-
jected, the change in concentration per unit change in time is
different in both cases. The decay in the unstirred case is much
slower and erratic due to inadequate mixing whereas constant
stirring produces decay curves for the same seepage velocity which
are identical. Tests were carried out with the stirrer revolving

at 20, 40, 60, 80 c/s and in each case the decay curve was identical
for a constant seepage velocity. This experiment was repeated at
two other seepage rates. The result of this test is summarised in
Fig.3.l It can be concluded from this that if the stirring velocity
is greater than 20 c/s adequate mixing will have been achieved.

DETERMINATION OF SEEPAGE VELOCLTY
USING THE DILUTION METHOD

Numerous tests were carried out under different input conditions

to determine seepage velocity using the dilution method. Eq.3.20
and Eq.3.21 were then used to calculate the seepage velocity from
the concentration decay curves, Results of seepage velocity are
compared with direct measurements of flowrate using a bucket and
stop watch. Since the cross section area of the flow model is known,
it is possible to determine the mean seepage velocity from the
measured flowrate,

Fig.3.12 is a plot of _four tests (out of about 20) which were
carried out at différent velocities. A plot of log e C/co vs time
is a straight line as predicted by Eq.3.20, One of the three tests
is calculated in detail and the remaining results are tabulated,
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TEST 1

DIRECT METHOD

Measured Flowrate = 450 cc/min.

Cross sectional area of flow (Fig.3. ) = 4.5 cms2

450

«’o Mean velocity = T x 60

DILUTION METHOD
From Fig.3.1

log,, (%/co)/t = }

. (o]
"o log, ("/eo)/t =i x1/y 4aue

= 0.,0095
substituting in Eq.3.

17 dh

C
\Y) '—-g-é—- 10ge ( /CO)/t

T x 3.8x15 x 0,0095
8 x 0.125

= 1,7 cm/sec.

The results are tabulated as follows:

= 1,67 cm/sec,

X 1/60

Direct Method

Dilution Method

1.67 cm/sec.

Seepage 0.875 "
Velocity 0.216 "
0,110 "

1.7 cm/aec.
1.04 "
0.285 "
0.130 "
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FIELD EQUIPMENT

The encouraging laboratory results and the ease of operation of
the equipment lead to the design of a field probe which was con-
structed for use in Altwen Quarry. Unfortunately the shortage of

time did not permit extensive use of the dilution probe in the
field,

Tracer
Airline injection INFLOW Stirrer
¢ cay L
Packer :f-_'__ 8_ Mope| Packer
Tracer
line ‘Elzctn:dcs

FIG .13

Fig.3.13 illustrates the dilution probe with packers at either end.
The packers can be pneumatically inflated in the borehole to iso-
late the probe at any given depth in the borehole. A known volume

of tracer solution is injected as a pulse from groundlevel via the
tracer line. A magnetically driven stirrer is switched on and it
mixes the injected tracer, i.e. salt solution or HCl, within the
volume defined by the inflated packers. The probe is directly linked
to a Wayne Kerr Bridge (described in section 3.2.0) and the output
is in the form of a chart record.

As water flows into the confined volume the concentration of the
"mixed" solution decreases with time. By using Equation 3.20 and

the above information it is possible to determine the seepage
velocity. The fully automated nature of the instrumentation makes
the experiments very easy to carry out, The spacing between the
packers can be varied to change the dilution volume so as to
accommodate a large variety of problems. The probe was checked in
the laboratory for construction and electrical stability in a glass
tube and it performed extremely well, The signals from the electrodes
to the bridge via 100ft. of cable were exceedingly stable. The
magnetic stirrer mixed volumes up to 6ft, main cavity length with
great ease.
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This test was performed in the glass tube and instead of injecting
HCl or salt solution, a solution of potassium per manganate was
added. The stirrer caused enough disturbance to mix the solution
within a few seconds,

