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Abstract 

The main objectives of this study were to determine whether fractures Open or 
close because of changes in fluid pressure and what effect such changes in fracture aperture 
might have on fluid pressure distributions and flow rates within the fracture system. The 
research program consisted of (l) numerical, (2) field and (3) laboratory studies. 

A numerical model is presented that simulates the steady—state interaction of 
fluid pressures and stresses in fractured rock masses. This simulation requires the com- 
bination of two nonlinear equations and the use of two finite-element techniques, one for 
fluid flow in fractures and the other for stress analysis of the jointed rock mass. ‘The 

finite-element formulations are developed directly from the appropriate governing equations 
using the Galerkin method. 

The numerical model can simulate general two-dimensional plane strain problems in 
either vertical or horizontal sections as well as the axisymmetric case of flow to a well 
intersecting a system of horizontal fractures. Model studies with idealized fracture 
"systems showed that fractures open during injection and close during withdrawal and that 
injection rates are much greater than the withdrawal rates for corresponding pressure 
gradients. Also, the model studies showed that because of the difference in fluid pressure 
distribution, fractures with nonuniform apertures cannot be replaced with a system of 
fractures having equivalent uniform apertures. 

A borehole instrument (fracture deformation gauge) was developed and used to make 
in situ measurements of the changes in individual fracture apertures during fluid injection 
and withdrawal tests at Sambro, Nova Scotia. For a fracture located 29 ft below the ground 
surface a decrease in fluid pressure of ~7.5 psi gave a fracture closure of=e5 x l0'5 ft. 
The same fracture opened by x3 x l0'4 ft on account of an increase in fluid pressure of 
~20 psi. Very good agreement was obtained between the field measurements and the results of 
a numerical model study of the test site. It is shown that the fracture deformation gauge 
can be used to obtain in situ measures of the normal stiffness values (KN) of individual 
fractures. 

Laboratory measurements of changes in fracture apertures owing to changes of fluid 
pressure verified the numerical and field results. It is shown that the fluid pressure 
profile within a fracture plane is very sensitive to fracture opening and closing, and thus 
may provide an indirect means of detecting fracture deformation in field situations. 
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Résumé 

Dans 1a presente etude, on se propose essentieiiement de determiner si des frac- 
tures peuvent s'ouvrir ou se fermer iorsque 1a pression exercee par des fiuides varie, et 
d'eva1uer 1es effets que ces variations d'ouverture des fractures pourraient avoir sur 1a 
repartition de 1a pression des fiuides et 1es vitesses d'ecou1ement a 1'interieur du reseau 
de fractures. Le programme de recherche consiste en des etudes (1) numeriques, (2) effec- 
tuees sur 1e terrain et (3) en laboratoire. 

On presente ici un modeie numerique, qui simuie 1'interaction en regime permanent 
des pressions exercees par ies fluides, et des contraintes qui existent dans les masses 
rocheuses fracturees.' Pour cette simulation, i1 est necessaire de combiner deux equations 
non iineaires et d'uti1iser deux techniques differentes des eiements finis, 1'une applicabie 
3 1'ecou1ement fiuide dans 1es fractures, et 1'autre a 1'ana1yse des contraintes dans 1a 
masse rocheuse diaciasee. La formuiation des eiements finis est etabiie directement a 
partir des equations directrices appropriees, par la methode de Gaierkin. 

Le modele numerique peut simuier des probiemes generaux de contraintes pianes 
(bidimensionneiies), dans des coupes verticales ou horizontaies, ainsi que des probiemes 
d'ecou1ement autour d'un puits traversant un reseau de fractures horizontaies (modeie avec 
symetrie par rapport a un axe). Les etudes de modeies effectuees sur des reseaux de frac- 
tures ideaiises ont demontre que 1es fractures s'ouvrent au cours de 1'injection et se 
ferment au cours du retrait, et que Ies vitesses d'injection sont bien superieures aux 
vitesses de retrait, aux gradients de pression correspondants. En outre, 1es etudes de ces 
modeles ont indique qu'i1 est impossibie de rempiacer un reseau de fractures a ouvertures 
non uniformes par un reseau de fractures a ouvertures uniformes equivaientes, en raison des 
differences de repartition de la pression des fiuides. 

On a mis au point un appareii de sondage (jauge de deformation des fractures), et 
on 1'a utilise pour effectuer des mesures sur 1e terrain des variations d'ouverture des 
fractures individueiies, au cours des tests d'injection et de retrait des fiuides reaiises 
a Sambro (Nouve11e-Ecosse). Dans le cas d'une fracture situee a 29 pi au—dessous de la 
surface du sol, une diminution de=z7.5 psi de 1a pression des fiuides a provoque une ferme- 
ture des fractures de==5 x 10-5 pi. La meme fracture s'est ouverte de ~3 x 10'4 pi, par 
suite d'une augmentation de v20 psi de 1a pression des fluides. On a observe une exceliente 
concordance entre les mesures effectuees sur 1e terrain, et ies resuitats obtenus par etude
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numérique d'un modéie du site expérimentai. 0n démontre ainsi qu'i1 est possibie d'uti1iser 

1a jauge de déformation des fractures pour obtenir des mesures sur 1e terrain des vaieurs 

norma1es de rigidité (KN) des fractures individueiles. 

Les mesures effectuées en iaboratoire, des yariations d'ouverture des fractures 

engendrées par des variations de pression des fluides, ont confirmé Ies résuitats obtenus 

des études numériques et.sur 1e terrain. On a ainsi démontré que 1e profil de pression des 

fiuides a 1'intérieur d'un pian de fractures réagit trés rapidement a 1'ouverture et a 1a 

fermeture des fractures, ce qui peut constituer une méthode indirecte de detection sur le 

terrain de ]a deformation des fractures. 

xvi



Nomenclature 

{F} 

fi

9
H 

Hb 
HW
I 

i, j, k, R 

[K] 
we 
[I<]‘” 

[Kn 
[KJ] 

KN 

Linear operator 
Submatrix of stiffness matrix 
Submatrix of joint stiffness 
matrix 
One-half fracture aperture 
One-half initial fracture 
aperture 
Cohesion 
Moduli matrix 

Total derivative 

Elemental boundary 
Elemental region 
Young's modulus 
Force vector 
Components of body force per 
unit mass 
Acceleration owing to gravity 
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Hydraulic head on the boundary 
Hydraulic head in the borehole 
Identity matrix 
Nodal points 
Stiffness matrix 
Element stiffness matrix 
Stiffness matrix for rock block 
Fluid conductivity matrix 
Joint moduli matrix 
Normal stiffness: ratio of the 
normal force acting on a joint 
to the normal displacement 
across the joint 
Fracture flow term when express- 
ed in terms of pressure 
gradients 
Shear stiffness: ratio of the 
shear stress acting on the 
joint to the shear displacement 
along the joint 

[N] 

NN 
NP 

x’ n 

{P} 

xvii 

Hydraulic conductivity of 
fracture 
Area permeability 
Length, also denotes fracture 
length 
Incremental distance along 
fracture 
Two-dimensional element shape 
function 
Number of structural nodal points 
Number of flow nodal points 
Direction cosines of the outward 
normals 
Fluid pressure at flow nodal 
points 
Fluid pressure in centre borehole 
Fluid pressure surrounding rock 
sample 
Injection pressure 
withdrawal pressure 
Pressure differential (= P1-P2) 
General fluid pressure term 
Fluid pressure distribution with- 
in fracture system 
Measured flow rate 
Flow rate in deformable fracture 
Flow rate in rigid fracture 
Flow rate in fractures 
Prescribed flow rate 
Residual 
Radial coordinate 
Radial distance to flow boundary 
or radius of influence 
Radius of well 
Total surface area 
Surface on which fluid pressure 
or flow rates are prescribed 
Surfaces on which stresses are



prescribed; include interior a 
surfaces where fluid pressures 
are applied Y 
Surface area over which displace— f 
ment is specified Yrz 

Time, or transpose (when used YXY 
as superscript) 
Traction forces, including fluid 
pressure effects on the rock A2b 
surface 5 
Initial traction forces 5 
Prescribed traction forces R 

Traction forces acting on the 59 
bottom side of the joint element 6" 
Traction forces acting on the top {5}e 
side of the joint element 
Displacement vector 8 

Prescribed displacements [8] 

Displacement parallel to the 
joint plane 
Transpose of displacement vector 
Displacement in X direction 

of 
Displacement in y direction 95 
Region of interest 0 
Average fluid velocity [0] 
Velocity components in the coor- 
dinate directions (i = l, 2, 3) o0 
Domain of the fluid [6 1 

Domain of the rock mass Ge 

Displacements perpendicular to °n 
the joint plane T 
weighting function Tf 
Global coordinates; X3 axis rz parallel to the direction in T which the gravity force acts xy 
Local coordinates; axis direc- Q 

tions related to fracture orien- 
tations 
Global coordinates of flow or ¢ 
structural nodal point i 

Local coordinates of flow nodal V 

point i Vé( ) 

Vertical coordinate in axisym- V 
metric systems» 

Xviii 

Linear interpolation constants 
(i = l to 6) 
Specific weight-of fluid 
Shear strain, polar coordinates 
Shear strain, Cartesian coor- 
dinates 
Area of triangle 
Change in fracture aperture 
Nodal point displacements 
Displacement because of rock 
strain 
Displacement owing to gravity 
Initial displacements 
Nodal point displacements 
Strain 
General form of the strain 
tensor 
Dynamic viscosity of fluid 
(l) Kinematic viscosity 
(2) Poisson's ratio 
Fluid density 
Density of rock blocks 
Stress 
"General form of the stress tensor 
Residual stresses 
Initial stress tensor 
Effective normal stress 
Normal stress 
Shear stress 
Shear stress at failure 
Shear stress, polar coordinates 
Shear stress, Cartesian coordinates 
(l) Force potential 
(2) Shape function for flow 

elements 
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plane 
Gradient operator 
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Conversion Factors 

The units of measurement used in this report can be converted to Standard 
International (SI) units in the foilowing way. 

Muitigix 

Inches 
Feet 
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Square inches 
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Cubic inches 
Cubic feet 
GaI1on (U.S.) 
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Introduction 

DESCRIPTION OF PROBLEM 

In metamorphic and crystalline rock masses, fractures (discontinuities) represent 
the primary flow paths. Fractures generally occur in sets, and most fractured rock masses 
contain at least two or three fracture sets. In many parts of the world fractured rock 
aquifers are the main source of domestic groundwater supplies. Production from individual 
wells is in part a function of the number of fractures intersected by the well and the 
permeability of each fracture. 

It has been found that the standard methods of pump test analysis developed for 
isotropic, porous media cannot be applied to wells completed in fractured rock aquifers 
(Lewis and Burgy, l964). This may be largely because the assumptions on which the methods 
of analysis are based are not applicable to pump tests in fractured rock aquifers. In 

addition, if fractures deform with changes of fluid pressure the resulting decrease in 
fracture permeability with increased drawdown in the pumping well may also be a contribu- 
ting factor. 

Bernaix (I967) has shown in laboratory tests that a significant increase in the 
effective stress andnthe resulting closure of a fracture are reflected in a significant 
decrease in the permeability. This stress-permeability relationship has been inferred from 
pumping tests on the Rocky Mountain Arsenal well near Denver, Colorado. Evans (I966) 
reported that the well drawdown was rapid during pumping (increase in effective stress), 
but that the fractured metamorphic rock aquifer in which the well was located accepted 
large flow rates during injection (decrease in effective stress), suggesting that the frac- 
ture permeability increased with more pressure in the well. 

In unconsolidated aquifers the deformations resulting from a decrease in pressure 
have been the subject of several theoretical discussions, e.g., Verruijt (l969) and Helm 
(I974). The surface displacements produced by the pumping of unconsolidated aquifers are 
significant and have been measured by Davis, Peterson and Halderman (l969), Wolff (l970) 
and Helm (l974). 

Karanjac (l97l) has discussed the effects of pressure changes on storage and 
permeability in porous elastic aquifers. In the case of fractured rock aquifers where 
there is effectively no primary permeability, very little work, if any, has been done on



the effect of a deformable fracture system on the behaviour of a well completed in such a 

system. Snow (l968a) developed an equation of groundwater flow for deformable fracture 
systems based on a linear relationship between the change in contact load between rock 
blocks (or the change in fluid pressure) and the change in aperture. A similar equation 
was developed by Serafim (l968). Shehata (l97l) modified Snow's equation to account for 
his laboratory determined semilogarithmic relationship between applied load and change in 
fracture aperture. No rigorous attempt has been made to apply these equations to problems 
of well behaviour in fractured rock systems. 

Direct field observations of fracture deformation resulting from fluid pressure 
changes are limited. Snow (l968a) described an 80-ft deep water supply well at the Cecil 
H. Green Observatory, Bergen Park, Colorado. This well is drilled in highly fractured 
metamorphic rock; a 30-ft drawdown in the well produced radial and tangential ground 
strains of 1o'7 to 1o‘3 at distances up to 250 ft to 300 ft from the well. 

Using conventional packer injection tests, attempts to evaluate the hydraulic 
characteristics of saturated fractured rock systems, where the rock blocks are essentially 
impermeable, have in some instances demonstrated a nonlinear relationship between pressure 
and flow rate (Louis, l969; Snow, l968a). Maini (l97l) has suggested that this nonlinear- 

ity can be attributed to 
(a) kinetic energy effects, 
(b) nonlinear pressure-flow laws, 
(c) leakage past packers, and 
(d) increase in fracture aperture. 

Maini evaluated the relative importance of these four factors but did not conclusively 
determine the dominant factor. If we consider the pressure—flow rate results of Louis and 
Maini (l970) for very deformable and normal rock (Fig, l), we are led to the conclusion 
that fracture deformation can be an important factor in some field situations. 

I Figure l. Typical results of field water 
van Demrmobm ‘ tests: (l) laminar flow, 

Rock I (2) turbulence effect, _“\‘\\y (3) turbulence offset by fis- 

I 
4 sure expansion, (4) predomi- 

nance of fissure expansion ef- 
w I’ . fects (after Louis and Maini, 

2 / 
" l970). 

é / Normal 
3 / . Rock 
[L / 3

/ 
./2 

I

. 

O 
.n> 

Gradient or Pressure



Most workers (Wilson and witherspoon, l970; Louis, l969; Snow, l965) have used 
the parallel plate analogy to determine an expression for fracture permeability which 
states that the hydraulic conductivity of a fracture is a function of the aperture squared. 
The flow rate per unit cross-sectional area of the fracture is a function of the aperture 
cubed. 

Thus it can be appreciated that a small change in fracture aperture will have a 

considerable influence on the discharge from that fracture. when fluid is injected into or 
withdrawn from a well the greatest pressure change occurs at and in the immediate vicinity 
of the well bore. Therefore it is important to know whether the fracture apertures will 
open or close significantly as a result of fluid pressure changes during injection or 
withdrawal tests. Also, if deformation does occur it is important to know whether it is 
recoverable or nonrecoverable or a combination of both, since this would determine whether 
the permeability of the fractures intersecting the well would be permanently changed. 

OBJECTIVES AND SCOPE 

A three-part program of research was undertaken with two objectives: 
(l) to determine whether fractures do deform as a result of changes of fluid pressure with- 
in the fracture plane and (2) if the fractures deform, to determine what effect fracture 
deformation has on fluid pressure distribution, fracture permeability and flow rate within 
a fractured rock mass, The research program consisted of 

(l) a numerical model study of the interaction of fluid pressures and rock stresses; 
(2) a field experiment to measure in situ the changes in fracture aperture owing to 

changes of fluid pressure; and 
(3) a laboratory study of fracture deformation using large-diameter rock cores. 

The numerical model consists of two finite-element programs: a two-dimensional 
plane strain program to model the displacements and stresses in the rock blocks and frac- 
tures, and a one—dimensional program to model flow in the fractures (Noorishad, witherspoon 
and Brekke, l97l). The programs are coupled by the interaction of the rock stresses and 
fluid pressures. The rock mass is idealized as a system of rock blocks and discrete 
fractures. The blocks are assumed to be impermeable and thus flow occurs only in the 
fractures. For the flow analysis the fractures have been idealized as parallel plate 
openings. 

The computer program can simulate both two-dimensional vertical and horizontal 
sections and axisymmetric fractured rock bodies. The emphasis in this study is on the. 
axisymmetric case. Thus later in this report, flow to a well intersecting a system of 
horizontal fractures is simulated.



The field experiment consisted of attempting to measure in boreholes the changes 
in fracture aperture because of varying fluid pressures resulting from injection and with- 
drawal. The necessary borehole equipment was designed'and fabricated. The experimental 
nature of the equipment limited the tests to fractures within the first 50 ft of the ground 
surface. The equipment arrangement did not permit a precise determination of the changes 
of flow rate for given changes in fracture aperture. In addition, the flow boundaries 
could not be accurately determined in the field. 

To determine simultaneously the fluid pressure, flow rate, aperture changes and 
applied load under known boundary conditions, a laboratory study was undertaken with a 3-ft 
diameter rock core, 6 ft long. Artificial fractures were formed normal to the axis of the 
core. This presented a situation that could be simulated using the numerical model. It 

should be noted that the artificially created fractures have fresh surfaces that have 
strength characteristics different from the weathered fractures found in most field 
situations. 

Using the large rock core and test equipment available at the Richmond field 
station of the University of California, it is possible to simulate injection and with- 
drawal in a horizontal fracture system for compressive stresses up to 4,000 psi and changes 
in fluid pressures of up to 1,000 psi. Thus a variety of pumping conditions at depths that 
would be out of reach for any field experiment can be simulated. Comparison of the numeri- 
cal model and laboratory results serves to verify the numerical model and increase confi— 

dence in the field measurements. 

PREVIOUS WORK 

Flow in Fractured Rocks 

wilson and witherspoon have thoroughly reviewed the work on fluid flow through 
fractured rocks, in the fields of both groundwater hydrology and petroleum engineering. 
Their work includes an extensive set of references that is essentially complete to l970. 
A brief summary of the work done prior to l970 will give an appropriate background for the 

more detailed discussion that is presented later of the work published since then. 

In this report, following the convention of wilson and witherspoon, the term 
"fracture" is used for most discontinuities within a rock mass. The word "joint" will be 

generally employed in connection with the finite-element joint model to conform to the 
convention of the original authors (Goodman, Taylor and Brekke, l968).



Snow (1965) has presented a comprehensive review of fracturing or discontinuities 
based on the existing geological literature. Hodgson's (l96la, l96lb) careful study of 
fracture characteristics provides a basic framework for describing fractures in the field 
and does much to extend the understanding of how fractures can act as conduits. Snow 
(l965), Kiraly (l969) and Mahtab et al. (l972) have contributed to the statistical descrip- 
tion of the orientation of fracture systems. Parsons (l972) has used the approach of Snow 
and Kiraly in a study of the contribution of flow in fractures to the regional groundwater 
flow system. A review of the literature shows the necessity for a consistent terminology 
with which to describe and map fracture characteristics and fracture systems in the field 
for groundwater purposes. 

Mathematical modelling of fluid flow in fractured rock masses has been in two 
directions: (1) deterministic models where the geometry of the fracture system is assumed 
to be known and (2) statistical models where the geometry of the fracture system is 
represented by appropriate statistical distributions. 

The approach in the statistical work has been to develop an equivalent porous 
medium model that describes the hydraulic behaviour of the fracture system. If the rock 
blocks are porous it is generally assumed that they provide nearly all of the storage, 
while the fractures act as the main conduits (Barenblatt, Zheltov and Kochina, l960). The 
major contributors in the statistical approach have been Snow (l965) and Romm and Pozinenko 
(l963). In both papers the properties of the fracture system (fracture orientation, spac- 
ing and apertures) are used to develop a permeability tensor describing the hydraulics of 
the rock mass. This approach is dependent on determining the fracture aperture distribu- 
tion. Snow (1965) has contributed to this area by using the statistics of borehole injec- 
tion tests to obtain the aperture distribution parameters (Snow, l968b and l969). An 
attempt by Bianchi and Snow (l968) to measure fracture apertures directly by using a photo- 
graphic technique on bedrock exposures verified Snow's (l965) assumed log normal distribu- 
tion for the apertures. The aperture distribution parameters determined from the field 
study, however, were considerably larger than the distribution parameters calculated for 
similar rock types using Snow's injection test approach. Bianchi and Snow have attributed 
this difference to weathering and stress relief at the surface. Thus the size of the 
apertures is the most difficult parameter to measure and remains one of the most important 
parameters in any analysis of flow in fractured rock masses. 

In the deterministic models, each fracture is modelled separately using an 
approach based on network analysis. The cost of obtaining the necessary data for such 
models is high but related to the accuracy required. Louis and Pernot (l972) used drill 
holes and adits to determine the geometry and nature of the discontinuities at a 
dam site in France. with improved borehole technology and the greater emphasis on safety, 
this sort of investigation will become routine, providing considerable input data for



deterministic models. The decision to use either a deterministic or a statistical model 

is dependent on the scale of the.structure or area relative to the spacing and size of the 
important discontinuities as well as on the ability to collect the appropriate fracture 
data. 

Wilson and witherspoon developed a finiterelement deterministic model of 

discrete fracture systems. The fractures were assumed to be rigid. This approach was used 

, 

to investigate several different flow problems including the effects of fracture aperture 

size on flow under a dam and the effect of tunnel size on groundwater inflow. 

Considerable work has been done by the petroleum industry on the movement of 

fluids in fractured reservoirs. Much of this work has been statistical (Law, 1944; warren 

and Price, 1961). From core-analysis and pressure test data, warren and Price concluded 

that the most probable behaviour of a heterogeneous system with single-phase flow is simi- 

lar to that of a homogeneous system having a permeability equal to the geometric mean of 

the permeability distribution for the heterogeneous system. 

warren and Root (T963) extended this approach to naturally fractured reservoirs 

using a two-porosity model similar to that of Barenblatt, Zheltov and Kochina; their 

model contained a primary porosity (intergranular) and a secondary porosity (fractures, 

joints and vugs). The primary porosity was considered to contribute significantly to 

storage but negligibly to conductivity; the opposite is true for the fractures or second- 

ary porosity. 

The model of warren and Root consists of an array of homogeneous, isotropic, 

rectangular parallelepipeds, bounded by an orthogonal system of continuous, uniform frac- 

tures. Each fracture is parallel to one of the principal axes of permeability; the 

fractures normal to each of the principal axes are uniformly spaced and are of constant 

width. They observed that the time required to achieve approximate steady-state conditions 

in a heterogeneous reservoir is one or two orders of magnitude greater than it is in a 

homogeneous reservoir. 

Parsons (l966) studied two separate cases of fractured rock systems using two- 

dimensional mathematical models. In the first case, a regular fracture model was devel- 

oped. This model could have any number of regular vertical fracture sets, with the 

restriction that the fractures in each set must have the same orientation, width and 

spacing. The parallel plate law was the governing flow equation. If, for the situation 

above, the matrix is assumed to be permeable and fluid is permitted to move freely between 

the fractures and the rock blocks, then this model, according to Parsons, is equivalent to 

a homogeneous anisotropic medium. Parsons assumed that the pressure fields in the two 

systems were identical and that superposition of the two systems would cause flow in each 

to behave as if the other were not present.



Parsons also studied a heterogeneous fracture model with fractures having varying 
hydraulic conductivity but placed in a given pattern in an impermeable medium. He consid- 
ered this model to be equivalent to a heterogeneous network of resistors. His results 
verified the conclusion of warren and Price that for orthogonal fracture patterns when the 
conductivity values are not too dispersed, the geometric mean of the conductivity distribu- 
'tion is a fair approximation to the overall conductivity. 

Kazemi (l969) extended the work of warren and Root to unsteady flow in a finite 
circular reservoir consisting of a set of uniformly spaced horizontal fractures with an 
intervening permeable matrix. Flow to the well is assumed to take place largely through 
the high-capacity fractures. The results obtained from Kazemi's model essentially verified 
the results obtained by warren and Root. Kazemi concluded that the behaviour of a frac- 
tured reservoir approaches that of an equivalent homogeneous reservoir at large times. 

In a sequel to Kazemi (l969), Kazemi, Seth and Thomas (1969) applied the double 
porosity model of warren and Root to the interpretation of interference tests in naturally 
fractured reservoirs assuming a uniform fracture distribution. Results of their analyses 
demonstrated the marked anisotropy of the reservoir in that for early time responses, an 
equivalent homogeneous model does not adequately depict interference effects in naturally 
fractured reservoirs. For later times, however, the agreement was good, which corresponds 
to the results of Kazemi. 

Hantush (l966), assuming that fractured rock aquifers can be represented as equi- 
valent anisotropic aquifers, presented a method for analyzing pump test results for the case 
of an infinite homogeneous anisotropic leaky (fractured rock) aquifer. Using the sane 
approach, Hantush and Thomas (l966) developed a similar method for analyzing pump tests in 
nonleaky aquifers. To obtain significant results from the solutions above, observations 
should be made in at least two linear arrays of observation wells if the principal direc- 
tions of anisotropy are known. Three linear arrays are needed if the principal directions 
are not known. These observation wells are necessary in order to define completely the 
elliptical shape of the drawdown cone from which the major and minor axes, corresponding to 
the principal axes of anisotropy, can be determined graphically. The cost of such arrays 
of wells could prove to be a decisive limiting factor. 

A more practical method was presented by Papadopulos (1967) for the two- 
dimensional case of a well discharging from an infinite homogeneous anisotropic aquifer. 
The anisotropy is assumed to be the result of joint patterns causing permeability varia- 
tions in different directions. The final form of the solution obtained by Papadopulos 
contains three independent components of the transmissivity tensor and the storage 
coefficient. Thus, a minimum of three observation wells oriented in a selected pattern 
with respect to the orientation of the fracture system is required.



Rofail (l967) also proposed a method for analyzing pump tests in fractured 
rocks based on the radial flow equation developed by Polubarinova—Kochina (l962). Using 
the solution to this equation, Rofail plotted type curves for the well function. The 
method appears to be somewhat restricted by the use of coefficients, borrowed from 
Barenblatt, Zheltov and Kochina, to describe the fracture geometry. Also, the method 
proposed does not appear to account for a noncircular drawdown cone, since it is suggested 
that drawdown data from one observation well or one array of wells would be adequate for 
determining the aquifer parameters. 

An extension of work in the petroleum industry is that of Gringarten and 
witherspoon (l972) in which Green's functions were used to model flow to a well that inter- 

sects a single fracture. Using type curves, the authors were able to distinguish between 
aquifers with horizontal and vertical fractures by using drawdown data from either the 
pumping well or some nearby observation well. This approach is greatly improved by the 
collection of drawdown data during the early part of the pump test. 

Experimental work on Flow in Fractures 

One of the earliest and most extensive laboratory experiments on flow in frac- 

tures was conducted by Lomize (l95l). Lomize used plates to model fractures with variable 

cross sections and curvilinear outlines. Louis (l969), in a study (based on Lomize's 

work) of the stability of fractured rock slopes, performed a series of laboratory experi- 

ments with single fractures- Louis pointed out the importance of fracture roughness for 

flow in fractures and he formulated a series of flow laws to account for several different 

fracture roughnesses. From numerical and laboratory results, Louis (1969) concluded that 

turbulence would not have an important effect on the flow or pressure distribution in a 

fracture system. 

From the results of laboratory tests on a single natural fracture, Sharp (l970) 

questioned the theoretical relationship that flow in a fracture varies as the cube of the 

aperture. Sharp assumed that his fracture was closed when a measurable flow rate was still 

occurring. He investigated the effects of changing the aperture size by measuring the flow 

rates from which he subtracted the reference flow rate for the "effective zero" opening. 

Sharp concluded that the discharge was related to the aperture by some exponential factor 

less than three. A review of his data, however, suggests that the cubed relationship was 

still valid for his experimental conditions if one takes the flow rate corresponding to the 

"effective zero" opening into account. 

The basic parallel plate flow model, as applied to fracture flow, is derived from 

the Navier—Stokes equation by assuming an average flow velocity, One should not attempt to 

account for the reduced flow rates in fractures where roughness of the fracture walls is a



significant factor by varying the basic cubic relationship. Instead, one should either 
alter the size of the aperture, making it a function of the space coordinates, or expand 
the basic parallel plate relationship by adding a compatible term to compensate for the 
deviation of the fracture in question from the concept of smooth parallel walls. 

Sharp also completed an extensive study of the different methods of draining 
fractured rock slopes, using both digital and analog models. 

Maini used a transparent modelling material to duplicate a\natural fracture. By 
injecting dyes into the flow field Maini was able to demonstrate clearly the discontinuous 
nature of the flow field within the fracture plane. Maini also discussed the application 
of different methods of collecting and interpreting field data on the hydraulics of 
fractured media. More recently, a similar approach has been used by Louis (l974), which 
when combined with a knowledge of the fracture geometry, permits the determination of the 
three principal components of the permeability tensor. It should be noted that a rigorous 
solution to the calculation of the permeability tensor using data obtained from injection 
tests in oriented drill holes has been presented by Snow (1966). 

Jouanna (l972) conducted both laboratory tests and small-scale field tests 
on finely fissured mica schist. In the laboratory, the samples were placed under biaxial 
loading conditions and the changes in flow rate were measured. In the field, the flow 
rates for different levels of applied normal stress were measured. It is interesting to 
note that his test results show a nonrecoverable deformation for repeated stress levels. 
Jouanna has presented a considerable volume of field and laboratory data on the effects of 
mechanical loads on flow in finely fissured media. Jouanna's work was extended by Rayneau- 
(1972) to the study of flow in a single artificial fracture subject to changing external 
loads. 

Recent work by Sarda, Le Tirant and Baron (1974) also shows the dependence of flow 
on effective stress and the nonreversible nature of the flow during repeated stress cycles. 

Ohnishi and Goodman (1974) reported the results of triaxial and direct shear 
laboratory tests on artificial fractures in sandstones during which no drainage into or 
out of the sample was allowed. They measured induced pore pressures that were l0% to l5% 
of the deviator stress at peak load in triaxial experiments and 10% to 20% of the peak 
shear stress during direct shear experiments. Thus the induced pore pressures could 
significantly reduce the effective normal stress across a fracture and hence its shear 
strength.



Fracture Deformation 

As pointed out earlier in this Chapter, direct evidence of fracture deformation 
owing to changes of fluid pressure in the fracture system is limited. One of the first 
direct measurements of fracture deformation was performed by Davis and Moore (l965). They 
placed deformation gauges across a fracture at approximately 85 ft below the ground surface 
in a cave. They were able to measure relative movements (a few microns) of the fracture 
walls produced by earth tides. Snow (l968a) described an 80-ft deep water supply well at 

the Cecil H. Green Geophysical Observatory, Bergen Park, Colorado. This well, drilled in 
metamorphic rock, produced radial and tangential surface ground strains of l0'7 to l0'8 at 
distances of up to 250 ft to 300 ft from the well for a drawdown of 30 ft. In addition, a 

two—hour time lag was observed on the strain records every time the well was pumped. The 
measuring devices in this case were 80-ft long quartZ rod strain meters. 

More indirect evidence of fracture deformation, mentioned earlier, is the differ- 

ence between pumping into and out of a well (Evans) and the nonlinear relationship between 
fluid pressure and flow rate during injection tests (Snow, l965; Louis and Maini, l970). 

Shehata postulated the closing of fractures to account for reverse water level fluctuations 
in an observation well while a well in a nearby shear zone was being pumped. 

Laboratory measurements of fracture deformation have generally been associated 
with the determination of the deformability characteristics of fractures. Goodman (l974) 

has provided an extensive review of this work. Shehata presents the results of a limited 

number of laboratory tests in which he measured the force-displacement relationship for one 
natural and two artificial fractures. ' 

Theoretical and numerical studies of fluid flow in fractured rock masses, taking 
into account the deformable nature of the fractures, have been conducted by Noorishad, 
witherspoon and Brekke (l97l), Rodatz and wittke (l972) and Morgenstern and Guther (l972). 

Noorishad, witherspoon and Brekke (l97l) and Rodatz and wittke (l972) modelled the fractures 

as discrete elements. Morgenstern and Guther assumed that the fractured rock mass could 

be replaced by an equivalent porous media. How this assumption affects the fluid pressure 

distribution and flow rate in nonuniform fracture apertures is investigated in Chapter 2. 

Noorishad, witherspoon and Brekke combined two finite-element programs: a steady- 

state line element program to model flow through the fracture system, and a plane strain 

structural program incorporating joint elements to model displacements and stresses within 

the rock mass. The fluid pressures were allowed to interact with the rock blocks to simu- 

late a coupled stress-flow phenomenon. Using this program, Noorishad, witherspoon and 

Brekke have demonstrated the feasibility of studying the effects of fluid pressures on
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changes in fracture apertures. This approach has been modified here in order to model 
general two-dimensional plane strain and axisymmetric problems. The modification is de- 
scribed in Chapter 2. 

Recently, Duguid (l973) modelled nonsteady flow in porous fractured rocks using 
the finite-element method. His theoretical development is based on the two-porosity model 
of Barenblatt, Zheltov and Kochina and the elastic theory of Biot (l940). The fractures 
are described as a statistical distribution and flow in the fracture system is coupled to 
that in the porous blocks by a storage equation. Duguid presents some very interesting 
results in which he shows how the ratio of the fracture permeability to the permeability 
of the porous rock blocks affects the time required to reach a steady-state fluid pressure 
distribution. His approach, if combined with a discrete deformable fracture model, would 
provide a powerful analytical tool.
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CH1}\P11ER 2 

Theory of Fluid Flow in Deformable Fracture Systems 

INTRODUCTION 

The steady-state distribution of fluid pressures owing to flow in a rigid frac- 

tured rock mass, for given boundary conditions, is determined by the distribution of frac- 

ture apertures (wilson and witherspoon, 1970). In a deformable fractured rock mass, the 

distribution of fracture apertures is equally important, but the distribution of fluid 
‘ pressures is affected by the interaction of flow forces, body forces, initial stress con- 

ditions and boundary loads. The effective stress concept requires that the fluid pressure 

distribution must be compatible with the state of stress in the rock mass. A change in the 

fluid pressure changes the effective normal stress acting across a fracture. Since the 

fractures are assumed to be deformable, a change in the effective normal stress causes the 

fractures to deform (open or close), affecting both the pressure distribution and the flow 

rates within the fracture system. 

The method of analysis used in this study to investigate the interaction between 

fluid pressures and rock stresses is a modification and extension of an approach presented 

by Noorishad, witherspoon and Brekke. The basic approach consists of using two finite- 

element programs: (1) a one-dimensional line element program to model steady-state flow 

in the fracture system and (2) a two-dimensional plane strain program to determine the 

displacements and stresses in the fractured rock mass. The computer program has been 

modified to permit the modelling of irregularly shaped, two-dimensional, vertical and 

horizontal sections and has also been extended to simulate axisymmetric bodies of fractured 

rocks. In the vertical and horizontal sections, any number of fracture sets having arbi- 

trary orientations can be simulated. In the axisymmetric cases, the process of generating 

the elements in the horizontal plane restricts the model to horizontal or near-horizontal 

fractures. 

As will be shown later, the two finite-element programs are coupled by the inter- 

action of the fluid pressures and the displacements within the rock mass. The displacement 

and flow problems will be formulated using the more direct approach of the Galerkin method 

rather than the variational approach used by Noorishad, witherspoon and Brekke.
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Fluid flow in the fracture systems is assumed to be governed by Darcy‘s law where 
the permeability term, or the hydraulic conductivity (LT']), is derived by idealizing the 
fractures as parallel plate openings. 

The Reynolds numbers and flow velocities are computed as an average for a given 
fracture element. In general, the averaged Reynolds numbers were calculated to be well 
below 200, which is the upper limit for laminar flow in a fracture with parallel sides 
where the roughness does not exceed 0.5 (Louis, l969). Nevertheless, because of the 
variation of velocity in the radial direction, turbulent flow may exist near a well. 

GOVERNING EQUATIONS 

Flow in a Single Fracture - The Parallel Plate Analogy 

Equations describing fluid flow between two parallel plates have been derived 
by Polubarinova-Kochina (l962), Snow (l965), Louis (l969), Noorishad, witherspoon and 
Brekke (l97l), Bear (l972) and several others in the field of fracture flow. The deriva- 
tion of the equation presented here closely follows that of the previous authors. 

The Navier—Stokes equation for the flow of a viscous incompressible fluid may be 
written in the form [e.g., Bear (l972)] 

—5Ei-= 
i -<£; grad p + v V2 Vi (l) 

where 95%—L = the total derivative 

Vi = the velocity components in the coordinate directions (i = l, 2, 3) 

fi = the components of the body force per unit mass of the fluid 

of = the fluid density 

P = the fluid pressure 

v = the kinematic viscosity 

V2 = the Laplacian operator.

l3



The left-hand side of equation (1) represents the inertial term in the Navier— 
Stokes equation. For flow between two parallel plates (Fig. 2) and low fluid velocities 
(within the laminar regime) or fluids with high viscosities, the inertial terms can be 
disregarded because the viscous forces are much greater than the inertial forces. Thus 

*3 

Figure 2. Flow in a single fracture. 

fil 

a. Natural Frociure 
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b. Parallel Plate Opening 

the only active body force is gravity (g) and the gravity force potential can be written 

as grad (-gX3). Therefore equation (l) becomes 

v V2 vi = 9 grad (X + 59-) (2) 

For one-dimensional flow parallel to the x] axis,] equation (2) reduces to

X 1= 9 grad (X3 + -95) 
3 x3 of 

where grad X3 is a constant and represents the projection of the local coordinate x3 on the 

vertical axis of the global coordinate system. 

]The local coordinate system is X1, X2, x3; the orientation of the coordinate axes is 

related to the fracture orientation (Fig. 2).
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From physical considerations (Fig. 2), it can be shown that grad p is independent 
of x2 and x3 (i.e., the flow is laminar and 2b, the fracture aperture, is very small when 
compared with the fracture length). Integrating equation (3) with respect to x

2 
gradH(—):§)+Cx+D (4) V9 2 3

3 

V = 
Xl 

where H equals (X3 + BEE), the hydraulic head.
f 

For a viscous fluid, the fluid velocity profile between two parallel plates 
(Fig. 2) approximates a parabolic curve. If the plates are separated by a constant width 
(Zb) over their entire length, the velocity gradients in the x1 and x2 directions are equal 
to zero. Thus for one-dimensional flow, the boundary conditions are

< H N U‘ 0 for x 
X] 3 (5) 

and V II II I O’ 
ax 

0'0 
\/ 0 for x3 

As a consequence of equations (5) and (6) 

3 VX 
1 _ _ 

3 X3 
— 0 for x3 2 0 (7) 

Applying condition (7) to equation (4) it is found that C = 0, and hence from 
equation (5)

2 D = - %3 grad H b (8) 

Thus equation (4) becomes 

= _Jg 2 _ 2 
VX] 2v grad H(x3 b ) (9) 

and describes the velocity profile in a planar conduit. 

Integration of equation (9) between the limits of :b gives the discharge 
q (L3 T']) of fluid through a cross-sectional area [parallel plate opening (2b) multiplied 
by a unit length parallel to the x2 axis]:

3 
q = - g 1§—‘2’vL— grad H . (unitglength) (10)
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o 9 
or q = —-T§E- (2b)3 grad H. (unit 1ength) (11) 

pfg 3 . where kp = T§;— (Zb) . (unit 1ength) (12) 

is defined as the "area permeabi1ity" (Noorishad, witherspoon and Brekke, 1971); v in 

equation (10) has been rep1aced by the re1ationship 

JL V = 
of (13) 

where u is the dynamic viscosity of the f1uid. 

The average ve1ocity of f1ow para11e1 to the x] axis becomes 

pf g .. 2 3H 
Va "‘ ' T2? <2“ 53; 

(14) 

It can be seen that this expression describing f1ow between two para11e1 p1ates is 

ana1ogous to Darcy's 1aw and thus for f1ow in a p1anar smooth-wa11ed fracture the hydrau1ic 

conductivity (L T") is defined by 

of 9 
k = —2u— (2b)2 (15) 

_a

2 
which describes both the capacity of the fracture to transmit f1uid ($2) and the f1uid 

itse1f -1 .

u 

.Since in this study f1ow is considered either in horizonta1 sections through 

vertica1 fractures or in horizonta1 fractures (axisymmetric bodies), it is convenient to 

express equations (10) and (14) in terms of pressure instead of hydrau1ic head. Thus 

equation (12) is rep1aced by
' 

K = 12913-. (unit 1ength) - (16) 

when K is mu1tip1ied by the pressure gradient the units obtained are the same as those in 

equation (12), i.e., L3 T- 

F1ow in a Fracture System 

The differentia1 equations governing steady-state f1ow of an incompressib1e 

viscous f1uid in a fracture or joint are approximated from the Navier—Stokes equation by
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q = -:<p gg (17) 

A 12 _ and M (Kp M) — 0 (18) 

where equations (l7) and (l8) are the constitutive and continuity equations, respectively, 
Kp §%- is the volume of flow per unit of time through a cross-sectional area of the frac- 
ture, p is the fluid pressure and 2 is the distance along the fracture or joint. 

Assuming parallel plate flow, the fluid pressures pi and pj can be determined at 
each end of a fracture segment (Fig. 3), and hence the distribution of fluid pressures 
within the fractures. The fluid pressure is assumed to vary linearly within each fracture 
element. The boundary conditions are expressed by specifying either pressure or flow rate 
at the appropriate nodal points. 

Y -¢§i$? Figure 3. Flow in a fracture with 
A /95 parallel sides. 

=;x 

In analyzing fluid flow through a given fracture system, it is assumed that the 
geometry and permeability of individual fractures are known and that the system is divided 
into a network of fracture elements. Flow nodal points can be specified at any point along 
a fracture segment, but they must always include all intersections of fracture elements 
with each other and with the boundaries. An appropriate equation to describe the flow in 
each element is sought, and by summing the equations for all flow nodal points in the net- 
work, a matrix of equations can be developed that describes flow through the whole system. 
Solving the equations simultaneously provides a solution for the effects of flow at every 
point in the network.



Stress and Strain Analysis of a Fractured Rock Mass 

Metamorphic and granitic rock bodies can be idealized as a system of intact rock 
blocks bounded by discontinuities (faults, seams, joints, fractures, etc.). The stability 
and deformation of both natural and engineered rock structures are controlled to a large 
extent by the orientation and nature of the discontinuities in the rock mass. In this 
study to determine the displacements and stresses, the rock mass is divided into two 
constituent parts: (a) a homogeneous continuum which is idealized as a linear elastic 
solid and (b) fractures or joints which are idealized by planar surfaces on which both 
normal and tangential deformations can occur. 

Rock Blocks 

The general form of the equilibrium equation for the continuum phase of the rock 
mass is 

V.[o] + pS(f) = 0 (l9) 

where V is the gradient operator, V.( ) is the divergence of ( ), [o] is the stress tensor, 

ps is the density of the rock blocks and (f) is the body force per unit mass. The strain- 
displacement relationships are 

[5] = [v{u} + (v{u})T] (20) N|—- 

and the constitutive equation based on a linear elastic assumption becomes 

[cl = [D1 [e] + [o°1 (21) 

where [e] is the strain tensor, [D] is the moduli matrix of the material, [00] is the 

initial stress tensor and {u} is the displacement vector. In its general form, [D] is a 

fourth rank tensor, but for linear elastic isotropic materials under plane strain boundary 
T 

conditions [D] reduces to 

1 ]—‘_’— o 

[D] 
E(l-v) V ]v

0 
(-]+\)) (-l_2\)) 

]‘V 
1 2 -;' \) ° ° 2 l-\) 

where E is the Young's modulus of the material and v is the Poisson's ratio. The material 

relationships for axisymmetric rock bodies are given in most textbooks on rock mechanics or 

stress analysis (e.g., Zienkiewicz, 1971, p. 79).
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For the particular problems under consideration, the appropriate boundary condi- 
tions are 

{u} O on SD 
(23) 

{t} t on St 

where {t} indicates traction forces including fluid pressure effects on the rock surface, 
(“) denotes a prescribed quantity, S” is the surface area over which displacement is 
specified, and St indicates the surfaces on which stresses are prescribed including interior 
surfaces where fluid pressures are applied. The total surface area is given by 

S = S + S (24) 

Fractures 

~The material characteristics of fractures, in comparison with their spatial 
distribution, have only recently been the subject of detailed laboratory investigations 
(John, 1969; Goodman, l970; Ohnishi, l973; Goodman, l974). Goodman, Taylor and Brekke list 
the characteristics of fractures that should be incorporated in a finite-element represen- 
tation. These characteristics are summarized here:

I 

-(l) The dimensions of a fracture are much greater in two of its dimensions than in 
the third dimension normal to the fracture plane. Thus fractures closely resem- 
ble an irregular line rather than a zone of any appreciable thickness. 

(2) Fractures have no strength in tension but offer high resistance to compression. 
Normal deformation occurs under normal compressive stresses and may partly 
consist of plastic deformation. 

(3) Shear_displacement along a fracture is a function of the normal stress. At low 
normal stresses the fractures may open as a result of shear displacement and thus 
the shear strength is due to friction. At high normal pressures, shear stresses 
induce shearing through the irregularities in the fracture plane and thus the 
shear strength is a function of both cohesion and friction. In this report, 
shear stresses parallel to the fracture surface are very small and thus the open- 
ing (dilatancy) under low normal stress and the cohesion aspects of fractures 
under high normal stress can be disregarded. Laboratory tests have shown that 
small shear displacements (elastic deformation) do occur before shear failure 
takes place. 

(4) The constitutive model for a fracture can be taken as an elastic-plastic model 
where failure in compression is specified according to a Mohr-Coulomb hypothesis 

rf = C + on tan ¢ (25)
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where If is the shear stress at failure, C is the cohesion, on is the normal 
stress and ¢ is the angle of friction in the fracture plane. 