It is porposed that for the field evaluation of permeability
exactly the same equations and deductions are applied as in the
experimental verification of the method (Section 3.2.0), due
account being made for the number of fissures.(
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CONCLUSIONS

Although the probe has not been tested in the field at the time

of writing this thesis the theoretical and laboratory evaluation

of the method proves beyond any doubt its usefulness, Further its
highly successful use in the field of continua by Moser (11) and
Ogilvy (63) and in fracture media by Lewis et al (48) proves beyond
doubt that the method is not only being used in practice; but that
it has a very useful application in fluid flow through fissured
rock masses,

This method has an outstanding advantage over pumping tests; that
is very little equipment is required for field testing., The most
important part of the equipment is a sensitive and accurate auto-
matic bridge, In pumping tests the cost of testing i1s enormous due
to (a) need to supply a large volume of water., This involves tanks,
flexible piping etc., (b) cost of buying, running and maintenance
of pumps, (¢) personel involved at a minimum of two people, one to
carry out the test and the other to look after the pumps and water
supply.

The technical advantages of the dilution method are that (a) the
natural hydrohynamic field is not disturbed,(b) no errors due to
excess pressure causing deformation of fissures, turbulence, etc.,
(c) no assumptions have to be made regarding the extent of the
fissure system, i.,e. whether the test is being carried out in an
infinite medium or a bounded reservoir, (d) no need to either
estimate the pressure at a given distance during a test or the
Need for another borehole to measure this pressure change.

However, there are two clear disadvantages of the method:

(a) Tests can only be carried out below the groundwater level and
provided there already exists natural groundwater seepage.

(b) Prior knowledge of the natural gradient is required for permea-
bility determination,

There is obviously further need for testing the dilution method in
the field; but there is no reason why it should not be used for
commercial application in determining seepage volumes and evaluation
of permeability,
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CHAPTER 4

GEOCHEMICAL ANALYSIS

SYNOPSIS

The chemistry of groundwater in conjunction with geology is a tool
for hydrogeological studies for determining the zones and directions
of flow. As groundwater flows through different rock types and soils
the concentration of dissolved elements generally increases. By using
a simple graphical technique it is possible to determine such move-
ments, Two case studies illustrate the use of such a method for
providing a reasonably quick insight into the flow patterns within

a rock mass.
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INTRODUCTION

The method consists of collecting samples of water from a reason-
able number of locations which can be identified on a map so that
the appropriate geological sections can be studied for their chem-
ical content. In general it is best to collect samples from areas
where there is natural groundwater flow, Stagnant pools of water -~
give rather inconsistent results because of local changes such as
evaporation etc, Further the geochemical analysis yields better
results in confined aquifers as opposed to unconfined aquifers
because in the first case the fluid travels over a much greater
distance and therefore has a much better chance of absorbing
minerals. It is beyond the scope of this work to go into the
chemistry of different rock and soil types. The interested reader
is referred to (71-74).

SCHOELLER'S GRAPHICAL METHOD

Analysis of a large amount of data from many observation points
can be bery tedious if care is not taken to present it adequately.
After an examination of different methods it was decided that the
Schoeller method (74) of graphical representation is by far the
clearest, In this method semi logarithmic graph paper is used. On
the logarithmic axis is plotted the concentration, in parts per
million, of a given chemical. On the linear axis different elements
are plotted and it is essential that the distance between the
different elements is the same. The main advantages of the semi-
logarithmic display are according to Schoeller:

(a) Values are absolute and not percentages

(b) It is possible to present a lot of data on one sheet

(¢) It is easy to compare relative values of different elements
i.e. the ratio of elements of a given type.

(d) On a lagarithmic scale if a straight line joins two points,
i.e. elements,A, B in one sample and is parallel to another
line joining points A' B' (the same elements) in another
sample the ratio of the elements A, B is unchanged in the
two cases.,

(e) In general flow from a lower to higher concentration gives
the direction of movement of groundwater.