Joint element models that closely approximate the observed joint or fracture 
characteristics have been developed by Goodman, Taylor and Brekke (1968) and Ghaboussi, 
Wilson and Isenberg (1973). In this analysis, the joint element model of Goodman, Taylor 
and Brekke has been used (Fig. 4). This element was found to simulate joint behaviour 
satisfactorily for the range of stresses investigated. Their joint element model was derived 
from a potential energy equation, and the stress, displacement and constitutive relation- 

ships that were assigned to the element are summarized below. 

n,Vn 
) Figure 4. Joint element of Goodman, 

vk Taylor and Brekke (l968); 
? uk and vk are displacements 

I Top “,0 ,k parallel.and perpendicular 
J7)--—*”k to the joint plane at nodal 

l nag 
J. 

°»”s point k. 
Bottom 

)4 L 2. L/a—- 7! 

To describe the joint or fracture phase of a rock mass, the traction forces {t} 

are defined as 

= <5“: T> 

where on is the stress acting normal to the plane of the joint and r is the shear stress 

acting parallel to the joint surface. The condition of equilibrium to be satisfied becomes 

{tT} - {t3} = 0 ‘ (27) 

where {tT} and {t8} refer to the forces acting on the top and bottom sides of the joint 

element. The strain-displacement relationship is given by 

A 

top bottom 

. (28) 
top bottom 

where us and vn are displacements in the directions parallel to and perpendicular to the 

joint plane, respectively (Fig. 4). This relationship leads to the constitutive equation 

{t} = [KJ] {e} + {to} (29)
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where [K ] 
= [K5 

0 
(30) J 0 K 

and KN is the ratio of the normal force acting on the joint to the normal displacement 
across the joint and KS is the ratio of the shear stress acting on the joint to the shear 
displacement along the joint. The initial forces acting on the joint are represented by 
{to}. The normal and shear stiffness values of the joint KN and KS, respectively, are 

. defined as the slope of the force-displacement curves (Figs. 5 and 6). The solid lines in 
Figures 5 and 6 show the actual behaviour of joints approximated from field and laboratory 
tests. The broken lines indicate the force-displacement relationships used in the numer- 
ical model for the given stress conditions. 
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Compression 

If a fracture is subjected to an initial normal stress (Fig. 5) with some initial 
fracture aperture and the magnitude of the initial normal stress is altered, then the size 
of the fracture opening changes (as shown in Fig. 5). For example, if the water pressure 
within the fracture plane is increased, the effective normal stress decreases and according 
to the constitutive curve in Figure 5, the fracture opens. In a similar manner, if the wa- 
ter pressure in the fracture plane is decreased the effective normal stress increases and
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the fracture closes. From equation (25) it can be shown that this change in effective 
normal stress alters the shear strength of the fracture.

~ ~~~ 
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FINITE-ELEMENT FORMULATION 

Method of weighted Residuals 

An early approach in finite-element formulation was to replace the problem being 

considered by finding a functional, the minimization of which gave the correct solution to 

the original problem. This approach is based on variational calculus and depends on 

proving the existence of an appropriate variational principle (Zienkiewicz, l97l). 

It is possible to reach the finite-element representation of a problem directly 

from the governing differential equations. These direct approaches do not require the 

existence of a variational principle, and thus they can be extended to a wide range of 

problems for which variational principles have not yet been found. 

The direct approaches lead to a set of integral equations and are known as the 

weighted residual methods (Finlayson, l972; Zienkiewicz, l97l). The general description 

of the weighted residual methods given here follows that of Zienkiewicz (l97l, p. 39). 

The approximate solution of a set of differential equations with unknown dis- 

placement function {u} in a region V must be determined. The governing equation is 

A({u}) = o (31)

22



~v

r 

where A is some linear operator. The boundary condition to be satisfied is 

C({u}) = 0 
I 

(32) 

on the boundary S. 

A trial solution can be written in the general form 

{u} = [N] {5} (33) 

which satisfies the boundary conditions. Specified linearly independent coordinate func- 
tions are [N] and {5} is a set of values, e.g., the nodal point displacements in plane 
strain problems. Substitution of the trial solution in equation (31) does not usually 
produce an exact solution. Instead, it is found that 

A({u}) = R f 0 (34) 

The best solution can be reached by reducing the residual R to some minimum value at all 
points in the region V. This can be done by forcing R to be zero at every point V. To 
achieve this some weighting function,ewi, which is a function of the coordinates, is 
selected for each point for which the value of {a} is required. Thus a system of simulta- 
neous equations can be written in the form 

_4~W1. R dv =1‘; W1. A ([N] {6}) dv = O (35) 

from which the values of {6} at the points of interest (i.e., nodal points) can now be 
obtained. 

The choice of the weighting function, wi, determines the weighted residual method 
used (Zienkiewicz, l97l, p. 40). In this study the Galerkin method, in which the weighting 
function is made equal to the shape function, has been used to develop the equations for 
the finite—element approximation. 

At this point a general description of the nature and relationship of the shape 
functions to the unknown functions is necessary. Since the analysis of displacements in a 
rock mass is involved, the displacement vector {u(x,y)} has been chosen as the unknown 
function. A typical triangular finite-element of the rock mass with nodal points i, j and 
k (Fig. 7) is considered. It is assumed that the displacements at any point within the 
element are defined by 

{u} = [N] we (35)

23



Figure 7. Triangular element. 

where the components of [N] are general functions of the coordinates and {§}e are the nodal 

point displacements. Note that in the mathematical sense there is no differentiation 
between the true solution as defined by equation (l9) and the approximate solution defined 

by equation (36). For plane strain 

u (x,y) 
{u} = 

{ } 
(37) 

v (x,y) 

where u (x,y) and v (x,y) represent horizontal and vertical movements, respectively, of a 

typical point within the element and 

ui A 

{$1} = 
V. } 

(33) 

represents the corresponding displacements of a node i. The functions Ni, Ni and Nk are 

chosen to have a value of unity at the nodal points in question and zero at all other nodal 

points, i.e,, 

while Ni (xj, yj) = N1 (xk, yk) = 0 (40) 

Thus from equation (36) it can be seen that substitution of the coordinates of a given node 

on the left-hand side of the equation gives the appropriate displacements for that node. 

The functions [N] are called shape functions, and it will be shown later that they 

play a very important role in finite-element analysis (Zienkiewicz, l97l, p. l9).
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The Ga1erkin method is described and discussed in some detai1 by Kantorovich and 
Kry1ov (1958), Fin1ayson (1972), Doug1as and Dupont (1970), Mikh1in (1964) and Hutton and 
Anderson (1971). The requirements for convergence of the Ga1erkin approximation are dis- 
cussed by Kantorovich and Kry1ov (1958, p. 273), who point out that the requirements on 
the error bound can be re1axed with respect to the highest partia1 derivatives of the 
function. Thus taking the average error obtained by integrating over the domain rather than 
the maximum error obtained by comparing each point separate1y gives a satisfactory, but 
weakened, so1ution to the governing equation. 

The basic objective of the finite-e1ement approach is to cast the prob1em in the 
genera1 form of "structura1" or “stiffness” equations (Zienkiewicz, 1971, p. 2), which for 
a simp1e structura1 prob1em have the form 

[K] {6} - {F} = 0 
. (41) 

where [K] is referred to as the stiffness matrix and consists of terms describing the 
geometry and materia1 properties of the system and inc1udes the appropriate shape functions, 
{5} is the function whose va1ues are sought at given points and {F} is the force vector. 
The same form of the equations exists for f1uid prob1ems with {6} being rep1aced by either 
f1uid pressure, hydrau1ic head or f1uid potentia1 and {F}, by the f1ow rate. Having 
obtained the appropriate set of equations, app1ication of the boundary conditions 1eads to 
the required so1ution. The derivation of the stiffness matrix is an important part of the 
finite-e1ement process. 

App1ication of the Ga1erkin Method 

To determine the effects of the interaction of f1uid pressures and rock stresses, 
a finite-e1ement mode1 is constructed to simu1ate both the f1ow in the fractures and the 
disp1acements in the rock mass. The prob1em is formuiated using the Ga1erkin approach 
where pressure and disp1acements are the primary variab1es. The governing equations are 
(18) and (19) 

and V.[o] + ps(f) = 0 

where equation (18) describes the steady-state f1ow in the fractures and equation (19) is 
the equi1ibrium equation for the continuum phase of the rock mass.
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An approximate solution of the flow problem is sought in the form of 

NP 
{p} = .21 [¢] {P} - (42) 

1: 

and for the displacements in the rock mass in the form of

N 
{u} = _z1 [N] {6} (43) 

1:

2 

where [o] and [N] are the appropriate shape functions and NP and NN are the number of flow 

nodal points and structural nodal points, respectively. The general characteristics of the 

shape functions have been described in this Chapter and are such that they have unit value 

at the node in question and are zero at all other nodes. 

Flow in fractures is simulated u§jng,ljgg_glgments. The development of the shape 

functions for the line elements follows that of Wilson and witherspoon where the fluid 

pressure p is assumed to vary linearly between nodal points i and j (Fig. 8) such that 

p (x') = A + B x‘ * (44) 

Figure 8. Line element. 

xV 
i 

"

1 

If Pi and Pj are considered the fluid pressures at nodal points i and j 

A = P1 xi - Pj x; (45) 

and 
f 

s 

B =_1_P' 
' 

‘F; <46) 
xj — x1
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Thus from the general definition relating the variation of the function over the element to 
the nodal values, after substitution for A and B, 

p (x') = 
<I>1. P1. + (DJ. PJ. (47) 

xi — x' » 

where 91 = ‘%"“r (48) X. - X.
J 

x' - X; 
and ¢. = -1——--7 (49) 

Transformation to the global coordinates follows from recognizing that xi — X; equals the 
length L and then putting 

_ _ 
2‘ 

_ 2 L ‘ + 

Since line elements have no actual width, a fictitious cross section is assigned to each 
element and this permits the determination of volumetric flow rate, q, in the governing 
equation. 

The basic component of the plane strain finite-element program used to model the 
continuum phase of the rock mass is the triangular element (Fig. 7). The shape function 
for this element has been derived by Desai and Abel (l972), Zienkiewicz and others. The 
derivation given here follows that of Zienkiewicz. The element is defined by three nodal 
points, i, j and k, numbered in a counterclockwise order. The displacements at each nodal 
point have two components: 

me = J (52)
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A linear relationship for displacements within the element is assumed in the form of

C II oL+ozx+ay 
1 2g 3 (53) 

V=a4+o¢5x+a6_y 

where a1 through as are unknown coefficients. By substituting the coordinates of the nodal 

points and the appropriate nodal displacements and solving the resulting simultaneous 

equations, the general form of the displacements can be obtained. 

The displacement functions in standard form are 

{3} 
= [N1 {6} = [I N;, I N11, 1 Map me (54) 

where I is a two by two identity matrix and 

N; = (a1 + bi x + ci y)/2 A (55) 

3.1 =x.j yk‘ X-kyj 
with bi = yj — yk (56) 

ci =.xk - xj 

By cyclic permutation in equation (56) of the subscripts i, j and k, one may obtain 

aj, bj, cj, ak, bk and ck, and A equals the area of the triangle. 

The shape function for the axisymmetric case is identical with that for the plane 

strain case with x and y being replaced by r and z in equations (55) and (56). 

In the plane strain case, the appropriate components of strain are 

ex au/ax 

{€}= ey = away (57) 

Yxy ay ax 

where yxy is the shear strain and the 
independent terms of the stress tensor are 

°x 

{0} = oy (53) 

Txy
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where rxy is the shear stress. 

In the axisymmetric situation, four components of strain have to be considered 
(Fig. 9) 

52 av/82 

er au/ar 
{6} 

as u/r ( ) 

Bu 3V 
Yrz 3E'+ 37 

and the corresponding four stresses 

°z 

°r 
{0} = U (60)

6 

Trz 

6‘, (:72) 

nzttn) Figure 9. Axisymmetric eiement 
showing stress and 
strain components. 

69 (U9) 

with the form of the shape functions known, the probiem can be formulated, Using 
the method of weighted residuais, equations (18) and (19) can be written as

2
3 /W1. (KP ;;%>dv = 0 (51)

V 

fwi [Mo] + as (f)] dv = o (52)
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where W1 is the weighting factor. To simplify the calculations and to reduce the continuity 
requirements on the shape functions, the second differentials can be removed by partial 
integration. Thus equation (6l) becomes 

_[ awi ap ap W Kp 31" dV +--/‘ W1 KP 327 (15 
= 0 

V S 
P P 

where V is the domain of the fluid and Sp is the boundary on which fluid pressure is 
specified. ,Similarly, after replacement of [d] by D V {u} and integration by parts, 
equation (62) in terms of displacement becomes 

awi au awi au 
D - Ni ps dxdy 

VU 

3_“ E11. = _fw1<3x nx + 
By ny) 

ds 0 (64)

x 
the rock mass. 
where n and ny are the direction cosines of the outward normals and V” is the domain of 

At this point, by application of the Galerkin method, by letting N1 in equation 

(63) equal di and substituting the relationship given in equation (42), equation (63) 

becomes 

[Kp 
gig (us) {P})J dv «>1. Kp (up) {P})_ ds = 0 (65)

SV 
P P 

Equation (65) can be written as 

ao. a¢- a¢.
_ 

i/Kp“:a-£i(filPi-+1-J-PJ.)dv-/‘ <1>1.qds=0 (66)



A where q is a prescribed flow rate. Advantage has been taken of the condition that the 
integral over the external surface does not contribute anything to the equations that are 
written for the internal flow nodal points. Thus, when the nodal point lies on the 
boundary, either the flow rate or the fluid pressure is known at that point and thus 
equation (66) can be solved at all nodal points. The contribution of all the elements to 
the integrals given in equation (66) can be expressed in matrix form as 

[Kf] {P} - {Q} = 0 (67) 

where [Kf] is the fluid conductivity matrix written as 

0) 

23¢ 34>]. 363. 
[Kf] =22 Kpfi a—+—-— (53) 

and is summed over the entire region. 

From equations (48) and (49) 

§r='ra“"5r E (59) 

In a similar manner, Galerkin's method can be applied to equation (64) where W1 
equals Ni, and making use of equation (43) 

f a [N,.] a ([N] {am 3 [Ni] 3 ([N] {<s}) 

V 

D 
tax 32‘ + 

By E )]dXdy
U 

—{ [N1-]T as (T) dxdy -/S‘ [N1-]T (Z;—)([N] 
{6} 

nx + ?T[N—]{‘S‘} 
ny) ds = 0 (70) 

u t 

The stiffness matrix of element i j k is defined as 

[K19 =f[B]T [D] [B] dxdy (71)
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3 N1 3 Ni 3 N 
.-I 

A J k 
3x 0 '3x 0 3x 0 

3 N‘ 3 N! 3 N‘ 
where [B] = 0 W‘ 0 0 Wk. (72) 

3 N; 3 N; 3 N5 3 N3 3 Né 3 N) 
3y ax 3y 3x 3y‘ ax

J 

is obtained by differentiating equation (57). The second integral in equation (70) repre- 

sents the nodal forces owing to the body forces, and the third integral represents the 

distributed forces acting on the surfaces. For the entire region 

[Klr = 2 [K16 (73) 

Thus equation (70) can be expressed in matrix form as 

[K]‘” {6} - {F} = o (74) 

By using the direct stiffness method, the contribution of the joints to deforma- 

tion in the rock mass can be added to equation (74). As discussed earlier, the stiffness 

matrix for the joint element was derived by Goodman, Taylor and Brekke from an energy 
equation. The displacements {u} are expressed in terms of nodal point displacements {6} 

by a linear interpolation formula. The stiffness matrix in standard form is 

[K19 = [BJ]T [KJ1 [BJ] <75) 

[Bu = [-2 -2 -3 -23 2 3 2] 

with A=1-2-.-L~—" andB=l+2l_—x 

Since the joint nodal points have the same number of degrees of freedom as the nodal points 

for the rock block elements bounding the joint or fracture, the contribution of the joints 

can be added directly to equation (74), thus giving the general equation for displacements 

in the rock mass 

[K] {3} — {F} = 0 (75)
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The normal forces owing to flow in the fractures are derived by equating the 
fluid pressures in the fractures to equivalent nodal point forces (Noorishad, witherspoon 
and Brekke, l97l). The same forces are assigned to opposite nodal points in a fracture 
element. The tangential forces within the fracture as a result of shear stresses in the 
fluid can be disregarded. 

Since fractures are deformable, an increase or decrease in fluid pressure changes 
the width of the fractures. Thus the fluid conductivity matrix is dependent on the 
displacements in the rock mass. Also, the fluid pressures contribute to the nodal point 
forces. ’The two matrix equations describing flow in the fractures and displacements in 
the rock mass can be written as 

[Kf (5)1 {P} — {Q} = 0 (77) 

and [K] {5} — {F (P)} = 0 (78) 

These two equations are coupled in terms of the fluid pressures and displacements 
and are highly nonlinear. Thus these equations cannot be solved simultaneously and an 
iterative method of solution must be used. The iterative method employed is described in 
the following section. 

PROCEDURE FOR ANALYZING FLOW IN DEFORMABLE FRACTURE SYSTEMS 

General Approach 

Using a numerical approach as outlined in this Chapter, an analysis of fluid 
flow in a deformable fracture system can be made that depends on the availability of data, 
the geometry of the fractures and their material characteristics. Determination of the 
flow characteristics for the fractures must also be possible. Thus the first step in the 
computer analysis is to describe the geometry of the fracture system. This is accomplished 
either by using available field data on fracture orientation and spacing or by assuming a 
certain fracture geometry. The computer program can handle multiple fracture sets with 
any orientation and spacing. The amount of computer storage available is the limiting 
factor. A finite-element mesh is prepared in which each fracture is represented by one 
or more fracture elements, depending on the degree of mesh refinement required. This 
subdivision or mesh refinement can also be applied to the finite-element representation of 
the individual rock blocks. The description of the finite-element mesh is supplied to the 
computer by assigning the spatial coordinates of nodal points and a list of the nodal points 
that define each finite element.
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The material characteristics of the rock blocks can be assessed by performing 
appropriate laboratory tests or field tests on suitably prepared samples of the intact 
rock. The mechanical behaviour of the fractures can be ascertained both in the field and 
in laboratory tests. It is very difficult to obtain a rock sample enclosing an undisturbed 
natural fracture. Field sampling techniques have improved greatly in the past few years 
(Goodman, l974), but nearly all sampling techniques result in some disturbance of the 
fracture surface. As shown in Chapter 3, instrumentation developed during this investi- 
gation may permit the determination of the normal force-displacement relationship of a 

fracture in situ. 

The averaged flow characteristics of the individual fractures can be determined 
from injection tests (Snow, l965; Maini, l97l; Louis, l974), with the best results being 
obtained when the injection holes are oriented orthogonally to the fracture sets. As 

pointed out by Maini and Louis, the excess injection pressure used in performing such tests 
should be only a small percentage of the initial fluid pressure at the injection point. 
Based on the injection test results, initial fracture apertures can be assigned either 
individually or by specifying the parameters of a random distribution. For idealized 
systems, the usual practice is to assign an initial set of uniform fracture apertures. 

The structural and flow boundary conditions for the problem being considered are 
specified by assigning either initial boundary loads or displacements at structural nodal 

»points and either pressures or flow rates at specified flow nodal points. In addition, the 

boundaries can be constrained to move only in a given direction. 

The initial stresses in the rock mass being studied can be incorporated in the 

finite-element model. This is accomplished in horizontal sections by assigning to each 
rock block and fracture element the appropriate values of the stresses parallel to both 
global Coordinate axes. These stresses interact with the specified shear stresses to 
produce a stress field of the correct magnitude and orientation. The normal stresses acting 

across the fractures are modified to account for the initial fluid pressures within the 
fracture system. In this manner, an initial effective normal stress is assigned to the 
entire fracture system. The same approach is used for vertical sections and axisymmetric 
bodies except that the stresses are calculated and assumed to be due to gravity forces, 

although additional forces such as high horizontal stresses can be included. 

Figure l0 presents the general iterative procedure for the coupled numerical 

stress-flow analysis of a fractured rock mass subject to gravity loads. As discussed above, 

the initial conditions are described first. The analysis is started by obtaining a 

solution for the displacements that are due to gravity forces. In the analysis of two- 

dimensional horizontal sections, this step is omitted as are all other steps in the flow
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chart that refer to gravity loads. From this point, problems involving gravity loads and 
horizontal sections are solved in the same manner. The discussion that follows primarily 
covers problems resulting from gravity loads. 

INITIAL CON Dl.T.lONS 
BOUNDARY LOADS,lNH1AL DBPLACEMENTS(0M 

REmouAL STRE$$E5(voL eRAwTY(c) Figure l0. Flow chart for coupled 
l_N|T|AL APERTURES (b°) stressaflow analysis. 
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PRINT 

After having obtained the displacements that are due to gravity (59), the second 
step in the analysis is to determine the fluid pressure distribution (Pm) within the 
fracture system, based on the initial set of fracture apertures (b0) and the given flow 
boundary conditions (Q). It should be noted that this pressure distribution is equivalent 
to that which would be calculated if we assumed that the fractures were rigid. 

The third step is to use the pressure distribution (Pm) to calculate generalized 
nodal point forces at each of the corresponding structural nodal points. A displacement 
analysis of the fractured rock mass, based on the initial stress and displacement conditions 
and the forces created by the fluid pressures and gravity loads, is then made in order to 
calculate the displacement field. It should be noted that since the finite-element method
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used in this analysis is formulated in terms of the displacement approach, the stresses 
are determined by considering the relative displacements of all the structural nodal 

points in a given element. 

Since the fractures have a nonlinear behaviour (Figs. 5 and 6), a solution cannot 
be reached in one step. Therefore a joint (fracture) perturbational technique of Heuzé, 
Goodman and Borenstein (l97l) is utilized in which the fracture properties are continuously 
updated depending on the latest state of deformation in the system. Accordingly, the 

displacement field determined by each analysis is compared with the previous value and 
convergence is assumed when the difference between two consecutive results is less than a 

specified tolerance. The displacements owing to gravity forces, which were calculated in 
the first analysis, are then subtracted from the final displacement field obtained in this 
third step. This modified displacement field (6"+]-59) represents the displacements on 

account of the fluid pressures and is used to determine a new set of fracture apertures 
<b”* ). 

The fourth step is a repetition of the second step, but the fluid pressures are 

now determined for the new set of fracture apertures (b"+1). If this new fluid pressure 
distribution (Pm+1) differs by a significant amount from the previous set of fluid pressures 
(Pm), then step three is repeated using the generalized nodal point forces determined from 

the new set of fluid pressures (Pm+1). This process is repeated until the difference 

between two consecutive pressure distributions decreases to an acceptable level. At this 

point, the final steady—state solution is assumed. The computer program then prints the 

displacements at each structural nodal point, the magnitude and orientation of the 

principal stresses within each rock block, and the effective normal and shear stress within 

each fracture element, as well as changes in fracture apertures, fluid pressures at all 

flow nodal points of the network and flow rates at the boundaries. An additional option in 
the program permits plotting of the mesh and the stress vectors within each element. 

The rate of convergence of this iterative approach is quite rapid and depends 

largely on the relative stiffness of the rock-fracture system and the ratio of the existing 

state of stress to the change in fluid pressure. For the fractured rock systems inves- 

tigated, three or four iterations were sufficient to obtain a solution. 

This numerical approach will now be used to study the effects of fracture 

deformation on fluid pressure distribution and flow rates for both fluid injection and 

fluid withdrawal in several idealized fracture systems. 

Results from a Simple Axisymmetric Model 

Finite-element analyses of systems with complex configurations present difficulty 

in comprehension of the physics involved and understanding of the method of analysis used.
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Thus a simple axisymmetric model is presented here to introduce the principles involved in 
a study of fluid injection and fluid withdrawal in an axisymmetric, deformable, fractured 
rock mass subject to gravity body loads. 

The demonstration model consists of a single horizontal fracture bounded by two 
rock blocks. The finite-element mesh and the structural and flow boundary conditions are 
shown in section A of Figure ll. The upper and lower rock blocks are divided into 20 rock 
elements, and the horizontal fracture is divided into 5 fracture elements. The radius 
of the well is 0.125 ft and the structural and flow boundaries are assumed to be located 
at a radial distance of l00 ft. The well is assumed to penetrate to a depth of 40 ft and 
the fracture is located at a depth of 20 ft. The bottom corner of the model, farthest from 
the well, is fixed in space. Horizontal and vertical movements are permitted at all other 
structural nodal points except that vertical movement is not permitted along the bottom of 
the model and horizontal movement is not permitted on the outer boundaries. Flow in the 
fracture was induced by increasing (injection) or decreasing (withdrawal) the fluid 
pressure at the flow nodal point formed by the intersection of the fracture with the well. 

Well 
P, = 2496 psr 
P,,, 

= 0.0 psi 

A ~ Figure ll. Simple axisymmetric model: 
‘ A - structural and flow 

boundary conditions; 
P=PqH 3 7 effects of fluid 
“24§pfl, injection; C - effects of 

fluid withdrawal. 
Maximum and minimum 

‘ T principal stresses are 
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vectors within each 
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B 
s 
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The radius of influence is assumed to be equal to 100 ft, where the fluid pressure is 
approximately hydrostatic. 

The fracture was given an initial aperture of 0.001 ft. Two different fracture 
strengths were investigated by setting the normal stiffness of the fractures equal to 

(a) 4.72 x 107 psf/ft and (b) 4.72 x l06 psf/ft. The shear stiffnesses were set equal to 

the normal stiffnesses, since the changes in shear stress were very small in the examples 
studied. Other material properties were kept constant. The rock matrix was assigned a 

Young's modulus of 4.72 x l08 psf and a Poisson's ratio of 0.28. A value of l65 lb/ft3 
was used for the specific weight of the rock. The fracture stiffness values were, 
respectively, one and two orders of magnitude less than the rock matrix modulus, so that 
the fractures could be considered slightly deformable and very deformable, respectively 
(Goodman, Taylor and Brekke, 1968). The angle of friction in the joint plane was set at 
38°. 

"The results of the model studies are presented as scaled computer plots in 
Figure ll (sections B and C). The orientation and magnitude of the maximum and minimum 
principal stresses are plotted as scaled line segments within each solid block. The normal 

stress minus the average fluid pressure is plotted for each fracture. The tangential 
stresses within the fracture are not shown. These plots have been modified to a pie-shaped 

wedge, where each element forms a body of revolution, indicating the axisymmetric nature 
of the model. 

Injection of fluid in this model was simulated by assigning an excess pressure of 

l,248 psf to the flow nodal point at the well. This is equal to a change in hydraulic head 

of 20 ft. The principal compressive stresses plotted in section B of Figure ll were 
calculated as a result of the gravity body loads and the forces developed by fluid injection. 
Note the decrease in the effective normal stress acting across the fracture elements near 
the well. 

The withdrawal of fluids from the fracture was simulated by assigning a fluid 

pressure of 0.0 psf to the flow nodal point at the well. This change in fluid pressure is 

equal to the pressure that would be developed by a 20-ft drawdown. The principal 

compressive stresses that resulted from the interaction of the change in fluid pressures 

owing to fluid withdrawal and the gravity body loads are shown in section C of Figure ll. 

Both stress plots are for the slightly deformable fracture system. 

Comparison of the plots insections B and C of Figure ll demonstrates that there 

is an increase in the effective normal stress across the fractures during fluid withdrawal 

and a decrease in effective normal stress during fluid injection. Table 1 shows the changes 

in aperture at the well bore and the calculated flow rates corresponding to the effects of

38



injection and withdrawa1 in both deformable fracture systems. For comparison, the resu1ts 
for the corresponding rigid fracture system are a1so inc1uded. The changes in aperture at 
the we11 bore, based on ca1cu1ated structura1 noda1 point disp1acements, are of the order 

-4 of :10 ft. 

Tab1e 1. Results from Injection and withdrawa1 in a Simp1e Axisymmetric Mode1 

S1ight1y deformab1e Very deformab1e 
(KN = 4.72 x 107 psf/ft) (KN = 4.72 x 106 psf/ft) 

Rigid 
Injection withdrawa1 Injection withdrawa1 fracture 

Change in 
aperture 
2b at we11 
(10-3 ft) +0.05529 -0.05572 +O.11198 -0.1007 0.0 

Q (10—3 cfs) +4.282 —4.0065 +5.1823 -3.3408 14.1421 

Change in 
pressure at 
we11 (psf) +1,248 -1,248 +1,248 -1,248 11,248 

For the s1ight1y deformab1e fracture system, the f1ow rates tabu1ated in Tab1e 1 

indicate that the f1ow rate during injection is 7% greater than that during withdrawa1 for 
an equiva1ent change in f1uid pressure at the we11 bore. In addition, the f1ow rate 
ca1cu1ated for an equiva1ent rigid fracture system differs by on1y :3% from the f1ow rates 
associated with injection and withdrawa1. 

with a decrease in fracture strength of one order of magnitude, the difference 
between injection and withdrawa1 in a rigid and a deformab1e fracture system becomes more 
obvious. For the very deformab1e fracture system, the change in aperture at the we11 bore 
is approximate1y twice that ca1cu1ated for the s1ight1y deformab1e system for the same 
pressure changes. This is ref1ected in the f1ow rates by an increase of 55% in the vo1ume 
of f1uid accepted by the fracture on injection as compared with that produced on withdrawa1. 
In addition, the f1ow rates associated with injection and withdrawa1 in the very deformab1e 
fracture system differ by approximate1y +25% and -19%, respective1y, from those ca1cu1ated 
for an equiva1ent rigid fracture system. 

Thus it is obvious that injection and withdrawa1 are not reversib1e processes in 
deformab1e fracture systems. This suggests that the behaviour of an injection we11 cannot 
be predicted from pumping-out tests and the yie1d of a production we11 cannot be estimated 
from injection tests un1ess the change in f1uid pressure at the we11 bore is kept at a 
minimum.
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FLUID INJECTION AND FLUID WITHDRANAL IN A DEFORMABLE FRACTURE SYSTEM 

The foregoing simple model serves only to introduce some of the principles 
involved in this study. Two, more complex, fractured rock models will now be used to study 
the distribution of fluid pressure within the fracture system and the corresponding flow 
rates. These are (l) an axisymmetric model of a horizontal fracture system and (2) a two- 

dimensional horizontal section containing two vertical, orthogonal fracture sets. 

Fluid Pressure Distributions and Flow Rates in azHorizontal Fracture System 

The fracture model selected is depicted in Figure l2. The distribution of 
fractures is similar to that observed at the field test site near Sambro, Nova Scotia. The 

fracture system and the test site are discussed in some detail in Chapter 3. The fracture 

system has been idealized as seven discrete horizontal fractures intersecting a 50-ft deep 

well. Although the fracture distribution in this model is similar to that observed at 

Sambro, the model is not intended to duplicate the field behaviour; this is done in 
Chapter 4.

I 

For the purposes of this study, it has been assumed that this sequence is 

representative of the fracture system intersected by a well over a range of depths from 

200 ft to 250 ft below the ground surface. Thus, the forces owing to gravity acting on the 

system correspond to the forces at that depth. It is assumed that each fracture has a 

uniform opening of 0.001 ft. The material properties of the rock blocks are assumed similar 

to the properties of some granitic rocks, i.e., a Young's modulus of 4.72 x l08 psf and a- 

Poisson's ratio of 0.28. The initial fluid pressure within the fracture system is assumed 

to be hydrostatic with the water table at the ground surface, i.e., P = yfH, where H is 

the depth below the ground surface and yf is the unit weight of water. The well has a 

diameter of 0.25 ft. In this example it is assumed that a constant head boundary exists 

at a radial distance of l50 ft. 

Two hypothetical fracture stiffness values, KN = 9.72 x l07 psf/ft and 

KN = 4.72 x l07 psf/ft, were used, and these fractures are referred to as stiff and slightly 

deformable, respectively. The shear stiffness was set equal to the normal stiffness for 

each fracture system. The angle of friction within the fracture plane was set at 38°. 

This model has been used to investigate how the flow rates in a deformable 

fracture system differ from those in a rigid system. Figure l3 shows the ratio of the 

total flow in the deformable fractures to that in the rigid system versus the change in 

hydraulic head (water level) at the well for both fluid injection and withdrawal. For
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reference purposes, the flow into or out of the rigid system for each change. in hydraulic 

head is also tabulated in Figure l3.
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Figure 13. Comparison of flow rates for fluid injection and 
withdrawal in a fracture system for two different 
fracture strengths. 

In Figure l3 there is a significant change in the flow rate with a change in 

fracture stiffness. Also, injection and withdrawal of fluid are not reversible processes. 

For a pressure increase equivalent to 200 ft of water, there is approximately a 30% increase 

in the volume of water "injected in the case of the slightly deformable fracture system as 

compared with that of the rigid system. But when the water level in the well is lowered by 

200 ft, there is only a 22% decrease in the flow rate. 

Figure l4 shows pressure variation with radial distance from the well expressed 

as a percentage of the injection or withdrawal pressure for a change in the water level at 

the well of i200 ft. In Figure l4 the pressure profiles for injection and withdrawal in
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a rigid fracture system are mirror images. This is no longer true if the fractures are 
allowed to deform. In the case of fluid injection, the fractures open up and the pressures 
are propagated a greater distance from the well. In the case of fluid withdrawal, the 
opposite is true; the decrease in pressure increases the effective normal stress acting 
across the fracture and hence the fractures near the well close to some extent. 
This results in an increase in the pressure gradients near the well and hence a reduction 
away from the well. 

The results for the stiff fracture system are not given on Figure l4, since they 
fall between those of the rigid and the slightly deformable fracture systems. 
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Figure 14. Fluid pressure profiles for fluid injection and 
withdrawal in rigid and deformable fracture 
systems. 

Fluid Pressure Distributions and Flow Rates in a Vertical Fracture System 

To demonstrate further the effects of fracture deformation on pressure distribu- 
tion and flow rates, a second model was studied. This model consists of two vertical,
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orthogonal fracture sets intersecting a horizontal plane. The fractures are assumed to be 

spaced 200 ft apart and have a uniform fracture aperture of 0.001 ft. The model is 

2,000 ft by 2,000 ft and is of unit thickness in the vertical direction (Fig. 15). Fluid 

was injected and withdrawn from the centre of the fracture model by increasing and decreasing 

the pressures by 12,480 psf, respectively. 

The rock blocks were assigned a Young's modulus of 4.72 x 108 psf and a Poisson's 

ratio of 0.28- A uniform compressive stress of 28,800 psf was assigned to each rock block 

and fracture element. It was assumed that the initial fluid pressure within the system 

was equal to 12,480 psf. Thus the initial effective normal stress within the fracture 

system was 16,320 psf. The stress field is representative of that found at approximately 

500 ft below the ground surface where the stresses are due only to the weight of the 

overlying rock. 

The structural boundary conditions consisted of fixing the four corners of the 

model in space and elsewhere permitting movement parallel, but not perpendicular, to the 

boundaries. The flow boundary conditions consisted of assigning a constant pressure equal 

to the initial pressure at all the flow nodal points on the boundaries. 

- Three different normal stiffness values were used for the fractures and were 

assigned the following descriptive terms: stiff, KN = 9.72 x 107 psf/ft; slightly 

deformable, KN = 4.72 x 107 psf/ft; and very deformable, KN = 9.72 x 106 psf/ft. In all 

three cases the shear stiffness (K5) was set equal to the assigned normal stiffness and 

the angle of friction was 38°. 

The finite—element mesh used is depicted in Figure 15 in which the solid 

continuous lines represent fracture elements. This Figure is a computer plot showing how 

the initial uniform stress field was altered by the reduction of fluid pressures and the 

corresponding increase in effective normal stress resulting from fluid withdrawal. The 

principal stress vectors have been plotted in each rock element and the effective normal 

stresses have been plotted across each fracture. Note the decrease in effective normal 

stress as distance from the withdrawal point increases. This indicates that the fractures 

near the well are closing more than the fractures farther away. 

Figure 16 shows the computer plot of the stress field for the same.fracture 

system when fluid is injected at the centre of the model. In this case, the effective 

normal stresses are smaller near the injection point. Thus the fractures near the well 

open more. In both the withdrawal and injection cases, note the symmetry of the stress 

field.

44



Figure 15. Distribution of stresses 
in a rock mass containing 

; two verticai orthogona 
fracture sets (withdrawai). 
Maximum and minimum prin- 
cipal stresses are shown 
by scaied iine vectors 
within each biock;

1 effective stresses norma 
to fractures are indicated 
by iine segments across 

H fractures.
F 

’/
\ 

\ 
i 

2 
4_ ii :_? -, .__ 

i 
V ; 74 ‘$' ‘ti:-if?/\f’T*;\‘”><"f\ 

. - v 

, 

- 

. , : 
4 

- I 

» v 
,1 ii 1 H ‘. 

' 

v. 
5 \

' 

,5',.-—-/'\4.z- 
V W 

Length Scale Stress Scale 400 ft 70 kpsf 

F- 
/ 

, _ 
i 

~ ._- :‘ 

‘ 

1 __. i’ ____—=‘:‘ A 
i 

‘ 
I \. 

i , 

Figure 16. Distribution of stresses .m4[ .;. §</ //, 4”j_WL_ ‘\iV ., \<» x, in a rock mass containing 
f 

w‘"*’‘“’’.’“' \‘ Vi‘? FA‘ 
: 

‘_ "”»f
a two verticai orthogonai 

j ; ‘_, \x/ »t/ 3 hi 
i- gt, ,\/.'«E,e 2

; fracture sets (injection). :mT%H%;K€fl:/¥'fi7fl"£%fi"fi:?»“.~%%@fi[X~i/4xf§F%fj 
Maximum and minimum prin- f‘? 

I ; 
s; cc‘ 

2 r 5 \ 
V

w 

cipai stresses are shown f_5._; 5, ,~» 

by scaled line vectors 
i 

‘; 
' 

; , 

- 

' 

\‘ V‘ 5‘ 
1.‘ 

within each block; i . 3 .4 " / - - _ _ 5- «——-.,,>- —A _ V-»~.__ \ _ L /\ .. , . _-+- ._—~— effective stresses normal 5 _ ff?” I / /&‘ wgg;FHH__W_\ i 

to fractures are indicated iHu' _;¢ \ \/H ,»a \,~_K% 55 A4_ __ _ by line segments across 
; 

- ‘ ‘“’“’“ W '"x .r ”\ " ‘*-/ ‘* u‘"'| 
fractures.

~ ~ 
"'SirVess“'S'E:'6’I‘e 

""”'" Leh’étI'i_§i:Te_“ 
400 H 70 kpsf

45



The distribution of fluid pressures in a given fracture system is strongly 
dependent on the stiffness of the fracture system. This is shown by comparing the pressure 

profiles along a centre fracture intersecting the well. Pressure profiles for three 
different fracture stiffnesses for both injection and withdrawal (increase and decrease of 

fluid pressure at the well of l2,480 psf, respectively) are presented in Figure l7. In the 

case of fluid injection, as the fracture stiffness decreases the fractures open more and 

the pressures are propagated increasingly greater distances from the well. In the case of 

fluid withdrawal, as the fracture stiffness decreases the fractures close and steeper 

pressure gradients develop near the well. This difference between the effects of injection 

and withdrawal is more clearly evident in Figure l8 where the isopotentials around the well 

are plotted as percentages of injection or withdrawal pressure. These plots are for the 
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1 

slightly deformable fracture system. They show that the area over which the pressures are 
affected during withdrawal is 44% less than the area so affected during injection. The 
20% isopotential line is arbitrarily used as the basis for this comparison. 

The opening or closing of fractures and the increase or decrease in pressure 
gradients affect the flow rates in the fracture system (Table 2). In Table 2 as the 
fracture stiffness decreases there are both a significant increase in flow rate during 
injection and a significant decrease during withdrawal. 

Table 2. Flow Rates for Injection and withdrawal in an Orthogonal 
Fracture System with Different Fracture Stiffness Values 

Fracture stiffness (psf/ft) Flow rate (l0'“ cfs) 

Fracture Normal Shear 
' 

Injection withdrawal 
type KN KS +l2,48O psf —l2,480 psf 

Rigid —' 
I I 

— 4.198 —4.l98 

Stiff 9.72 x lo7 9.72 x lo7 5.058 -3.466 

Slightly 
deformable 4.72 x lo7 4.72 x lo7 6.076 -2.835 

Very 
deformable 9.72 x 105 9.72 x l05 l6.480 -0.458 

The two examples presented here, which are (l) a horizontal system with no 
vertical fractures and (2) a vertical system with no horizontal fractures, are probably 
end members of the actual systems that are found in nature. A combination of both vertical 
and horizontal fractures is usually encountered, although it has been suggested that 
vertical fractures are the dominant mode in deep reservoirs (Daniel, l954; Wilkinson, l953). 
In any event, a completely three-dimensional model would be required to simulate flow in 
both vertical and horizontal fractures under axisymmetric conditions. The main objective 
here has been to show how the pressures and flow rates are affected by allowing the frac- 
tures to deform. ' 

Other factors, such as the angle of fracture intersection and the distribution 
of apertures, affect the fluid pressure distribution. In a more detailed investigation, 
witherspoon et al. (l974) studied the effects of varying the angle of intersection between 
two vertical fracture sets. Their results for fluid injection for four different fracture 
intersection angles are given in Figure l9.‘ They show that the axes of the fluid pressure 
ellipses do not necessarily coincide with the mechanical anisotropy indicated by the 
fracture orientations. These results are for a fracture system where KN is one fourth and 
KS is one tenth of the rock modulus, respectively. An initial uniform stress of 20,000 psf 
an injection pressure of l4,400 psf and an initial fluid pressure of zero within the 
fractures were used in their study.
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Although these isopotentials (Fig. 19) are for idealized systems, they indicate 

the difficulty encountered in determining and interpreting the fluid pressure distributions 
during pump tests in fractured rocks. 

. Effects of Nonuniform Fracture Apertures 

In the previous models it has been assumed that all fractures have the same 
initial aperture (2b). when fractures in outcrops are examined, a uniform fracture 
aperture is the exception rather than the rule, even over distances of only a few feet. 
Fracture apertures determined from an analysis of injection test data are based on averaged 
flow characteristics and a uniform variation in fluid pressure between the injection point 
and the observation well or the flow boundary. If pressures at some nearby well are 

measured and these values are compared with those predicted on the basis of a uniform 
aperture, a significant difference is sometimes found between the observed and predicted 
results (Chapter 3). 

This pressure difference can be explained using simple fluid mechanics principles. 
For example, Figure 20 shows two pressure profiles, one for flow in a pipe of uniform 
diameter and the other for a pipe with a nonuniform diameter. It is apparent that the 
nonuniform pipe has a much smaller head loss over the large—diameter section than has the 
corresponding length of pipe with the uniform diameter. Thus a well intersecting a fracture 
in which the aperture decreases at some distance from the well would show a similar 
nonuniformity in the pressure profile during injection or withdrawal. This means that 
significantly higher pressures will occur at some distance from the well than are predicted 
on the basis of observation of the fracture at the well. Since the pressures multiplied by 
the area over which they are acting represent the force available to deform the fracture, 
it can easily be seen that the forces that develop in the case of a nonuniform aperture
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are much greater than those that occur in the case of an equiva1ent uniform aperture 
(equiva1ent in terms of f1ow rate for the same injection pressure and f1ow boundary 
conditions). For axisymmetric f1ow, with a theoretica1 1ogarithmic decrease in f1uid 
pressure with radia1 distance, this difference in forces wi11 be even greater. 

To compare the effects of injection and withdrawa1 in a fracture having a non- 
uniform aperture with those in an equiva1ent fracture with a uniform aperture, the 
axisymmetric mode1 described ear1ier in this section (Fig. 12) was used. It was assumed 
that the fracture 1ocated 40 ft be1ow the surface was iso1ated for the purposes of this 
test so that no f1ow occurred in the other six fractures. The materia1 properties for this 
mode1 are a1so the same as those described ear1ier and a system where the fracture 
stiffnesses were KN = Ks = 4.72 x 107 psf/ft was investigated. 

A nonuniform aperture was adopted by assigning a va1ue of 0.001 ft for 
0.125 s_r] 5.10 ft and 0.0005 ft for 10 g_r2 5 150 ft. For a rigid fracture with a tota1 
pressure drop of 2,496 psf, this nonuniform system had a f1ow rate of 2.126 x 10'3 cfs. 
Using this f1ow rate and equation (83) (in Chapter 3), an equiva1ent uniform aperture of 
0.000648 ft was ca1cu1ated. 

Pressure profi1es for the nonuniform and equiva1ent uniform apertures are shown 
in Figure 21 for both rigid and deformab1e fractures. The corresponding changes in 
aperture are p1otted in Figure 22. The change in pressure that produced these deformations 
was on1y :40 ft of water at the we11. As indicated in Figure 21, there is a considerab1e 
increase in the pressures that deve1op for injection into the fracture when it is nonuniform 
as compared with those that resu1t with a uniform fracture. On withdrawa1, the f1uid 
pressures are decreased over a greater area within a nonuniform fracture than within a 
uniform fracture. This is ref1ected in the changes in aperture p1otted in Figure 22. It 
is apparent that for both injection and withdrawa1, the magnitude of the aperture change 
for the nonuniform case was approXimate1y twice that of the uniform case. 

The injection and withdrawa1 f1ow rates are tabu1ated in Tab1e 3. It shows that 
for the nonuniform aperture, there is an increase of 14% and a decrease of 12% in f1ow 
rates for injection and withdrawa1, respective1y, compared with the f1ow rates of the rigid 
system. For the uniform aperture, the corresponding resu1ts are 10% and 8%. 