CASE STUDIES

Gortdrum Mine

Geochemical tests were carried out by the author at Gortdrum mine
to assess the direction of groundwater flow in fissured sandstone
and also to see if the Tailings Dam contributed anything to the
aquifer, For reasons of economy and time only a few samples were
taken for chemical analysis. Fig.4.1 is a plan view of the mine
together with the tailings dam,
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Hl and H2 refer to horizontal drill holes at the bottom of the
mine which were installed as a dewatering measure. Fig.4.2 is

a section showing how leakage from the tailings dam could poss-—
ibly enter the sandstone aquifer.

v Tailings Dam
! \

boulder clay

horizontal hole

fractured sandstone OPEN PIT

~L.
-

-

red bands 55

FIG 4,2

The geochemical analysis were carried out to supplement the
piezometer investigation carried out by Sharp (75) to see if
there was any connection between the tailings dam and the sand-
stone aquifer. Samples were taken from the tailings dam, the
horizontal drains in the mine and the school pump. A Schoeller
diagram of the values is presented in Fig.4.3. It is immediately
apparent from Fig.4.3 that the sample from the slimes dam not
only shows different absolute values; but also the ratios indic-
ate that the samples are essentially different. The conclusion
that the slimes dam did not contribute to the aquifer agreed
with the piezometric observation made by Sharp (75). The remain-
ing three samples however, indicate the same shape with relatively
close absolute values. It is interesting to note that the absol-
ute value of mineral content increases and so does the ratio
Mg/Na from the school pump to the horizontal drains suggesting

a flow in the aquifer from South to North.

Conductivity values of samples were taken at the mine at different
locations and some of the values were as follows:
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TABLE 1

School Well 355.4

Point 1 241.5

River Gate 298.4
Horizontal Drain 1 380.6 yix3)
Horizontal Drain 2 343.6

Puddle at bottom of pit 425,0

The above table indicates that the conductivity of water has
increased from South to North. This could be due to the increase
in the mineral content (Fig.4.3) of water as it flows South-North.

4,2,2 SCAMMONDEN DAM

pressure
upstremn. west reliet
well
valley
downstream grout ™
fractured sandstone
"FIG 4.4

Fig.4.4 is a very simplified diagram of the dam site where samples
were taken for the purpose of geochemical analysis. The output at
the pressure relief well by far exceeds the expected value and it
was proposed that this excess amount of water could come from the
fractured sandstone, rather than the drainage system.

A sample of water was taken upstream of the dam and another from
the pressure relief well, Fig.4.5 is a Schoeller diagram of the
various elements from the two samples. There is a great deal of
similarity in the two diagrams indicating that there is very little
difference in absolute values of chemicals or alternatively, a
change in the ratio of the elements and thus the two samples could
belong to the same system. .
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If water was to flow through the grout curtain a much higher
value of Ca and HCO3 would be expected due to contamination and
long transit time. Such a simple test although not conclusive
gives a good idea as to areas where concentrated investigations
should be made,

CONCLUSIONS

The purpose of this chapter is not to give a detailed explan-
ation of how geochemical analysis ought to be carried out but

to present two very brief but self instructive case histories.
These two simple studies have shown how a simple test if correctly
executed and analyzed can give insight into areas where further
investigations should be carried out to determine in-situ hydr-
aulic parameters. A great number of geochemical tests ought to

be carried out in conjunction with inert tracer tests and/or
pumping tests to assess the amount of confidence that can be
placed in such methods,
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FLUOROMETRY

SYNOPSIS

A lack of sensitive, accurate and easy to use tracing techniques
lead to the development of fluorometric techniques. If the above
criteria are not satisfied tracing becomes qualitative, subject—
ive and cumbersome. After examining a multitude of tracing tech—
niques and commercially available equipment it was decided to
develop a field technique which would satisfy all the require-—
ments specified in Chapter 1. In this chapter the phenomenon

of fluoresence is explained prior to a discussion of the tech—
nique and construction of the tracing equipment. The final
product of the research programme on tracing was a borehole
device which could continuously monitor the presence of fluo-
resence and display the signal via a chart recorder. The bore-
hole fluorimeter is capable of picking up 1 part in 100 million
of fluoresin in clear water, or alternatively 1 gallon of 20%
solution by weight in water can contaminate 100 million gallons
of elear water.