The resu1ts above are for re1ative1y sma11 changes in pressure. In the past, 
injection tests have common1y been conducted at very high pressures. To demonstrate the 
effect a nonuniform aperture wou1d have in such a case, the same mode1 was again used with 
the same materia1 properties but with injection pressures increased to 1 psi per foot of 
depth. This means a net pressure of 3,264 psf above the initia1 f1uid pressure of
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2,496 psf. The tota1 pressure is s1ight1y 1ess than the overburden pressure because the 
rock weighs 165 1b/ft3. 

Tab1e 3. F1ow Rates for Equiva1ent Uniform and Nonuniform Fracture Apertures 
(12,496 psf) 

Initia1 
Fracture fracture Rigid fracture Deformab1e fracture 
aperture aperture (1O'3 cfs) 

_ 
(10-3 cfs)_ 

type (ft) Injection withdrawa1 Injection withdrawa1 

Nonuniform 0.001 ft 
aperture (0.125 s r] s 10 ft) 2.126 -2.126 2.416 -1.868 

0.0005 ft 
(10 5 r2 5 150 ft) 

Equiva1ent 0.0006481 ft 
uniform 0.125_s r S 150 ft 
aperture 2.126 -2.126 2.335 -1.949
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The pressure profiles and the aperture changes are plotted in Figure 23. It is 
apparent that the magnitude of the fracture deformation near the well is considerably 
greater at these higher pressures. This is reflected in the flow rates tabulated in 
Table 4. These flow rates show an increase of l8% and l3% for the nonuniform and uniform 
fracture apertures, respectively, compared with those for the rigid case. 

Table 4. Flow Rates for Fluid Injection in the Nonuniform and 
Equivalent Uniform Fracture Apertures (injection 
pressure, 3,264 psf) 

Fracture 
aperture Rigid fracture Deformable fracture 

type (l0-3 cfs) (l0‘3 cfs) 

Nonuniform 
aperture 2.7803 3.2845 

Equivalent 
uniform aperture 2.7803 3.l426 

Although the stability of fractured rock masses will not be considered in this 
study, it can easily be seen that the pressure distribution calculated on the basis 
of a nonuniform fracture aperture is significantly different from that determined using 
an equivalent uniform aperture- This difference in pressure distribution, although not 
affecting flow rates significantly, can have a very important effect on the stability of 
the fractured rock mass.
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GHAPTER3 

Field Measurements of Fracture Deformation Due to Fluid 
Pressure Changes 

INTRODUCTION 

From l970 to 1973, field investigations, sponsored by the Hydrology Research 
Division, Department of the Environment, were conducted to study fluid flow in the 
fractured crystalline and metamorphic rocks of Halifax County, Nova Scotia. Part 
of this effort was directed toward obtaining in situ measurements of changes in fracture 
aperture owing to changes in fluid pressure in the fracture plane. It was hoped that these 
measurements would assist in determining whether orenot fracture deformation and the 
corresponding change in fracture permeability resulting from fluid pressure changes 
(produced by drawdown in a pumping well) would have a measurable effect on pump test 
results. 

In the field work, as was in the case of the numerical model studies, investi- 

gations were restricted to rocks that had little or no intergranular permeability. Thus the 

groundwater movement in the rock mass takes place along the fractures or discontinuities. 
If the fractures close with an increase in effective stress (decrease in fluid pressure 

as the well drawdown increases), then the fracture permeability may depend on the available 

drawdown and the depth at which the major water—conducting fractures intersect the well 

bore. The permeability of rock-fracture systems exhibiting such characteristics is stress- 

dependent. 

In this Chapter, a description is given of the field area selected for the 

fracture deformation measurements, the design and fabrication of instruments used, and the 

test procedures and test results. 

STUDY AREA AND FRACTURE SYSTEM 

Location and Description 

The study area is approximately 20 mi southwest of the city of Halifax, Nova 

Scotia, in the southwestern part of Halifax County near the village of Sambro (Fig. 24).
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This area was selected since it has a good combination of well—exposed bedrock, relatively 
simple fracture geometry and no interference from pumping of existing domestic wells. 
Access to the area is by paved road from Halifax to Sambro, and then by a one—half mile 
long truck trail to the test site. 

The climate of Halifax County has been described by MacDougall, Cann and Hilchey 
(1963). They consider the climate to be humid temperate, with average winter and summer 
temperatures (based on data collected over the period from l92l to l95l) of approximately 
26°F and 63°F, respectively. For the same period the average yearly rainfall was 54.26 in. 

The main topographic feature in southwestern Halifax County is an undulating 
plane which rises to an altitude of 600 ft in the northern part of the area and slopes 
gently to the seacoast. The area is dotted with small lakes and marsh-filled depressions. 

Geology 

Details of the geology of southwestern Halifax County have been given by 
Faribault (1907). Only a brief description is presented here.
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The test area is well within the boundaries of a large granitic batholith of 
Early Devonian age (Smitheringale, 1960) that underlies a large part of central and south- 
western Nova Scotia (weeks, l965). 

In the Sambro area, the bedrock consists of a medium—grained porphyritic quartz 
monzonite with well-developed feldspar phenocrysts that frequently have a preferred 
orientation (Fig. 25). The bedrock is well exposed. The surficial deposits consist of 

glacial debris of varying thickness. The depressions are filled with peat and muck, 
indicating poor drainage. Glacial erratics, well—polished outcrops and striations are 
evidence of Pleistocene glaciation.

‘ 

Figure 25. Bedrock exposure at Sambro test site show- 
ing preferred orientation of feldspar 
phenocrysts. 

In the immediate area of the site, trenching revealed that the surficial material 

is less than 2 ft thick, with a coarse, sandy, residual layer at the base. 

Surface Measurements 

Figure 26 shows the general topography of the Sambro area and the fracture 

orientations at selected locations. Two sets of major structural lineaments (shear zones) 

were mapped from aerial photographs. These shear zones have a general strike of N20°w and 

N45°E and appear to be vertical.
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Figure 26. General topography of Sambro area. 

Figure 27 is an upper hemisphere equal-area polar projection of poles to fracture 
planes as measured in the area defined by Figure 26. From this plot it is evident that 
there is a fairly well—defined fracture set striking approximately N25°w with near—vertical 
dips. A second fracture set strikes approximately N45°E and lies within 20° of the 
vertical plane. This second set is poorly defined both in Figure 27 and on the outcrops 
measured. Note that the strike of these two fracture sets is the same as that of the major 
shear zones in this area. 

As in the case of most areas with low relief, the horizontal fractures are not 
well represented in Figure 27 simply because not enough vertical sections are available on 
which to make the necessary observations. 

Figure 28 is a plane table map of the immediate test site area. The approximate 
boundaries of this area are indicated by the dashed line in Figure 26. Since a considerable 
proportion of this area is exposed bedrock (Fig. 28), most of the fractures in the test
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Figure 28. P1ahe-tabte map of Sambro test site.
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site area could be measured and mapped. In the western part of the area, on a small hill, 
which corresponds to the highest elevations of the test site, vertical fracture traces were 
mapped (Fig. 28). As will be shown later, the horizontal fractures in this area and the 
evidence of glacial erosion suggest that this hill is a small exfoliated dome. In the 
central part of the area very few vertical fractures could be found, although this may be 
partly due to a decrease in the amount of bedrock exposure in this area. ’Trenching with 
a tractor failed to uncover any vertical fractures between the proposed drilling sites SI 

and 56 (Fig. 28). Considered in conjunction with the natural bedrock exposure, this 
trenching gave an area of approximately 30 ft to 40 ft in radius on which no surface 
expression of vertical fractures could be detected. Since practically all of the fractures 
mapped at the test site have a near—vertical dip, fractures existing outside the 30-ft 
radius would be unlikely to intersect test wells at shallow depths located within this 
radius. 

Thus the test wells are located in this central area. Two lines of wells were 
drilled. The first includes four wells: Sl, S2, S4 and S5. The latter three are spaced 
at 3 ft, 35 ft and 70 ft, respectively, from Sl along the road in the direction N45°E. 
A second line (N45°w), at right angles to the first line and consisting of wells 56 and S7, 
was drilled at 35 ft and 70 ft, respectively, from Sl (Fig. 28). 

Downhole Measurements 

A total of six wells were drilled during the l972 field season. wells Sl and 
52 are NX diamond drill holes (approximately 3 in. in diameter) 50 ft and 60 ft deep, 
respectively. wells 54, S5, S6 and 57 were drilled using a percussion drill and are 
approximately 4 in. in diameter. These four wells are about 60 ft deep. 

The objective of the drilling program was to determine the presence of horizontal 
to near—horizontal fractures and their lateral continuity between wells. Horizontal frac- 
tures were preferred for this experiment as they provide the simplest situation for placing 
instruments in the borehole. In addition, a horizontal fracture system was more amenable 
to numerical analysis, since a two-dimensional axisymmetric model could be used to simulate 
the field situation rather than a more complicated three-dimensional model. 

Fracture occurrences in all six wells were determined from both analysis of 
the drill core (wells S1 and S2) and observation of the borehole walls using a borehole 
periscope (Trainer and Eddy, l964). The fracture logs for wells SI and S2 are given in 
Figures 29 and 30. Both the borehole periscope logs and the drill core analysis gave the 
same general fracture pattern in these two wells. In the percussion drilled wells, the 
drilling method left a relatively rough borehole wall, so that only the major fractures
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could be detected with the borehole periscope. The smooth walls of a diamond drill 
borehole are an excellent background on which to detect even the faintest fracture trace. 
The fracture logs for wells S4, S5, S6 and S7 are given in Figure 3l. 

The fracture apertures in the periscope logs were estimated by comparing a marker 

of known width (0.005 ft) attached to the outside of the borehole fieriscope viewing area 

with the size of the observed fracture. Because of the nature of the fracture roughness 

and its irregular expression at the intersection with the borehole wall, the estimated 
apertures are a rough average of several estimates at different points on the borehole wall. 

An example of the detail obtained is shown in Figure 32 for the fracture at the l3-ft level 

in wells S1 and $2. The fine fractures may have resulted from the drilling. In the 

Ftactums °_9s_en,e_d with flown], pe_,;5'¢ope Fractures Observed in Drill Core 

/0.0 sauna sfiifacef elevation 96.7 ft above sea level. o_g G,-on nd surface, elevation 95_7 (1 above 5.3 |¢y¢|_ 

5F.d’°°* 5‘-""a°°~ K Bedrock ‘surface. 
-0.98 Vi_<lor_izontaI fracture (0.01 ft). L1 

‘ 

V t,aQm,e_ 
1.1) Horizontalfracture (Q.0__1_5 ft). V g 

.—_. L29 Fracture bounding a 0.05 it rock wafer (0.005-0.01 ft).

\ 2.21 Horizontal fracture (0.005 ft). 

6.25 Broken core. grinding- 

. 

' 

t .005 ft). 7 75 Fme tr“ we (‘ 0 8.} Broken care, not an obvious fracture. 

9.35 Well developed horizontal fracture (0.1 ft). 95 g _ 7 ' 
logs or dmnng ¢|uid_ 

10.34 Tight fracture (0.005 ft). 
1 1.29 Fracture. appears to bediscontinuous» 

,l3.09 Large horizontal _ A _ 
(0.0050.0lft). 13.2 V V 

' 

fracture. 

. , 16.61’ .HorizontaI fracture. open (0.005 ft), E 153 " 
1_6_.83 Tight-looking fracture (< 0.002 ft). 3 17.4 

- . 

? 7U 
____ , 18.41 Horizontal fracture - in places it appears to be closed. 

.5 19.3 Thin wafer of rock, highly weathered. 

,._-. — 20.07 Fracture open. dips about 10° (0.01 ft). 3 
3 20.7

E 

...—. .— 23.80 Fracture changes to a thin‘ hair-like clack. appears 235 L A ‘ ‘ 

to be closed (1 0.005 ft). . 

26.65 25.6 _ 

4 fracture 
26.8! Possible fractures. very faint. _ A ‘ . . . A 

/27.25 > 

26.5 
_ _, slightly 

p: 27.7!) "Well-defined fractured interval = 0.25 ft wide 
W 005 ft). 23.2

_ 

28.35 Fracture 7 ? 29 3 
, ‘ 

28.89 Subhorizontal fracture. open (0.005 ft). 
‘ ~- - - - ""‘ 

Borehole continues to 50 ft. . , 

31.3 ‘ fracture. 

Note: Estimated apenure is given in parentheses. 
34.0 ‘% 
40.4 V "V" fracture. 

V"' , 42.5 Weathered fracture. 

in 
- 

No fractures from 42.5-50 ft. 

Figure 29. Fracture log for well Sl.
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Depth 
(ft) 

0.0 

__ 1.1 
2.2 

6.12 

9.35 

12.83 ’* 12.93 

16.53 

$.30-12 

Fractures Observed with Borehole Periscope 

Ground surface. elevation 96.62 ft above sea level. 
Bedrock surface. 
Horizontal fracture (0.01 ft). 

Horizontal fracture (0.005 ft). 

Fracture. looks tight (o.oo'5 ft). 

Fracture. open (0.07 ft). 

Horizontal fracture (0.005 ft)_. 
Bifurcating ‘ . dips :25“ (0.01-0.02 ft). 

Fracture. looks open. dips : 20“ (0.005 ft). 

Fracture interval : 0.15 ft wide. 
20.27 dips 60° (0.005-0.01 ft). 

22.72 Fracture, appears tight (: 0.005 ft). 
22.94 Fracture '? ? "—‘ “' 23.49 Thin fracture trace \ 24.27 Fracture. looks tight ‘i: 0.005 ft). 
24.33 Horizontal fracture. looks open (0.015 ft). 

26.02 Fracture. looks tight. irregular (i: 0.005 ft). 

l 29_.00 Fracture. looks very tight (< 0.005 ft). % 29.09 Fracture. looks tight i: o.oo5 ft). 
29.14 Fracture. looks open (0.01 ft). 
30.27 Fracture. looks open (0.01 ft). \ 30.92 Fracture ? ‘.7

V 31.07 l-ldrizontal fracture. looks open (0.005 ft). 

, 33.64 r interval. o.o15»o.o2_ ft wide (o_.oo5 ft). 

Borehole continues to 60 ft. 

Note: Estimated aperture is given in parentheses. 

Figure 30. 

Depth 
(ft) 

0.0\ N 0.4 
~ 2.9 

3.2 

../4-.9 
,s.1 

9.3 

_, 1o.o 

1.2-6. 

12.: 
13.4 

._.._ 14.5 
, 15.6 .—_ 

17.4 

V 19,0 .“ , 19.9 
7" '~ 21.0 

22.2 

, 24.0 
./ 24.5 

25.6
H 

_,2e.2 r 23.3 
,.29.s .302 

Hill»

l

l 
<——- 

Medium-grained 

porphyritic 

quartz 

monzonite 

—>) 

Fine~gr. 

qtz. 

monzonite 

Medium-grained 

porphyritic 

quartz 

monzonite 

Fractures Observed in Drill Core 

Ground surface. elevation 96.62 ft above sea level. , 

Bedrock surface. 
"Moderate to highly weathered fracture. dips 35°. 
Horizontal moderate to highly weathered fracture. 
Horizontal fracture. slightly weathered. 
Possible fracture. 
Broken core. fracture '! '? 

Fracture '? ‘.7 

Sutahorizontal. moderately weathered fracture. 

Su bhorizontal. moderately weathered fracture. 
Slightly weathered fracture surface. 

Fracture dips 10° 
Horizontal fracture. moderately weathered. 
Subhorizontal fracture. moderately weathered. 
Su bharizontal fracture. slightly weathered_.

, 

Horizontal fracture. moderately weathered. 

Slightly weathered fracture surface. 

Moderately weathered. subhorizontal fracture. 
Highly weathered. horizo_ntal fracture. 

Moderately weathered fracture surface. 
Fractured interval. broken core. weathered. 

Moderately weathered. h'oriz_ontal fracture. 
Well weathered. horizontal fracture.

, 

Subhorizgntalf _ .moderatelyweathered. 

Horizontal fracture ? ? 
Fracture ? ? 

slightly weathered. horizontal f_ractu_r_e. 
Moderately weathered fracture. dips 60' ‘ 

Fracture ? ? 

Fracture ? ? 

No fractures from 40.5-60 ft. 

Fracture log for well S2. 

following sections of this Chapter the estimated fracture apertures are compared with the 
equivalent uniform fracture apertures calculated from injection test results. 

From the fracture logs it is apparent that most of the fractures are in the 
horizontal or near—horizontal plane. Most of the fractures are continuous between wells 
Sl and S2. The periscope logs (Figs. 29, 30 and 31) also indicate that nearly all of the 
major fractures are found in all of the wells except 37. Injection tests were performed 
to determine the relative hydraulic importance of the fractures observed.
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WELL 54 

Depth
l 

Borehole Periscope Log 

, 0.0 + 1.5 lll / 3.7 
9.00 ""“ 9.12 

__,11’.7o 

\12.53 

l19.50 
' 

19.60 

29.65 E‘ 30.39 
30.5 

Ground su rface. elevation 93.72 ft above "sea level, 

Bedrock surface. 

Bottom of casing. 

irregularly fractured interval 
- seepage into borehole. 

Start of highly inclined g: 55°) fracture. 

water table. incliried fracture disappears at 
watertable. Fracture strikes :N125". 
anerture : 0.005-0.05 ft. 

Fracture looks open. aperture : 0.01 ft- 
fractured interval on part of borehole wall. 

Large horizontal fracture, aperture :_0.01lt. 

Large horizontal fr_ac_ture. aperture :O_.01 ft. 

End of borehole periscope scan. 

Well continues to 60 ft. 

WELL S6 

Depth 
(ft) 

Borehole Periscope Log 

/ 0.0 

J 7.20 
17.24 

L‘? 30.3 

Ground sunace. elevation 95.72 ft above sea level. 

Bottom of casing. 

Large horizontal fracture. open. aperture :0.D4 it. 

_End of borehole periscope scan. 

well continues to 60 ft. 

Figure 31. Fracture logs 

wgu. 55 

Damn Borehole Periscope Log 
(ft) V 

K 0.0 Ground surface. elevation 93.82 ft above sea level. 

.__z 3.7 Bottom of casing 

10.55 Large open fracture. horizontal. 
2. 10.59 aperture varies from 0.005-0.02 ft. 

, 21.14 Two open horizontal fractures. upper one not 
21.21 cpn_t_inuou's around borehole, apertures : 0.005 ft. 

l, 30.3 End of borehole DeViS€0DE 553"- 

Well continues to 60 ft. 

WELL S7 

Depth 
gm 

0.0 

6.4 
6.65 
6.93 
7.26 

\’11.36 

for wells 
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Borehole Periscope Log 

Ground surface, elevation 97.9 ft above sea level. 

Bottom of casing. 
Two fractures apertures : 0.005-0.01 ft. 
lrrqularly fractured interval. Possible 
intersection of vertical fractures. 

Horizontal fra_ctu_re, packed with rust-coloured 
material. apparent aperture =0.0l ft. 

iglorizontal fracture; only visible on one side of borehole. 

End of borehole periscope scan. 

well continues to 60 ft. 

S4, S5, S6 and S7.



(ft) 

Aperture 115013.04 Coarse-grained rock (it) 

~~~ 

~~~~

~

~ 

.south wall 13.04 0.01 

.w'£LL s1 

Depth Fracture mg Description of Borehole Wall 

- West wall 1_3.0_5 0.01 

1104- 13.09 Large horizontal fracture, open. aperture 
0 01 : 0.0054101“ .N0f‘N'I wall 13.08 _. 

-East wall 13.05 0.01 

13.09 0.005 
13.09~ 13.55 Co_arse~gra_ined roc_k 

WELL 32 

Depth 
‘ _ 

(m Fracture Log Description 01 Borehole Wall 

Aperture 
(ft) 

12.00-12.82 Coarse-grained roc k. unfractured V. 
South wall 12.84 0.005 

[1 12.93 < 0.005 
I’ 12.95 
I

‘ 

12.82- 13.01 Fractured in_terv_aI, apertures 50.00591. West wall 12.90 '=o.oo_5 
appear to beopen 

13 01 

North wall 12.90 —*‘<' .-.o.oo5 
13.01-13.44 Coarse-grained rock 12'“ * ‘ ‘°‘°°5 

12,97 ,:_.. 
East wan 12.32 o.o'o5 

L 12.53 ‘,—”2-“'*—__,__ 

12.93 »~—§<o.oos 

Figure 32. Detailed borehole periscope observations of frac- 
tures at l3-ft leve.l in wells Sl and S22.
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Material Properties 

Uniaxial compression tests were performed on several specimens of NX diamond 
drill core obtained from wells Sl and S2. The test specimens were representative of the 
medium-grained porphyritic quartz monzonite bedrock at the test site. The test specimens 
consisted of a medium-grained (hypidiomorphic-granular) holocrystalline groundmass of 

biotite (l2%), quartz (l5%) monzonite containing several large (0.75 in. in length) feldspar 

phenocrysts. Other minerals present were potassium feldspar (25%), plagioclase (Anso) 
feldspar (45%), muscovite (2%) and approximately l% accessory minerals. The potassium 
feldspar is altered in places to sericite. 

A section of the fine-grained granitic vein material mapped in the core from well 

52 (Fig. 30) was also tested. This vein material contains approximately 40% altered 
potassium feldspar, 25% plagioclase, 25% quartz, 7% muscovite and 3% secondary and accessory 
minerals. The rock is holocrystalline with a granular texture and can be classified as a 

fine-grained quartz monzonite. 

The uniaxial tests were performed according to the ASTM (C170-50) “Standard 

Method of Test for Compressive Strength of Natural Building Stone-" A load-displacement 

curve for the medium-grained quartz monzonite porphyry is shown in Figure 33 with pertinent 

test data. From the stress-strain data, a Young's modulus of 4;72 x l08 psf was calculated 

for this medium-grained rock. In addition, simultaneous measurements of lateral and 

longitudinal deformation at approximately 50% of the final load gave a Poisson's ratio of 

0.28. 

The load-displacement curve for the fine-grained quartz monzonite in Figure 34 

gives approximately the same value of Young's modulus as that obtained from the medium- 

grained quartz monzonite porphyry cores, but the compressive strength of the fine-grained 

rock is much higher. Since the fine-grained rock was seen only as‘a few widely scattered 

veins in the outcrops at the test site and was otherwise found only in the core from well 

82, no attempt is made to distinguish between the medium-grained and fine-grained rocks 

when constructing numerical models for this test site. In any event, the changes in stress 

during this experiment are only a small percentage of the compressive strength of the 

rock. 

Examination of the drill core showed that some of the fracture surfaces exhibited 

chemical alteration to a depth of about 1 mm (0.003 ft) (Fig. 35). Undisturbed samples of 

"the fractures were unobtainable for laboratory determination of the force-displacement 

relationships. For numerical modelling purposes, it is possible to attain an approximate 

"measure of the fracture behaviour by using the laboratory data collected by other workers
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Figure 33. Load-displacement curve 
for a sample of the 
quartz monzonite 
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for similar rock types. For example, Goodman and Dubois (l972) reported normal stiffness 
values for (1) an open clean joint in fresh quartz monzonite of 9.75 x lo7 psf/ft and 
(2) an open calcified joint in slightly altered rhyolite porphyry of l.04 x l08 psf/ft. 
Shehata, using artificially created tension fractures in quartz monzonite, measured a 

normal stiffness value of l.35 x lo7 psf/ft. All of the stiffness calculations above are 
based on the secant.of the load displacement curve. 

Figure 35. Close—up view of core from 9.36 ft below 
ground surface in well Sl, showing the 
highly weathered nature of the fracture 
surface. 

The highly deformable nature of the fractures at the test site was demonstrated 

by accidentally loading a watersfilled fracture using a truck. The fracture was located 
approximately 2 ft below the surface and was connected to the surface by a l-in. diameter 
drill hole. As the truck wheel approached the drill hole water was forced up the hole to 
the ground surface indicating that the fracture had closed. 

Hydraulic Characteristics 

Injection Tests 

To evaluate the hydrologic characteristics of the fractures observed both in the 

boreholes and in the rock cores, constant—pressure injection tests were carried out using 

a standard injection test arrangement (Fig. 36) and the inflatable packer arrangements 

shown in Figure 37. Both single and double packer assemblies were constructed in the field 

and their construction closely followed that of Maini. The method of packer construction 

has been described by Gale and welhan (l975b).
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The injection rates were measured using a series of three parallel flow 
manometers. The orifice plate openings in the manometer pipes were 1/8 in., l/4 in. and 

3/8 in., respectively. The calibration curves for the three flow manometers are given in 

Figure 38. 

DISCHARGE MEASUREMENTS (cfm) 
0 0| 0.2 , 0.3 0.4 

I I I 

Figure 38. Calibration curves for flow 
manometers.

~ |/3" orifice 
MANOMETER 

READING 

(ft) 

Igpm 

The injection rate was obtained by making spot measurements of manometer heights 

and then determining the corresponding flow rate from the manometer calibration curve. In 

many of the injection tests only the l/4-in. orifice plate was used. From the calibration 

curves (Fig. 38) it can be seen that it was impossible to measure flow rates of less than 

0.01 cu. ft/min with this manometer system. To determine very low flow rates, the volume 

removed from the temporary reservoir (45 Imperial gallon capacity) was measured over a 20- 

to 30-min period.
‘ 

During each injection test, the flow rate was increased until the desired water 

pressure in the injection cavity was reached, and then the water pressure was held constant 

by adjusting the flow rate. A continuous record of the fluid pressure in the injection
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cavity was made using Hewlett-Packard single-pen strip-chart recorders and the fluid 
pressure transducer equipment shown in Figure 39. In each injection test; the packer 
separation was approximately 2 ft and the fluid pressures were increased successively until 
the pressure in the packer interval was slightly less than overburden pressure. Pressures 
were held approximately constant after each pressure change until the flow rate had 
stabilized. : 

Figure 39. Pressure transducer 
equipment. 

Most of the experimental work was performed in wells S1 and S2. Since these two 
wells are only 3 ft apart, the injection tests were (a) carried out with the second well 
open (Fig. 37, section A) and (b) repeated with the fracture being tested blocked with an 
inflatable packer where it intersected the second well (Fig. 37, section B). 

Table 5 summarizes the results of the injection tests in well Sl with (a) well 
S2 open and (b) the fracture being tested in S1 blocked in well S2. By comparing these 
pressure and flow rate data with the fracture logs in Figures 29 and 30, it can be seen 
that the most important water conduits in S1 are located at 9.36 ft, l3.l9 ft, 20.04 ft, 
27.7 ft, 28.89 ft and'~4O ft below the ground surface. Thus there is very good agreement 
between the location of the fractures detected by the injection tests and the location of 
the fractures described as being open in the periscope logs or as being weathered in the 
core logs (Fig. 29). 

Table 5 also shows that the open well (S2) has a greater effect on the flow rate 
in the larger fractures (at l3.l9 ft and 20.04 ft) than on the flow rate in the smaller 
fractures (at 27.7 ft and 28.89 ft). Thus for the larger fractures, the appropriate flow
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rates must be determined while the fracture being tested is blocked in well 52. The 
difference in the flow rates above can be partly explained if the fractures at l3.l9 ft 
and 20.04 ft have large apertures in the vicinity of wells S1 and S2 and these apertures 
decrease farther from the wells. It should be noted that the injection test results show 
that the fracture at approximately 40 ft below the ground surface is essentially a 

discontinuous fracture that is penetrated by both wells S1 and $2. This fracture accepts 
a fairly large flow rate when S2 is open, but the flow rate is essentially zero when the 
fracture is blocked where it intersects well 52. 

Table 5. Pressure and Flow Rate Data and Calculated Equivalent Uniform 
Apertures for Injection Tests in well Sl 

Equivalentifracture 
aperture (ft) 

Depth interval Pressure 
open in S1 increment Flow rate S2 

7‘ 

52 
(ft) (psi) . (cfm) Open Blocked 

8.55-l0.5 (2*) 0.2 0.2675 0 0037 
in 

(5) 0.7 1.0755 0.0039 

10.15-12.10 10.1 50.02681 50.00046 

ll.85-l3.8 (4) 3.0 0.2l35 0.00138 
(6) 4.l 0.2530 0.00132 

(10) 5.5 0.2640 0.00121 

12.55-14.5 (7) 3.0 0.2198 0.0014 
(9) 4.8 0.3000 0.00132 

l2.45-14.4 (3) 5.4 0.0589 0.00074 
(11) 7.5 0.0689 0.00069 

14.10-16.05 30.0 =z0.0T 

15.60-17.55 22.3 0.00160 0.000139 
32.5 0.0268 0.000313 

17.35-19.30 19.2 ~0.0+ 

19.25-21.2 (5) 6.5 0.2279 0.00109 
(12) 8.6 0.2658 0.00104 
(18) l0.8 0.2615 0.00096 

19.2-21.15 (6) 2.5 0.0401 0.00084 
(l2) 5.7 0.0776 0.0008 
(28) l0.8 0.0936 0.0007 

*Time in minutes since test started. 
+No detectable flow rate. 

_ . 

1Flow rate averaged over 20- to 30-min period.
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Tab1e 5. Continued 

Equ1'va1ent fracture 
aperture (ft) 

Depth 1nterva1 Pressure 
open in S1 increment F1ow rate S2 S2 

(ft) (psi) (cfm) Open Blocked 

20.65-22.60 22.0 80.01" 

22.55—24.5 22.4 ~0.0+ 
23.45—25.4 15.0 ~0.0‘+ 

25.15-27.1 12.6 - ~0.0o111 0.000143 

25.75-27.7 8.7 0.001 0.000162 

26.75-23.7 (2) 6.3 0.0385 0.00061 
(5) 9.9 0.0593 0.00061 
(8) 16.2 0.0931 0.00060 

27.55-29.5 (5) 8.5 0.0722 0.00068 
(10) 16.3 0.1124 0.00064 
(18) 18.6 0.0995 0.00058 
(20) 19.0 0.0979 0.00058 

27.4-29.35 (11) 8.6 0.0776 0.00069 
(25) 18.1 0.1124 0.00061 
(4) 25.8 0.1338 0.00058 

29.3-50.0 (2) 1.1 0.0669 0.0013 
(8) 7.4 0.1043 0.00081 

(15) 10.9 0.1124 0.00073 
(19) 14.9 0.1525 0.00072 

30.65-32.60 26.7 0.0-!- 

32.60—34.55 4.4 0.0001811 0.00011 
10.3 0.000311 0.0001 

33.85-35.8 21.2 0.0+ 

39.2.5-41.20 (1) 1.6 0.0401 0.00098 
(6) 3.9 0.0722 0.00088 

(10) 6.0 0.0963 0.00084 
(17) 11.5 0.1378 0.00076 
(22) 16.5 0.1578 0.00071 

39.2-41.15 10.0 0.0011 0.00015 

40.55-42.50 19.3 ~0.0+ 
41.55-43.50 12.3 ~0.0+ 
41.5-50.0 17.4 ~0.0
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By observing the fluid pressure below a single packer blocking the fracture in 

52 while fluid is being injected between two packers straddling the fracture in S1, it is 

evident whether the fracture being tested is hydraulically connected to any of the fractures 
below it. The fluid pressures for three different tests of this type on fractures located 
at l3.l9 ft, 20.04 ft and 28.89 ft below ground surface in well Sl are shown in Figure 40. 
The fluid pressures below the inflatable packer in well S2 did not change as the individual 
fractures in Sl were being tested. Thus it can be assumed that at least in the immediate 
vicinity of wells Sl and S2, vertical fractures, if present, are not significant fluid 
conductors. Note that this set of figures presents total pressures in the well, not the 
increase in fluid pressure. 
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The borehole periscope logs for wells S4, S5, S6 and 57 (Fig. 31) show that 

most of the significant fractures detected in wells S1 and 52 have similar counterparts in 

wells 54 and $5. In wells S6 and 57, only a few fractures were detected with the borehole 

periscope, partly because of the rough nature of the borehole walls. The flow rate data
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from wells 54 and 56 do not indicate an increase in fracturing below the 30-ft level over 
that observed in wells S1 and $2. This is shown by the injection rates in Table 6. well 
S7 would not accept any water even when lithostatic pressures were approached, suggesting 
that this well does not intersect the fracture system detected in the other wells. It is 
also possible that the intersecting fractures were plugged by the drilling operations 
(air-driven percussion drill). 

The different hydraulic character of well 57 is further demonstrated by the fluid 
temperature profiles measured in wells S1, S5 and 57 (Fig. 41). From the shape of the 
temperature profiles the conclusion can be drawn that wells S1 and 55 are part of the same 
fracture flow system but that well 57 is not. This, in part, substantiates the injection 
test results and the borehole periscope logs. These temperature measurements were made 
with a thermistor and wheatstone bridge. 
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Calculated Equivalent Fracture Apertures 

The fracture system described above can be idealized as a system of horizontal 
fractures, and these fractures can be modelled using the parallel plate analogy. Individual 
equivalent uniform fracture apertures can be calculated using a radial flow, parallel 
plate model with the radius of influence deternfined from field observations.
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Tab1e 6. Pressure and-F1ow Rate Data from Ne11s S4, S6 and S7 

Ne11'S4 We11 S6 We11 57 

(Injection Increase in Increase in Injection Increase in 

V1 

interva1 pressure F1Qw rate pressure F1ow rate interva1 pressure. Flow rate 
(ft) (psii) (cfm) (psi) (cfim) (ft) '(ps1') (cfm) 

31.0-46.0 (8*) 9.3 0;0918 8.5 0.1307 15.5-60.0 13.5 ' 0.0 
(12) 9.9 0.0704 (12) 9.2 0.6088 
(2) 10.2 (16) 9.2 0.0959 

(20) 9.4 0.0787 

46.0-60.0 (8) 6.3 0.0508 (10) 8.7 0.2194 
(12) 7.0 0.0428 (12) 8.8 0.1979 
(20) 8.5 0.0347 (16) 8.7 0 1926 
(23) 8.7 0.0334 (19) 8-5 1950 
(30) 8.8 0.0321 

*Time in minutes since test started.



Applying Darcy's law to a horizontal parallel plate model for radial flow 

- éfl V--kdr (79) 

where H is the hydraulic head, 

V is the velocity, 

r is the radial distance from the well, and 

k lS the hydraulic conductivity of the fracture (———T§;——— 

The flow from a cavity into a fracture (Fig. 42) is 

Q = 2Hr (2b) V (80) 

where Q is the flow rate. 

Well 

Figure 42. Flow from cavity to fracture. 

_-__-_r_

l 

Combining equations (79) and (80) 

Q = a an (2b)k %§ (31)
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After rearranging, equation (8l) becomes 

r Hbb 

_/ dT'= 
-[Hy] 

€2.11 (2_b) dH (32)
rW 

where Hw is the hydraulic head in the borehole (L), 

Hb is the hydraulic head on the boundary (L), 

rw is the borehole radius (L), and 

rb is the radial distance to flow boundary (L). 

Integrating equation (82) leads to an expression for an equivalent uniform fracture 

aperture, based on measured flow rates and hydraulic heads at the borehole and assumed 

boundary conditions 

3 

g_ , 

2b = J[_ (g2pfQgun.) (lnrb - lnrw):l/(Hb - Hw) (83) 

Application of equation (83) is generally based either on the assumption of an 

aquifer of infinite radius or on the measurement of hydraulic head values in the plane of 

the fracture in a second borehole. Muskat (l946) has shown that the assumption of an 

infinite aquifer for porous media leads to a maximum possible error in the permeability 
calculation of not more than an order of magnitude. For the fracture system at the test 

site, it can be assumed that 50 ft 5 rb S 500 ft. 

To demonstrate the relative unimportance of the radius of influence in 

determining the size of the calculated fracture apertures, consider the case of a constant 

flow rate and a constant pressure in a 3-in. diameter borehole intersecting a single 

horizontal fracture. The effect of different values of rb (the distance to a constant-head 

boundary) on the magnitude of the equivalent uniform fracture aperture calculated using 

equation (83) can now be determined. For example, a constant flow rate of 0.003 cfs and a 

constant injection head of 50 ft, for rb equal to 50 ft, 250 ft and 500 ft, will give 

equivalent uniform fracture apertures (2b) of 0.000638 ft, 0.00069 ft and 0.00071 ft, 

respectively. Thus for the purpose of calculating equivalent uniform fracture apertures, 

one can safely assume a radius of influence of l50 ft based on the local topography and 

hydrogeology of the site.
4
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The equivalent uniform apertures calculated from the injection test results are 
given in Table 5. These fracture aperture calculations are based on the assumption of 
laminar flow, a constant water temperature of 20°C and a radius of influence of l50 ft. 
Also, it has been assumed that only one fracture is present in each injection interval and 
that the presence of the open well at a radius of 3 ft can be disregarded. The error 
involved in making this last assumption can be assessed by considering the data for the 
case where the second well is blocked. 

From the injection test results in Table 5 it is evident that the fracture system 
at Sambro can be represented, with some degree of idealization, by a system of seven 
discrete fractures as shown in Table 7. This idealized system will be used in constructing 
a numerical model of the Sambro test site discussed in Chapter 4. Table 7 includes the 
fracture apertures determined from the borehole periscope observations and the equivalent 
uniform fracture apertures determined from the injection tests. It will be noted that the 
calculated fracture apertures are much smaller than the estimated fracture apertures. 
These differences are covered in the following section. 

Distribution of Fluid Pressures in the Fracture Plane 

As discussed in Chapter 2, the magnitude of the fracture deformation depends on 
the distribution of fluid pressures in the fracture plane. Therefore a variation of the 
standard injection test (Fig.37, section C) was used to determine the fluid pressure dis- 
tribution in the plane of the fracture- water was injected in well Sl using a single packer. 
A double packer was used to isolate a fracture in well S2 which also intersected the 
injection cavity in well Sl. The fluid pressure was recorded in both wells simultaneously. 

To be able to compare the fluid pressure distribution measured in the different 
fractures tested, the fluid pressure profile owing to flow in a single horizontal fracture, 
as depicted in Figure 43, was calculated. The pressure profile shows the change in fluid 
pressure expressed as a percentage of the change in fluid pressure at the injection or 
withdrawal well plotted against a dimensionless distance which includes the radius of the 
well and the radial distance to the constant head boundary. This calculated pressure 
profile is based on the radial flow formula (Verruijt, l970, p.36), a rigid uniform frac- 
ture aperture, a constant head boundary at rb and known flow rate and fluid pressure 
boundary conditions. This curve is independent of the flow rate, injection and fluid 
boundary pressures, magnitude of the fracture aperture, well radius and distance to the 
constant head boundary. Therefore it can be used to compare field, laboratory or numerical 
results. Note that the flow rates and fluid pressures at the boundaries determine the size 
of the calculated fracture aperture, Having obtained a compatible uniform fracture 
aperture, the radial flow formula can then be used to calculate the fluid pressure profile.
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Table 7. Fracture "Data and Equivalent Fracture Apertuires for Selected Fractures at Sambro 

Fracture depth Aperture estimated Calculated ——————-————: from borehole Excess_ equivalent 
Model Borehol.e periscope log hydraulic head Flow rate apertures 
(ft) (ft) (ft) (ft) (l0'3 cfs) (ft) 

l0.0 9.36 0.l-0.08 0.46 4.46 0.0037 

l3x.0 l3.l9 0.01-0.02 12.47 01.98 0.0007 
l7.32 l.l2 0.00069 

l6,.5 16.61’ 0.005 5l .5 0.027 0.00014 
75.1 0.45 0.00031 

20.0 20.07 0.005-0.0l 5.8 0.67 0.00084 
- l3.2 l.‘29 0.0008 

24.9 l.56 0.00068‘ 

28.0 28.89 0.005-0.0l l9.86 l .29 0.00069 
41.8 l .87 0.00061 

33.5 34'.0 0.005 l0.l6 0.003 0.000ll 
23.79 0.005 0.0001 

40.0 4l .0 23. 3 50.001 0...000l.5
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Verruijt (l970, pp; 37-38) has discussed the degenerative nature of the radial 
flow formula for both the case of a well of infinitely small radius and the case where the 
outer radius of the well becomes infinitely large. He concluded that these limitations 
have no practical significance, since neither of the cases above exist in nature. Thus, 
as expressed, the radial flow formula implies a finite radius well in a finite aquifer. 

Deviation from the theoretical curve plotted in Figure 43 can result from 
(a) nonuniform fracture apertures, (b) fracture deformation, (c) turbulent flow, (d) aniso- 
tropy in the fracture plane plus other contributing factors which might include head loss 
where the fracture intersects the well. 

The numerical results. presented in Chapter 2 show that flow in fractures with 
nonuniform apertures produces a fluid pressure profile considerably different from flow in 
fractures with equivalent uniform apertures. During fluid injection the fluid pressures 
at some point away from the injection well will be a greater percentage of the injection 
pressure if the apertures are not uniform than if the apertures are uniform. Thus the 
point representing the fluid pressure in a nearby observation well will plot above the 
curve shown in Figure 43, This observation is based on the assumption that the injection 
well intersects the fracture at the point where the fracture aperture is largest. If the 
injection well should intersect the fracture where the aperture is smallest and the 
observation well intersect the fracture at a point where the fracture aperture is larger, 
then the fluid pressure at the observation well would plot below the curve shown in 
Figure 43.
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The numerical results presented in Chapter 2 also indicate that if the fracture 
deforms (opens) owing to an increase in fluid pressure, then the fluid pressures are 

propagated a greater distance from the injection well. In fact, it is the same effect as 

in a fracture with a nonuniform aperture except that the nonuniformity of the fracture 

aperture in this case is due to the magnitude of the fracture deformation decreasing with 

a decrease in fluid pressure away from the injection well. In a fracture with a fairly 

uniform aperture the percentage of the fluid pressure, with respect to the injection 

pressure, measured at a given point would increase with increasing pressure and the corres- 

ponding increase in fracture deformation. Thus for each increase in pressure, a given point 

on the fluid pressure profile would plot farther and farther above the curve in Figure 43. 

Turbulent flow would produce a greater pressure drop per unit radial distance 

than laminar flow and thus the fluid pressure profile would decrease more rapidly than 

shown in Figure 43. On the basis of injection pressures and flow rates given in Table 5, 

it can safely be assumed that turbulent flow was not an important factor in the tests 

performed during this field experiment. 

To determine the effects of anisotropy within the fracture plane on the fluid 

pressure profiles, simultaneous measurements from different observation wells would be 

needed. Because of the lack of such wells, the importance of anisotropy could not be 

determined in this particular field situation. On account of the.enlargement of the 

fracture aperture at the well bore by the drilling operations, head losses in the well bore 
' are not considered to be significant. 

Section A of Figure 44 shows the pressure-time history for a fracture located 

28.9 ft below the ground surface. Note that fluid pressures are expressed as total water 

pressure measured at the injection cavity and the observation well and not as the pressure 

increase. If the increase in pressure P2 measured in S2 is expressed as a percentage of 

the increase in pressure P] measured in ST, for each pressure level, the field measurements 

can be compared with the fluid pressures that are predicted from the calculated pressure 

profile. For this fracture under approximately steady—state conditions, the field 

measurements show that the fluid pressure in the observation well (P2) 3 ft from the 

injection well is approximately 90% of the pressure measured in the injection well (P1) 

for all the pressure steps shown. 

The measured fluid pressure in the observation well determines one point on the 

fluid pressure profile of this fracture. If this point is plotted on Figure 43, it is 

located a considerable distance above the theoretical curve. 

One possible explanation of this discrepancy is that natural fractures do not 

usually have uniform fracture apertures. From field observations of fracture systems, it
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is concluded that nonuniform fracture apertures are the rule rather than the exception. 
Thus, as shown in Chapter 2 (Fig. 20), if a well intersects a fracture at some point where 
the fracture aperture is large and if at some distance from the well the aperture decreases, 
a fluid pressure distribution similar to that indicated in Figure 44, section A, would be 
observed during injection tests. 
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Also, it should be noted that the calculated fluid pressure profile assumes 
radial symmetry. This may not be a valid assumption for the field situation, although 
deviations from this assumption would not be expected to have a significant effect on the 
fluid pressures within the first several feet of the well bore. 

The effect that a nonuniform fracture aperture has on fluid pressure distribution 
and fracture deformation, and hence on flow rate, has been discussed for an idealized 
fracture system in Chapter 2. ' 

The results of an injection test in a very fine fracture located 23 ft below the 
ground surface are presented in section B of Figure 44. The ratios of pressures measured 
at P] and P2 for this test are significantly different from those shown in section A. The 
flow rate in this fracture was so small that it could not be accurately measured. Because 
of equipment problems, only the last 20 min of this test is usable. If the stabilized 
changes in fluid pressures at the end of the test are compared, taking into account initial 
fluid pressures of 8 psi and 6 psi for wells S1 and S2, respectively, P2 is approximately
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53% of P]. This point plots directly on the curve in Figure 43. Since the fluid pressures 
in the injection well exceed the lithostatic pressure, it must be assumed that fracture 
-deformation does play some role in determining the fluid pressure distribution observed. 
’Because of the poor quality of this particular test result, no speculation on that role or 
on the variability of the fracture aperture itself is possible. 

In another injection test, on the open fracture at 20 ft below the ground surface, 
two steady-state pressure levels were used. The increases in fluid pressures were l2.5 psi 
and 8 psi for P1 and P2, respectively, for the first pressure level, and 22 psi and l7 psi 
for P] and P2, respectively, for the second pressure level. Thus the fluid pressure at the 
observation well corresponds to 64% and 77% of the fluid pressure at the injection well for 
the first and second pressure levels, respectively. These two points plot one above the 
other in Figure 43 and may represent changing fluid pressure distributions owing to 
fracture deformation. This particular test is discussed later in connection with the 
presentation of the field measurements of fracture deformation. 