This high degree of sensitivity permits a very sophisticated
way of tracers to study groundwater seepage. Laboratory results
of the calibration of the instrument for different fluorescent
dyes arve presented together with rvesults of the field applic-
ation,
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INTRODUCTION .

The use of fluorescein as a dye has been attempted by innumerable
workers in the field of geohydrology. A large majority of this
work has been of a qualitative nature where the detection of the
dye has been with the naked eye. Very little data is available
on quantitative measurements and what there is is usually based
on discrete sampling where samples of water are taken to the
laboratory for examination, The complex nature of fluid flow
through fissured rock masses makes the qualatative approach not
even worth attempting because prior to a test, little or nothing
is known about the whereabouts of the feneral direction and
velocity of flow. For example, in fissured rock the seepage vel-
ocity is very much higher than in a soil mass so the discharge
of the dye could occur at some point away from the point of in-
jection well before the observer has time to reach it. Further
the detection of a dye with the naked eye is so subjective that
it is liable to error unless vast amounts of traces are used to
contaminate the flow system.

WHAT IS FLUORESCENCE

A brightly coloured dye is plainly obvious because it selectively
absorbs light., A fluorescent material, however, upon absorbing
light instantly emits light at a different wavelength. The emitted
light is of a longer wavelength than the absorbed light. A material
which absorbs ultra violet may emit a longer wavelength ultra-
violet, blue, green, yellow or red light. Hercules (54) defines

the process of fluorescence more rigorously as consisting of photon
absorption by a molecule to go to an excited singlet state, relax—
ation from higher vibrational levels of that state to its lowest
vibrational level, photon emission to a vibrationally excited

level of the ground state, and again relaxation of the molecule

to the lowest vibrational level of the ground state.

COMMONLY AVAILABLE DYES

A vast number of dyes exist which are used for tracing., Each dye
has special properties (57) and therefore it is suggested that
careful attention is paid to the selection of a dye in a given
environment,

(a) Fluorecein: This 1s the most commonly available dye and is
detectable at fairly low concentrations. According to Feuerstein
and Selleck (55) it is the least ansorbed by sediment. Its proper-
ties do not vary significantly with temperature. At low levels
toxicity is negligible and the dye is inexpensive. A serious dis-
advantage of this dye is that it decays rapidly in ordinary day-
light.
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(b) Rhodamin B: This dye is commonly available although slightly
more expensive than Fluorescein. It is a dye which is used in
hydrogeological studies (56) because it is fairly independent

of pH value and also is not seriously affected during its passage
through limestone or clay type materials. Further it does not decay
in daylight.

(¢) Rhodamin (WT): This dye is only available through Du Pont., It
is claimed to be much more resillient than Rhodamin B in as far as
absorption is concerned. Of the three dyes (a) - (c) tested in the
laboratory for the properties already mentioned, Rhodamin (WT) gave
the highest fluorescent emission and generally proved to be the
best dye. Unfortunately, it is more expensive than (a) and (b).

BOREHOLE FLUOROMETER

An instrument for detecting and measuring fluorescence is called
a fluorometer. The instrument was designed to fulfill the following
specifications with a view to its use in geohydrological problems.

(a) The instrument should be such that it can be used in-situ in
the field, This limits the instrument in terms of size for port-
ability. Since a large amount of information on underground flow
is accessable only in terms of communication through a borehole,

a device that would go down such a cavity would be essential. Most
exploratory holes in Mining & Civil Engineering are three inches
in diameter therefore it was decided to build an instrument which
could easily slide into a borehole that size.