From the field measurements above of fluid pressure distributions in the fracture 
planes it is concluded that the results presented in Table 7 and based on equivalent 
uniform fracture apertures are not a good representation of the actual field situation. 
The information about the fluid pressures observed 3 ft from the injection well can now be 
used to refine the fracture aperture calculations. This is accomplished by applying 
equation (83) to each fracture in two successive steps, using two different sets of boundary 
conditions. 

In the first step, the fracture aperture between the injection well and the 

observation well (rb = 3 ft) is calculated. The increases in pressure measured at the 
injection well (P1) and at the observation well (P2) are used as the pressure boundary 
conditions. This enables the calculation of an equivalent uniform fracture aperture for 
that part of the fracture between the injection well and the observation well. 

In the second step, it is assumed that the radius of the well (rw) is equal to 

‘the distance to the observation well and that rb equals 150 ft. The fluid pressure at rw 
is set equal to the increase in fluid pressure measured at the observation well. Thus, by 

applying equation (83) a second time, the calculation of an equivalent uniform fracture 

aperture for that part of the fracture plane between 3 ft and l50 ft is possible. 

The results of the calculations above are presented in Table 8 for the five 

fractures described in Table 7 for which there are simultaneous measurements in both the 

injection well and the observation well. For the two fractures on which the necessary 

pressure distribution data are not available, Table 8 uses the calculated equivalent uniform 

fracture results given in Table 7.

82



In Table 8 it is evident that some of the fractures seem to be highly nonuniform. 
Additional observation wells would permit a much better description of the actual variation 
in fracture aperture. The results presented in Table 8 are used in most of the numerical 
simulations of the Sambro test site that are presented in Chapter 4. 

Table 8. Nonuniform Fracture Apertures Calculated from Injection Test Results

P 
Fracture 5; x 100 Nonuniform apertures (ft) Equivalent uniform 
depth 1 . .. . . . apertures 
(ft) (%) (0.125 S r S 3 ft) (3.0 S r 5 150.0 ft) (ft) 

9.5 98 0.01008 0.003037 0.0037 
13.0 95 0.001537 0.000616 0.0007 
16.5 (o.oo5*) 0.00014 
20.0 64 0.00085 0.0008 0.00084 
28.89 90 0.00114 0.000549 0.00069 
33.5 (0.0005*) 0.00011 

z=40 98 - 0.000170 0.00005 0.00015 

ifEstimated with borehole periscope; no data on pressure distribution. 

There is still a considerable difference between the fracture apertures reported 
in Table 8 and those presented in the borehole periscope logs (Figs. 29 and 30). Attempts 
to determine the size of fracture apertures using a borehole periscope are complicated by 
the enlargement or chipping of the fracture at the borehole walls as a result of the 
vibrations of the drilling bit. In addition, there is no way of estimating the effect of 
roughness within the fracture plane. An increase in roughness decreases the effective 
fracture aperture. If roughness was taken into account in calculating equivalent fracture 
apertures, the cubic relationship in equation (83) would have to be modified, resulting in 
larger apertures being calculated than those now reported. 

_ 
Thus, because of roughness, chipping of the fracture edges during drilling and 

nonuniform flow within the fracture plane, the effective fracture opening is considerably 
less than direct observations would suggest. Direct visual observation of fractures gives, 
at best, a rough qualitative estimate of the relative hydraulic importance of the different 
fractures. 

Constant Flow Rate Injection Test 

Although no vertical fractures could be detected by the hydraulic tests or 
observed in the outcrops near the test wells, the fracture system at the test site must be 
connected to vertical fractures at some point. The vertical and near-surface horizontal
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fractures may or may not be completely saturated. Because of the small size of the frac- 

ture apertures the capillary effect would be expected to ensure that the fractures were, 
in fact, saturated. 

The injection tests discussed previously in this Chapter were based on maintaining 

a constant pressure in the injection cavity. Figure 45 shows the pressure versus time 

record for a constant flow rate into the injection cavity. The injection cavity consisted 

of all the fractures located below the l9-ft level in well Sl. well S2 was blocked with 

an inflatable packer at the l9-ft level. 
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Figure 45. Pressure-time data for constant flow rate injection test. 

The results of the pressure variation during a constant injection rate test 

should give some indication of the nature of the boundary conditions, such as the presence 

or absence of a no-flow boundary. In the presence of a no-flow boundary, the fluid 

pressures would be expected to increase continually and after some period of time to 

increase more rapidly. Also, Maini (personal communication, l972) has suggested that a 

constant flow rate test could be used to detect the presence of unsaturated fractures. If 

part of the fracture system was unsaturated, the field pressures would be expected to 

increase continually in the injection cavity. 

The results of the constant flow rate test at the test site (Fig. 45) show that 

the rate of fluid pressure increase slowly decreases with time. The test had to be stopped 

after approximately 45 nfin. Although it cannot be concluded that the fracture system 

is completely saturated, the rate of change of fluid pressure in the injection cavity does
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not suggest that a significant percentage of the fractures are unsaturated. Also, the 

pattern of change in fluid pressures in the injection cavity does not suggest the presence 
of no-flow boundary conditions at this test site. Finally, the effect fracture deformation 
had on the observed fluid pressure changes during this test is unknown. Undoubtedly, 
fracture deformation contributed to some of the transient effects observed. 

Withdrazoal Tes-ts 

Several attempts were made to determine the hydrologic response of the entire 
fracture system by a withdrawal test. The decrease in water levels was measured both in 
the pumped well and in the nearby observation well. when the pumping rate was about l gpm 

very rapid drawdowns were measured after only 30 min or 40 min of pumping. By slowly 
decreasing the pumping rate it was determined that the wells would only sustain a very 
small pumping rate. Thus, after the fluid pressures in the fracture system had stabilized, 
the pumping rate was set at l.43 x lo'3 ft3/s and held constant during the pumping test 
by using a discharge control tank (Gale and welhan, l975c). 

Section A of Figure 46 is a log-log plot of time in minutes versus drawdown in 
feet for a pumping test in well 52. The pump jet was set at approximately 55 ft below the 
ground surface. The fluid pressures were measured using a pressure transducer located 
approximately 4 ft below the pump jet. water levels in well Sl were measured with a tape. 
The pump test was continued for approximately 400 min and was terminated when the water 
level in well S2 reached the pump jet. 

The data presented in Section A of Figure 46 are not amenable to standard pump 
test analysis. During the first 250 min of the test the maximum drawdown is approximately 
l ft, and then the drawdown begins to increase rapidly (Fig. 46, section A). There are two 
obvious factors that contribute to this sort of well response. Recalling the descriptions 
of the fractures observed in wells S1 and 52 (Figs. 29 and 30), it can be seen that a large 
fracture (fracture aperture = 0.1 ft) intersects both wells at approximately 9 ft below the 
ground surface. This large fracture must act as a reservoir, resulting in the very small 
drawdowns during the earlier part of the pump tests. when it had been dewatered, the rate 
of drawdown increased rapidly. 

It should be noted that when the water level falls below the large fracture at 
the 9-ft level, the discharge from this fracture is independent of the drawdown in the 
pumping well. Thus it is extremely important to know the points along the well bore at 
which the main water—conducting fractures intersect the borehole. 

The recovery of the well was very rapid (Fig. 45, section B), with almost com- 
plete recovery being reached in approximately 120 min. The effect fracture deformations 
had on the response of this well could not be determined from these data.
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APERTURE DEFORMATION RESUL_TIV‘NG FROM FLUIDi 

As stated earlier, in the field study emphasis was placed on measuring the 
opening and closing of fractures in response to changes of fluid pressure within the 
fracture plane. It was anticipated that these measurements of fracture deformation would 
provide an indication of the extent to which stress-dependent permeability affected well 
behaviour in fractured rock aquifers. 

At the start of the field program, the rock and soil mechanics literature on 
instrumentation was reviewed. This revealed that the in situ measurements of changes in 

fracture apertures could not be made with existing instruments. Thus it was necessary to 

design and develop a special instrument that could be placed in a borehole and used to 

measure changes in fracture openings of as little as l0'6 ft. The author, in conjunction 

with the Instrumentation Section of the Inland waters Branch, Department of Fisheries and 
the Environment; designed and developed an instrument which is referred to as'a "fracture 

deformation gauge." Details on the development and use of this instrument have been
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presented by Gale and welhan (l975a). In the following text, changes in fracture aperture 
that were measured during withdrawal and injection tests using the fracture deformation 
gauge are discussed. 

withdrawal Test 

A pumping—out test lasting approximately l0 min was carried out at the test site. 
The fracture deformation gauge was locked in place across a fracture at the 29—ft level in 
well Sl. A pump jet was installed in well 52 at the 50-ft level. The well was pumped at 
a constant rate of 2.4 gpm and fluid pressures were measured at the deformation gauge in 
Sl and slightly above the pump jet in well S2. The high pumping rate was to ensure a rapid 
drawdown, since the field equipment did not permit testing for a long period of time. 

A constant discharge tank previously described by Gale and welhan (l975c) was 
used to control the flow rate during the test. A leak in the pump.jet during the initial 
so-called "cycling" period (Gale and welhan, l975c) caused the fluid pressures to decline 
in both wells during this part of the pumping test. During this period, all water removed

. 

from the well should be returned to it, but during the actual field experiment some of the 
water being removed from the well replaced air in the water pipes connecting the pump and 
control tank. 

7 
The inset in Figure 47 shows the test configuration. The fluid pressures in both 

the observation well (P2) and the pumping well (P1) were recorded as well as the output 
from the measuring device [a linear variable differential transducer (LVDT)] inside the 
fracture deformation gauge. The output was converted to displacement in feet and is 
indicated on the same time scale as the fluid pressures (Fig. 47). 

when the pump was started, the fluid pressures in both wells declined very 
rapidly and there was an abrupt closing of the fracture. It continued to close until the 
fluid pressure in well Sl fell below the level of the fracture deformation gauge, i.e., 
until P2 reached a constant value. After the water level in S1 had dropped below the 
deformation gauge, there was an abrupt change in the rate of fracture closure. The contin- 
ued closure of the fracture reflects that the fluid pressures were still changing in the 
surrounding rock mass. After the pump was stopped the water level in S2 started to recover. 
There was no change in the rate of fracture closure until the fluid pressure started to 
increase in the plane of the fracture, at which time the fracture started to reopen. 

The water levels in both wells were allowed to recover for approximately 43 min. 
At that time neither the fluid pressures nor the fracture apertures had returned to their 
original values and the ratios of fracture deformation to fluid pressures were different 
from those observed at the beginning of the test. Part of this residual fracture closure
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was due to the incompletely recovered water levels in the wells, but part may also have 
been due to the changing fluid pressures in the rock mass, i.e., may have been a transient 
effect such as that observed on the strain records at Bergen Park, Colorado, reported by 
Snow (l968a). In addition, some of the fracture closure may be irreversible, representing 
nonelastic deformation of the asperities and filling materials in the fracture owing to 
increased effective normal stress. 
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Figure 47. Results of fracture deformation measurements during withdrawal 
test; _Fracture deformation gauge locked across fracture at 
29—ft level. water level at start of test was =9 ft below 
ground surface. 

The fracture surfaces, as observed in the drill cores, were weathered by the 

effects of groundwater movement over a long period of time. Thus on the drill core the 

character of the rock varies from very weak, weathered material on the fracture surface to 

dense unweathered rock at a depth of about a millimetre. By reducing the fluid pressures 

in the fracture plane the effective normal stress increased and thus the weaker asperities 

may have been crushed. In a well with a depth of 200 ft to 300 ft with a possible change 

in fluid pressure of approximately one-half the well depth, the resulting nonrecoverable 

deformation would be represented by a significant permanent change in the fracture 

Permeability. 

The total fracture deformation measured during this test was approximately 

5 x l0'5 ft. The fracture deformation can be compared with the equivalent fracture aperture
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of 6 x l0'4 ft calculated from injection test results. The measured deformation is 
approximately one-twelfth the computed aperture. 

In view of the very small pressure changes observed in the fracture plane 
(-7.5 psi), this is a significant change in fracture aperture. One would assume that with 
an increase in aperture there would be a decrease in the contact area of the opposing 
fracture surfaces. with a decrease in contact area, a small change in fluid pressure in 
the fracture plane would result in an increase in deformation, since the stresses at the 
points of contact would be higher. 

As mentioned earlier, calculated equivalent apertures are not a very good measure 
of local fracture openings. In Table 8, it has been shown that for the fracture at the 
29-ft level, the aperture is of the order of l0'3 ft within a 3-ft radius around the well. 
Therefore the measured changes in aperture are a smaller proportion of the original 
fracture opening. Thus the changes in aperture for this larger fracture opening are more 
consistent with the magnitude of the changes in fluid pressures observed. 

_ 

Injection Tests 

Several tests were conducted where the well containing the fracture deformation 
gauge was used either as the injection or the observation well. when water was being 
injected into the well containing the fracture deformation gauge, the pressures changed in 
all fractures that intersected the well bore below the packer seal. In this case, a double 
packer was used in the observation well to isolate the fracture across which the deformation 
gauge had been placed in the injection well. Thus the change in pressure 3 ft from the 
injection well in the plane of the fracture being tested was known. 

when the well containing the deformation gauge was used as the observation well 
the procedure above was reversed. Using a double packer assembly a single fracture in the 
injection well was isolated. The deformation gauge was placed across this same fracture in 
the observation well. This well was sealed with a single packer above the deformation 
gauge. It should be noted that water being injected into the fracture in the injection 
well could flow into the observation well. This would raise the fluid pressure in other 
fractures intersecting the observation well below the packer seal. 

Figure 48 shows the results of injecting water into the well containing the 
deformation gauge. The gauge was locked in place across the fracture at the 29-ft level 
(28.89 ft below ground level). This is the same fracture across which measurements were 
made during the pumping-out test (Fig. 47). In Figure 48, the flow rate is plotted in 
cubic feet per second, the fluid pressure in both wells (see inset) in pounds per square 
inch and the change in fracture aperture in feet against time in minutes since the test
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started. The basic data used to compile this Figure are given in Tables 9 and lo. The 

fluid pressures (P2) in the observation well (S2) are almost equal to the fluid pressures 

(P1) measured in the injection cavity (Sl). It should be noted that the pressure measure- 

ments were only accurate to :l psi, at best- The sudden jump in injection cavity fluid 

pressure (P1) after approximately 20 min may be partly due to fluctuations in electronic 

signals, since P1 does not return to its original value at the end of the test. The 

sudden increase in P] may also have been caused by flushing of drilling material from the 

fracture plane during the injection test. In any event, the fluid pressure distribution 
in Figure 48 is very similar to that observed during an earlier injection test in the same 

fracture (Fig. 44, section A), i.e., P2 is greater than 90% of the pressure (P1) at the 

injection point. 

Injection Started 
4 .. I Flow Rate 

l 

Adjusled /?-*>—-s

~ 

U-II 
In 

I ._.3n_.. 
I

I 

I I 

I 

I

I 

Flow 

Ra1e

u 
no’ 

cfs

N l 

o ‘I’ 

20- 

Released 
Smile 
POC er 

Fluid 

Pressure 

(psi)

5 I 

_A2b 

(Io"m 

- I 

0'; ‘ ’ D H 20 
Time (min) 

“Figure 48. Results from an injection test in well S1 with the fracture deformation 
gauge locked across the fracture at the 29—ft level in Sl. water level 
at start of test was ~11 ft below ground surface. 

It should be noted that the injection cavity consists of all the fractures below 

the 27eft level in well Sl. _Thus it is impossible to correlate the changes in flow rates 

with corresponding changes in fracture aperture. In any future study a packer placed below 

"the deformation gauge would effectively isolate a single fracture in both wells.
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Tab1e 9. In Situ Fracture Deformation Test Data, September 14, 1973 

Fracture deformation Pressure in Pressure in 
Time gauge we11 S1 we11 S2 
(min) (VDC) (psi) (psi) 

0.00 1.4918 6.9 2.7 
1.00 1.4915 6.8 2.7 
2.00 1.4914 6.8 2.6 
3.00 1.4906 6.8 2.6 
4.00 1.4906 7.5 3.0 
4.50 1.4905 7.3 3.1 
5.00 1.4985 8.0 3.2 
5.50 1.4904 12.0 3.9 
6.00 1.5100 — 15.2 5.0 
6.50 1.5350 16.5 7.5 
7.00 1.5478 16.8 10.7 
7.50 1.5570 17.5 12.3 
8.00 1.5668 18.6 13.5 
8.50 1.5753 19.2 14.7 
9.00 1.5786 19.2 14.6 
9.50 1.5822 19.4 14.6 

10.00 1.5864 19.5 15.0 
10.50 1.5898 19.7 15.2 
11.00 1.5938 19.8 15.4 
11.50 1.5959 20.0 15.6 
12.00 1.5979 20.0 15.7 
12.50 1.6010 20.2 16.0 
13.00 1.6024 20.2 16.0 
13.50 1.6023 20.0 15.7 
14.00 1.6086 21.0 16.3 
14.50 1.6172 21.5 17.0 
15.00 1.6226 22.0 17.3 
15.50 1.6235 22.0 17.4 
16.00 1.6252 22.0 17.5 
16.50 1.6263 22.0 17.7 
17.00 1.6266 22.0 17.7 
17.50 1.6285 22.0 17.7 
18.00 1.6286 22.0 17.7 
19.00 1.6570 22.5 17.7 
19.50 1.6606 22.6 18.0 
20.00 1.6820 26.5 19.0 
20.50 1.6926 27.2 19.2 
21.00 ' 1.7016 27.6 19.5 
21.50 1.7095 28.0 19.7 
22.00 1.7122 -28.4 20.0 
22.50 1.7158 28.6 20.3 
23.00 1.7424 28.7 20.6 
23.50 1.7441 29.0 20.8 
24.00 1.7453 29.2 20.9 
24.50 1.7480 29.2 21.3 
25.00 1.7483 29.2 21.5 
25.50 1.7492 29.3 21.7 
26.50 1.7270 26.0 21.6 
27.00 1.7035 24.0 21.0 
27.50 1.6870 23.0 20.0 
-28.00 1.6725 22.0 19.0 
28.50 1.6650 19.0 6.0 
29.00 1 0 3,0 .5800‘ 13.
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Tab1e 9. Continued 

Fracture deformation Pressure in Pressure in 
T‘me gauge we11 S1 we11 52 
(min) (VDC) (psi) (psi) 

29.50 1.5420 11.0 3.0 
30.00 1.5262 10.5 3.0 
30.50 1.5181 10.0 2.8 
31.00 1.5120 9.5 2.8 
31.50 1.5078 9.3 2.8 
32.00 1.5040 9.2 .00 
32.50 1.5024 9.0 --0.0 
33.00 1.4995 9.0 -0.0 
33.50 1.4983 8.9 -0.0 
34.00 1.4967 8.8 -0.0 
34.50 1.4951 8.8 -0.0 
35.00 1.4940 8.8 -0.0 
35.50 1.4930 8.7 -0.0 
36.00 1.4608 8.4 -0.0 
36.50 1.4612 8.4 -0.0 
37.00 1.4616 8.2 -0.0 

Note; Injection test and fracture deformation gauge are in we11 S1; 
S2 is the observation we11. The fracture is Tocated 
approximately 29 ft below ground surface. 

Tab1e 10. Pressure History Test Data for Fracture 
Deformation Test, September 14, 1973 

Fracture deformation Pressure in 
Time gauge tank. 
(min) ((VDC) (psi) 

0.00 1.4321 6.8 
1.00 1.4322 6.8 
2.00 1.4324 6.7 
3.00 1.4323 6.8 
4.00 1.4320 7.4 
4.50 1.4319 7.4 
5.00 1.4317 8.0 
5.50 1.4310 12.0 
6.00 1.4300 15.2 
6.50 1.4308 16.5 
7.00 1.4318 16.8 
7.50 1.4317 17.4 
8.00 1.4313 18.6 
8.50 1.4312 19.2 
9.00 1.4311 19.2 
9.50 1.4308 1.9.4 

1_0.00 1.4306 _0 
19.57
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Tab1e 10. Continued 

Fracture deformation Pressure in 
Time gauge tank 
(min) (VDC) (psi) 

10.50 1.4302 19.6 
11.00 1.4302 19.8 
11.50 1.4298 20.0 
12.00 1.4296 20.0 
12.50 1.4292 20.0 
13.00 1 4290 20.0 
13.50 1 4288 20.2 
14.00 1 4276 21.0 
14.50 1 4271 21.4 
15.00 1 4263 22.0 
15.50 1 4262 22.0 
16.00 1 4260 22.0 
16.50 1 4258 22.0 
17.00 1 4254 22.0 
17.50 1 4251 22.0 
18.00 1 4248 22.0 
18.50 1 4246 22.0 
19.00 1 4231 22.6 
19.50 1 4228 22.6 
20.00 1 4129 26.5 
20.50 1 4138 26.5 
21.00 1 4120 27.5 
21.50 1 4125 28.0 
22.00 1 4121 28.4 
22.50 1 4117 28.6 
23.00 1 4267 28.7 
23.50 1.4259 29.0 
24.00 1.4258 29.1 
24.50 1 4258 29.1 
25.00 1 4257 29.2 
25.50 1 4257 29.2 
26.00 1 4278 26.4 
26.50 1 4305 24.0 
27.00 1 4303 23.1 
27.50 1 4300 23.0 
28.00 1 4306 22.1 
28.50 1 4365 19.0 
29.00 1 4374 13.0 
29.50 1 4362 11.0 
30.00 1 4359 10.1 
30.50 1 4358 10.1 
31.00 1 4358 9.4 
31.50 1.4358 9.3 
32.00 1.4358 9.0 
32.50 1 4358 9.0 
33.00 1 4358 9.0 
33.50 1 4358 8.9 
34.00 1.4358 8.8 
34.50 1.4357 8.8 
35.00 1.4357 8.8 
35.50 1.4357 8.8 
36.00 1.4357 8.5 
36.50 1.4357 8.4 
37.00 1.4357 8.2
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In this test, the measured changes in aperture are in the order of lo'4 ft, 
After 18 min of testing the fluid pressures in both the injection and the observation well 

were approximately 15 psi (:1 psi). The injection rate at this time was approximately 
stable at 0.0017 cfs. The increase in aperture, as measured at the injection well, was 

+0.000l25 ft. 

The pressures were then increased such that after 25 min, they were 22 psi and 

19 psi, respectively. The steadyastate injection rate increased to 0.00246 cfs and the 

change in aperture increased to 0.00023 ft. Thus there were increases of 45% in the 

injection rate and 84% in the opening of the fracture over those measured at 18 min. 

Since the pressures are reported in terms of change from the initial condition,- 

the total fluid pressure after 25 min is equal to approximately 1 psi per foot of depth. 

This may partly account for the relatively large increase in aperture. Also, the possibil- 

ity of turbulent flow plus the nonuniform nature of the fracture aperture may have 

contributed to the smaller change in flow rate. 