(b) In view of the complex nature of seepage flow and unknown flow
velocities it was decided to build an instrument which could be
placed in a flow system and allowed to register automatically with
the tracer concentration via a chart recorder. The main advantage
being that a continuous record of the tracer concentration could
be kept from the time of injection of the tracer. By integrating
the curve under the concentration—time curve it is possible to
calculate the percentage recovery of the tracer. In an anisotropic
system the direction of flow is not parallel to the direction of
the hydraulic gradient and therefore the seepage velocity can be
grossly inaccurate if it is based on the transit time of a tracer
front from one well to another without due regard to the anisotropy.

(c) The sensitivity and accuracy of the instrument should be such
that it can detect minute quantities. If the instrument can measure
quantities in the range of 1 part per 100 million tracing becomes
an economic proposition. Vast aquifers can be thus contaminated;
but not in such a way that the introduction of the dye can become

a pollution hazard.
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(d) The instrument should be such that it should be rugged.
However, a combination of sensitivity, accuracy, portability
and ruggedness 1is extremely difficult and this constituted a
major part of the effort into the design of such a device.
(e) The tracers to be used are cheap and easily obtainable.
(f) There is little or no pollution hazard.

(g) The cost of the instrument within the scale of the Mining

and Civil Engineering Industry.

5.2.1 ESSENTIAL CONCEPT OF THE BOREHOLE FLUORIMETER

== i

— photomultiplier ]

— read
out

secondary
H,0O ) filter

mercury lamp

/ } power
sidey/ A Primary
cell filter

FIG 5-1
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Fig.5.1 is a schematic diagram of the instrument. A low pressure
mercury lamp provides the ultraviolet radiation required to cause
fluorescence. The radiation passes through a primary filter (which
maximises the excitation wavelength) into the sample cell which is
continuously fed with 'tagged water". The wavelength of the incident
light is such that it causes fluorescence of the dye. The emission
signal is passed through a secondary filter which maximises the
emission wavelength and finally the signal is picked up by a photo-
multiplier where the radiation is converted into an electrical
voltage which is amplified and finally the output is displayed in
digital or graphical form.

(A) Low pressure mercury lamp

This lamp was chosen for two reasoms: (i) the majority of the out-
put of the lamp was concentrated in the region of 253.1mm mercury .
line, (ii) the size of the lamp was small and it required a low
voltage supply.

(B) Sample Cell

The errors caused by the sample cell can be enormous and are fully
discussed by Hercules (54). The windows of the cell have to be
such that they do not emit eluorescence. After extensive tests
fused quartz windows were decided on and they had to be specially
cut and polished for this particular application. The inside of
the cell was painted matt black very carefully so as to avoid

any internal reflections, so that the emission monochromator only
sees the fluorescence and not the reflections off the walls. The
right—angle bend design is used so that the emission monochro-
meter does mot see the input source directly, since filters are
never 1007 efficient.
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(c) Filters:

To a large degree the success of the system depends on the choice
and efficiency of the filters. If possible absolutely no visible
light should be allowed to enter the sample cell because this could
easily be mistaken by the photomultiplier to be the fluorescence
signal, Interference filters are about the best way of transmitting
a narrow part of the waveband. The transmission efficiency of the
particular_filter used was 257 at 254mm. but not greater than 0.17
on the visible range. The secondary filter, an interference type
maximised at 584mm. with a high degree of efficiency. The filter
for this application has to be specially made owing to the constraints
provided by the size of the instrument. These filters were chosen
for Rhodamin (WI) as a tracer.

(d) Photomultiplier

A nine stage photomultiplier was chosen for its size of spectral
response that would be encountered with Rhodamin and Fluorescence,
The photomultiplier did however, require an expensive stable high
voltage supply.

Further details of the equipment and design of electronic compon-
ents 1s provided in the appendix. Also included are detail character-
istics of the system without a tracer, e.g. electrical response to
clear water, etc.

5.2.2 OPERATION OF THE BOREHOLE FLUOROMETER

Fig.5.2. is a close~up photograph of the inside of the Fluorometer.
Water is sucked into the input end by a turbine pump, pushed into

the sample and out through the top of the instrument. The instrument
can be lowered on the reinforced cable into a borehole, lake, reser-
voir etc. The only requirement is that the instrument is well shielded
from daylight as it would be 1f it were down a hole. A tracer such

as Rhodamin is injected upstream of the instrument and monitoring
begins as the controls are switched on. Fig.5.3.

5.2,3 LABORATORY TESTS

Laboratory tests were carried out on the probe prior to the use

of tracers. This was done to assess the effectiveness of the sample
cell in terms of being light proof and also the efficiency of the
secondary filter was tested. The main advantage of a good light seal
is that the photomultiplier can be used at maximum sensitivity with-
out overloading it. This can be seen in Fig.5.3 where BH represents
the output from the photomultiplier for a range of accelerating
voltage for the case of clear water.
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An output of 0.1 A at an accelerating voltage of 1300 volts indic-
ating that the photomultiplier is being used at its peak sensitivity.
Without the secondary filter the signal at low concentrations was
very unstable and liable to drift with time. This drift could be
association with the unstable light from the mercury lamp. However,
the use of a secondary filter eliminated all the problems giving

a clear set of points for a tracer concentration of 1 part in 100
million as indicated in Fig.5.3.

A large number of carefully controlled solutions were made with
Rhodamin (WI) so that a calibration curve of the amplifier output
could be made with concentration of the tracer in water. Fig.5.4.
shows such a calibration for a 20% layout solution of Rhodamin.

It is clear from the diagram that the instrument is very sensitive
in picking up small changes in the tracer concentration and that
the results are relatively free of drift.

FIELD TRIALS

Preliminary trials were carried out in Altwen to test the fluoro-
meter under field conditions. In Chapter 2 the location of the
boreholes is described in detail. Rhodamin (WT) was introduced into
the inclined hole (Hole C) which is upstream of the vertical hole
(Hole A). The borehole fluorometer was lowered down hole A and
switched on prior to tracer injection so that it could settle down
to a steady state., In the preliminary trials it was proposed that
only the transit time of the tracer front from the time of injection
to pickup would be used to calculate seepage velocity. This assumes
that the tracer does not disperse and travels as a plug. As the
Rhodamin (WI) solution was injected into the inclined hole the chart
recorder was switched on. Fig.5.5. is an example of an early signal
in three different tests prior to the dye entering the fluorometer.
Fig.5.6 indicates the arrival of the tracer at the vertical hole.

Natural gradient from the inclined hole to the vertical hole=J=1/20

Transit time for dye
from inclined hole to vertical hole

80 minutes.

+*. Seepage velocity assuming zero = 300 x 12 x 2.54
dispersion 80 x 60

= 1.9 cm/sec.

Assuming Darcy for low gradients

V= KJ J

V = seepage velocity
KJ= joint conductivity
O.. 1'9

mo = 38 cm/sec.
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Assuring a parallel plate analogy for the horizontal bedding
fractures

the aperture of the fissure

e = 0,74 x 10_1 cm,

From pumping test data for the bottom section of the hole the

value of eKJ to nearest order of magnitude =

10_2 cmzlsec.

e . e =5,2x 10_2 cm,

the two values are within the same order of magnitude indicating
the test to be successful,
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APPENDIX

A simple program is included to show the influence of packer
spacing on a Lugeon test in a fissured rock mass.This problem
is discussed in section 3.3.2 part 2 of the thesis,

IMAX,JMAX refers to matrix size,i.e,IMAX=no of fissures in
the vertical direction,JMAX=no of frac in the Horz Direction,

RX and RY are permeability in the X,Y direction.,

For other symbols see section 3.3.2

This program is in Fortran 4 and is derived from Sharp(9)
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