In a second injection test, the deformation gauge was locked in place across a 

fracture at the 20-ft level in well S1 (Fig. 49). Packers were placed above and below this 

fracture where it intersected well 52, isolating the fracture being tested from the rest of 

the fractures intersecting well S2. An inflatable packer was placed in well S1 several 

feet above the deformation gauge. Thus the fractures below the 19-ft level were hydraulic- 

ally connected through well Sl with the injection cavity in S2. water was injected into the 

fracture located between the two packers in well 52. 

In Figure 49, the following are plotted: the flow rate of water being injected 

into the isolated fracture in well $2; the changes in fluid pressures (P1) in the injection 

cavity ($2); the change in fluid pressures (P2) at the deformation gauge (51); and the 

changes in fracture aperture measured in S1 3 ft away from the injection point. Two 

distinct levels of pressure and flow rate were measured during the test. For a change in 

fluid pressure of 12.5 psi at the injection point, an increase of 8 psi was observed in the 

well containing the deformation gauge. Thus there was a drop of 36% in the fluid pressure 

over a radial distance of 3 ft. This is significantly different from the ratio of P2 to 

P1 shown in Figure 48 for the fracture at the 29-ft level. For the results given in 

Figure 49 it should be remembered that well S1 was open below the deformation gauge and 

water was being injected into fractures below the 20-ft level and intersecting this well. 

Since the fractures below the 20-ft level all have smaller equivalent fracture apertures 

than the fracture being tested (Table 5), it can safely be assumed that the fluid pressure 

P2 in Figure 49 is only slightly lower than would have been 
recorded if the fracture had 

been completely isolated in both wells. The flow rate corresponding to the injection
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pressure above was 0.0022 cfs. The change in fracture aperture measured in we11 S1 was 
0.000117 ft. 
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Figure 49. Resu1ts from an injection test in we11 S2 with the fracture deformation gauge 1ocked across the fracture at the 20-ft 1eve1 in S1. water 1eve1 at start of test was ~8 ft be1ow ground surface. 

After approximate1y 20 min, the injection pressure was sudden1y increased by 
adjusting the f1ow rate. This increase in pressure caused the fracture deformation gauge 
to s1ip in the borehole. The steady-state pressures after 40 min were 22 psi (P1) and 
17 psi (P2). The measured f1ow rate was 0.0041 cfs. The change in fracture aperture was 
0.00018 ft. It shou1d be noted that the indicated change in aperture is much sma11er than 
the actua1 fracture deformation because of the instrument s1ippage. Thus if the amount of 
s1ippage was added to the indicated deformation, the change in aperture wou1d be approx- 
imate1y 0.00025 ft. 

After the injection test had been stopped, the fracture aperture did not return 
to its origina1 va1ue. This is part1y re1ated to transient effects, since f1uid pressures 
within the fracture p1ane had not yet returned to their origina1 va1ues. These effects are 
more easi1y appreciated if a fracture of nonuniform aperture is visua1ized as consisting of
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a series of segments having alternating large and small apertures. After fluid pressures 
have been increased, some period of time is required for the system to reach equilibrium 
in all of these segments again. Reestablishment of fluid pressure equilibrium, 
however, may not provide the complete explanation for the observed residual fracture opening. 
Part of the residual may represent instrument slippage or propping of the fracture through 
movement of broken rock chips during fluid injection; 

Using the same test arrangement, the fracture_at the 20—ft level was again tested. 
In this second test, water was injected into well Sl which contained the fracture deforma- 

tion gauge. The double packer straddling the fracture in well S2 was now used as a fluid 

pressure measuring point. It should be noted that in this test the water was being 
injected into the entire fracture system below the l9-ft level.

I 

The results from this test are presented in Figure 50. The fluid pressures 
measured in well S2 (P2) are unreliable due to packer leakage and problems with the pressure 

transducer. The measured changes in aperture show an initial opening of the fracture 
corresponding to the initial increase in fluid pressure. Then, with the pressure remaining 

constant, the fracture gradually closed again and did not reopen until the fluid pressure
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Figure 50. Results from an injection test in well S1 with the fracture deformation gauge 
locked across the fracture at the 20-ft level in S1. water level at start of 
test was ~13 ft below ground surface.
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was again increased. Then the aperture steadily increased and reached a constant value 
near the end of the test. 

The changes in aperture in Figure 50 are significantly different from those in 
Figure 49. The only difference in procedure for the two tests was the injection into an 
isolated fracture in one instance and the injection into the major part of the fracture 
system in the second. 

In an attempt to explain the differences in behaviour evident in Figures 49 and 
50, it may be recalled that Benko (l966) has reported grouting operations followed by 
excavation of the grouted region that have shown a preferential opening and closing of 
fractures, i.e., some fractures are extensively filled with grout, whereas others are 
not. This suggests that preferential opening and closing of fractures is a possible 
explanation for the phenomena observed in the two field experiments described above. 

In fluid injection, the total stress acting on the rock mass is not being changed. 
Thus the distribution of fluid pressures within the fracture plane determines the changes 
in effective normal stress acting across the fracture and hence the magnitude of the change 
in aperture. In Figure 49 the injection was only in one fracture, and thus any change of 
pressure in other fractures can only result from the short-circuiting effect of the 
observation well (Sl). As in Figure 49, the pressure_in Sl is much less than the injection 
pressure in S2. Thus the forces owing to fluid pressure in the fracture at the 20—ft level 
are always greater than the forces developing in the other fractures intersecting_well Sl. 
This is no longer true when well S1 is used as the injection well (Fig. 50). In this case, 
water is being injected into the fracture at the 29-ft level as well as into the other 
fractures below the l9-ft level. The data in Figures 48 and 49 indicate that the fluid 
pressures are propagated a greater distance from the injection point in the fracture at the 
29-ft level than in the fracture at the 20-ft level. Therefore, for any given injection 
pressure, a greater force will be developed in the fracture at the 29-ft level and this 
fracture will open at the expense of other fractures along the same borehole in which 
smaller fluid pressure forces have developed. 

Thus, it is suggested that Figure 50 shows the initial closing of the fracture 
at the 20—ft level owing to the development of greater fluid pressure forces in 
adjacent fractures. As the pressures are propagated within the fracture plane at 
the 20-ft level, the fluid forces become sufficient to balance the forces in the 
other fractures and hence the fracture opens to some equilibrium state. The small residual 
closure of the fracture at the end of the test is most likely due to instrument slippage or 
transient effects.
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Also, it should be recalled that Shehata observed that a withdrawal test in a 

well in a shear zone resulted in an increase in the water level in a nearby well in the 
country rock. The initial fracture opening shown in Figure 50 may have resulted from a 

similar set of factors, i.e., the greater fluid pressure forces in the lower fractures 
may have resulted in an increase in the pressure in the plane of the fracture being tested, 
and hence, the fracture would open. when a steady state was reached, these fluid forces 
were balanced and the fracture closed. It should be noted that the fracture did not start 
to reopen until the fluid pressures were almost equal to 1 psi per foot of depth.
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A 

Cl1AflTER 4 

Numerical Simulation of the Fracture System at Sambro, 
Nova Scotla 

COMPARISON OF MEASURED CHANGES IN FRACTURE APERTURES WIIH NUMERICAL MODEL RESULTS 

Using the field and laboratory data presented in Chapter 3, a finite~element 
model of the fracture system at the Sambro test site was constructed. This finite—element 
mesh was employed in Chapter 2 with idealized apertures and material properties to demon- 
strate the effect of deformable fractures on flow rates and fluid pressure distributions. 
In this section, the changes in apertures measured in the field are compared with those 
calculated using the numerical model. ‘ 

Figure 5l depicts the numerical model representation of the test site. This model 
incorporates nearly all the available field and laboratory data from the site. The 
principal compressive stresses shown as line vectors within each rock block and the 
effective normal stresses plotted across each fracture element are due to the interaction 
of the gravity forces and the initial fluid pressures only. The magnitude of the stresses 
is related to depth below the ground surface. 

The fracture system at the site is represented by seven discrete horizontal 
fractures with the same spacing and aperture distribution as described in Chapter 3 

(Table 8). This, of course, entails some degree of idealization in representing the 
geometry and continuity of the fractures over a radial distance of l50 ft. 

The description of the fracture system given in Chapter 3 justifies the idealiza— 
tion of the fracture system as completely horizontal, at least in the immediate vicinity of 
wells S1 and 52. Because of the rapid radial drop in pressure, the geometry of the frac- 
tures beyond 30 ft from_the point of fluid injection or withdrawal does not significantly 
affect the overall site simulation. 

The fracture apertures used in this model are listed in Table 8. The well, 
0.25 ft in diameter, is assumed to be 50 ft deep having a radius of influence of l50 ft 
(Chapter 3). A Young's modulus of 4.72 x l08 psf and a Poisson's ratio of 0.28 were deter- 
mined from uniaxial compression tests on drill core samples. It was not possible to obtain 
undisturbed samples of the natural fractures from the site for laboratory stiffness testing.
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One possible approach in determining the material characteristics of the fractures 
for modelling purposes is to use normal stiffness (KN) and shear stiffness (KS) values 
determined from laboratory tests on similar rock types by other workers, e.g., Goodman and 
Dubois (l972). Much of this laboratory work, however, has involved artificial fractures 
subjected to normal stresses that are very high in comparison with the small changes in 

effective stress occurring during this field investigation. 

Natural fractures, when tested in the laboratory, must undergo some disturbance 
during the extraction process which affects their displacement behaviour at low stresses. 
The size of the rock sample that can be tested in the laboratory is generally restricted, 
with the maximum size of the actual fracture plane being in the order of tens of square 
inches. The small size of the sample results in the imposition of somewhat artificial 
boundary conditions during the laboratory test. It is possible to conduct large-scale field 
tests on natural fractures (Pratt, Swolfs and Black, l974), but these are generally very 
expensive and time consuming. 

In measuring the changes in fracture apertures during the field investigation, 
an in situ measure of the normal stiffness of the fractures is actually obtained, i.e., 
both the change in fluid pressure (change in effective stress) and the change in aperture 
(fracture deformation) are measured in the borehole. If the distribution of fluid pressures 
in the fracture plane can be determined, then a close approximation can be made to the 
force being applied to produce the measured fracture deformation. During the tests at 
Sambro, the fluid pressures were measured at two points within the fracture plane: (a) at 
the injection or withdrawal well and (b) in a second well located at a radial distance of 
3 ft. Thus the force being applied over an area of the fracture plane that is measured in 
tens of square feet can be estimated. In the case of a nonuniform aperture, where there is 

very little head loss within the first few feet from the well, measuring the pressures at 
several points gives a very close approximation to the change in effective stress within 
the fracture plane. Also, small-diameter holes can easily be drilled in a pattern around 
the test well to obtain more complete information on the pressure changes within the frac- 
ture plane. In situ measures of the force-displacement relationships of fractures are more 
representative of the behaviour of fractures within a rock mass because of the natural 
boundary conditions and larger area being sampled. 

Figure 52 presents field results from the Sambro site for the aperture changes 
resulting from changes in fluid pressure. This Figure is a force—displacement curve and 
may be used for the estimation of KN, the normal stiffness (Fig. 5). The original data 
used to compile sections A and B of Figure 52 are presented in Figures 47, 48 and 49. The 
pressure values were averaged from the measurements made at S1 and S2. The results plotted 
in section A of Figure 52 show the effects of both injection and withdrawal for the fracture 
at the 29-ft level, whereas in section B of Figure 52, only the effects of injection are 
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given for the fracture at the 20-ft level. In addition, to obtain a second data point in 
section B it was necessary to correct the measured aperture change of 0.00018 ft for an 
estimated instrument slippage of 0.00007 ft. This gave a total deformation of 0.00025 ft. 
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The slopes of the three line segments shown in section A represent different 

normal stiffness values calculated from the field data for the fracture at the 29-ft level: 

— 2.04 x 107 psf/ft, 
— 1.73 x I07 psf/ft, and 

1.39 x I07 psf/ft. 
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Section B gives a rather uniform slope of KN = l.23 x l07 psf/ft passing through the mid- 

point of the curve. Because of the greater head loss in this fracture at the 20-ft level 

as compared with that in the fracture at the Z9-ft level, averaging the fluid pressures at 

the injection well and the observation well may not give a good approximation of the change 

in effective stress. Assuming a possible error of -20% in the calculated value of the 
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N value of 9.87 x 105 psf/ft 
would be calculated; similarly, assuming a possible error of +25%, a KN value of 
1.54 x 107 psf/ft would be obtained. 

averaged fluid pressure, from the measured displacements a K 

with these values for the normal stiffness, the numerical model was used to 
determine displacement values for the same pressure changes as those observed in the field. 
Table ll presents a comparison of displacements as measured in the field and those calcu- 
lated from the numerical model for the fracture at the 29-ft level. Table l2 lists the 
results of the same calculations for the fracture at the 20~ft level. 

"In both cases the lowest KN values give the best overall agreement with the field 
measurements. These results, especially those presented for the fracture at the 29-ft 
level, indicate the shortcomings of the straight-line approximation to determination of the 
KN values that is the basis of the stiffness perturbation method used to model the force- 
displacement characteristics of fractures. The nonlinear nature of the fracture deformation 
cannot be modelled accurately using the straight-line approach, especially when the change 
in effective stress is a significant percentage of the initial effective stress. A 
constitutive relationship that follows the real force-displacement curve would give better 
results when comparing field or laboratory data with numerical model results. 

Because of equipment limitations, the change in flow rates associated with a 
given change in fracture aperture could not be determined during the field tests. Thus the 
flow rates ascertained from the model calculations cannot be compared with those measured 
in the field. Flow rates for the individual fractures have been calculated using the 
numerical model and are listed in Tables ll and l2 for the lowest KN values. The results 
are expressed as a percentage of the flow rate in the corresponding rigid fracture with the 
same fluid pressure changes. These results show that the fracture deformations produce a 
significant (up to 60%) increase or decrease in flow rates in individual fractures as 
compared with rates for flow in a rigid system. 

EFFECT OF FRACTURE DEFORMATION AND FRACTURE LOCATION ON SIMULATED PUMP TEST RESULTS 

In this section, the effects of fracture deformation on flow rate during pumping-' 
out tests are investigated using both (l) nonuniform and (2) equivalent uniform apertures. 
In addition, the importance of depth below the water table at which the larger fractures 
intersect the borehole is considered. 

The model presented in Figure ST and the fracture data given in Table 13 were 
used in this study. All other material properties were the same as those mentioned earlier 
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Table ll. Comparison of Field Measurements and Numerical Model Results of Fracture Deformation for the Fracture 
at the 29—ft Level ; 

Field 
A 

Numerical results 
A 

_Q
* 

measurements A2b x 103 ft F 00 R 
Q) 

x l00 
‘

R 

Measuring Fluid 3 I = 7 = 7 = . 
g 

7 (K = l_39 x T07 
pofint pressure: A2b x 10 KN 2.04 x l0 KN 1.73 x l0 KN l.3P x 10 N psf/ft) 
(well) 

_ 

(psi) (ft) psf/ft psf/ft psf/ft (%) 

Injection
‘ 

well (P1) l3.0 +0.092 +0.069 +0.082 +0.l0l 33.1 

Observation
' 

well (P2) l2.5 - +0.0687 ¥0.08l +0.l00 

Injection 
well (P1) 22 +0.233 +Q.ll6 +0.l37 +0.l69 +60.8 

Observation 
well (P2) l9 - +0;ll5 +0.l36 +0ul67 

withdrawal 
well (P1) 0.0(-7.5) - —0.0360 -0.0437 -0.0543 -l6.2 

Observation 
well (P2) 0.0(—7.5) -0.05 -0.0356 -0.0430 -0;0535 

*QD = Flow rate in deformable fracture. 

QR 
Note: The percentage change in flow rate is also given for the lowest KN value. 

Flow rate in rigid fracture.
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Table 12. Comparison of Field Measurements and Numerical Model Results of Fracture Deformation for the Fracture 
at the 20-ft Level, 

Field Numerical results 
0 _Q

* 
measurements A2b x 103 ft D R 100

R 
Measuring Fluid 

i 

3 _ _ _ . (K = 9_37 x 106 
point pressure A2b x 10 KN;— 1.54 x 107 KN — 1.23 x 107 KN — 9.87 x 106 N psf/ft) 
(well) (psi) (ft) psf/ft psf/ft psf/ft (%) 

Injection
I 

well (P1) 13 - 0.063 0.077 0.0935 25.7 

Observation 
well (P2) 8 0.125 0.057 0.070 0.0860 

Injection 
well (P1) 22 0.114 0.139 0.170 50.0 

Observation 
well (P2) 17 0.175 0.102 0.127 0.158 

*QD = Flow rate in deformable fracture. 

QR = Flow rate in rigid fracture. 

Note: The percentage change in flow rate is also given for the lowest KN value.



in this Chipter. 
at 9 ft. 

The pumping well was assumed to be 50 ft deep with the static water level 
A constant—head boundary was assigned at a radius of l50 ft. During the pump 

test the water level in the well was dropped to the 40—ft level, i.e., the level at which 
the lowest fracture intersects the well. Thus the initial fluid pressures were set equal 
to zero at the points where the fractures intersected the pumping well. 

Table l3. Properties of the Fracture System Used in Simulated Pump Tests 

Nonuniform . 

apertures Equivalent St1f¥"es5 Initial 
Depth to uniform KVa=u:S fluid 
fracture r < 3' r < 3' apertures N S pressure 

(ft) (ft) (ft) (ft) ‘(T07 psf/ft) (psf) 

10 0.01008 0.003037 0.0037 l.2 62 
13 0.00154 0.00062 0.0007 1.2 250 
16.5 0.00014 0.00014 0.00014 l.2 468 
20 0.00085 0.0008g 0.00084 0.987 686 
28 0.00ll4 0.00055 0.00069 1.39 l,l86 
33.5 0.000ll 0.000ll 0.000ll l.2 l,435 

0.00005 0.00015 l.2 1,934 40 0.00017 

Table 14 lists the results of a simulated pump test where the fractures inter- 

secting the well have nonuniform apertures. The flow rates in the individual fractures were 

calculated for both the rigid fracture case and the case in which the fractures were allowed 

to deform. 
flow rate in the corresponding rigid fracture. 
also included. 

For each fracture the change in flow rate is expressed as a percentage of the 
The total discharge for all fractures is 

Table l4. Results of Simulated Pump Test with Nonuniform 
Apertures 

Depth to Rigid fracture Deformable QR 
X 100 

fracture system fractures 
(ft) (10-“ cfs) (l0-“ cfs) (%) 

l0 -137.13 -l-36'-.9 -0.2” 
13 -4.329 -4.16 -4.0 
16.5 -0.0402 -0.0401 -0.3 
20 -12.26 -11.41 -7.0 
28 -13.61 -11.3 -17.0 
33.5 —0.0598 -0.0507 -15.0 
40 -0.0194 —0.0190 -2.1 

All fractures 45 -l63.88
0 

0-1570. 
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Table l5 presents similar results for the nonuniform fracture system for which 
i the large fracture at the l0—ft level has been interchanged with the smaller fracture at 

the 40-ft level. 

Table l5. Results of Simulated Pump Test with Nonuniform 
Apertures with Fractures at l0—ft and 40-ft 
Levels Interchanged 

Depth to Rigid fracture Deformable QR 
X 100 

fracture system fractures 
(ft) (lO'” cfs) (l0'” cfs) (%) 

l0 -0.0006l -0.00060 -l.6 
l3 -4.329 -4.18 -3.4 
l6.5 -0.0402 —0.0398 -l.O 
20 -l2.26 -ll.56 -5.7 
28 —l3.6l -ll.47 -l5.7 
33.5 -0.0598 -0.0597 -0.2 
40 4,25l.0 3,97l.O -6.6 

All fractures —4,231.3o -3,998.31 -6.61 

In Tables l6 and l7, the results from the same series of calculations are given 
for a simulated pump test where the fractures intersecting the well have equivalent uniform 
apertures. 

Table 16. Results of Simulated Pump Test with Equivalent 
L 

Uniform Apertures 

’ 

QR Q0 QR'9D 
‘ 

Depth to Rigid fracture Deformable QR 
X 100 

T 
fracture system fractures 

_ 
(ft) (l0'” cfs) (l0‘” cfs) (%) 

l0 -98.96 -98.90 -0.06 
13 -2.68 -2.62 -2.2 
16.5 —0.0402 -0.0401 -0.25 
20 -l2.73 -ll.84 -7.0 
28 -l2.l9 

, 
-l0.85 -ll.0 

' 33.5 -0.0598 -0.0567 -5.2 
, 40 -0.2043 -0.2040 -0.2 

All fractures —l26.86 
V 

-l26.4l ao.4 

A comparison of the results presented in Tables l4 through l7 shows that the 
greatest change in flow rates between the rigid and the deformable systems occurs for frac- 
tures with nonuniform apertures. This is a direct effect of the initial fluid pressures 
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being changed over a greater area during the withdrawa1 test resu1ting in a greater change 

in aperture. A comparison of the resu1ts in Tab1es 14 and 15 and Tab1es 16 and 17 shows 

the dominant effect of the 1arger fractures and the importance of the depth at which the 

1arger fractures intersect the we11 bore. 

Tab1e 17. Resu1ts of Simu1ated Pump Test with Equiva1ent 
Uniform Apertures with Fractures at 10-ft and 
40—ft Levels Interchanged 

QR QD QR‘Qo mo Depth to Rigid fracture Deformab1e QR
X 

fracture system fractures s 

(ft) (10‘“ cfs) (10'“ cfs) (%) 

10 -0.0066 -0.0065 -1.5 
13 -2.68 -2.63 -1.9 
16.5 -0.0402 -0.0401 -0.3 
20 -12.73 -11.92 -6.4 
28 -12.19 -11.02 . =9.6 
33.5 -0.0598 -0.0577 -3.5 , 

40 -3,066.0 -2,952.0 -3.7 

A11 fractures -3,093.7 -3.8 —2,977.7 

The discrepancies between the f1ow rates for rigid fractures with nonuniform 

apertures (co1umn 2, Tab1es 14 and 15) and equiva1ent uniform apertures (co1umn 2, Tab1es 

16 and 17) are due to round-off errors in ca1cu1ating the equiva1ent fracture apertures. 

These are magnified because of the cubic dependence of f1ow rate on aperture size. The 

corresponding discrepancies for the nonuniform and equiva1ent uniform deformab1e fractures 

(co1umn 3, Tab1es 14 to 17) are due to the iterative method of so1ution used in this 

numerica1 approach and the re1ative degree of convergence obtained. 

A1though the maximum change in tota1 f1ow rate for the simu1ated pump tests is 
4 

6.6%, it shou1d be noted that a change in the pumping rate of as 1itt1e as 4% introduces 

a significant error into the interpretation of the pump test data (Mr; T. Hurr, USGS, 

Denver, Co1orado, persona1 communication, 1972). Using Ga1e and we1han's (1975c) discharge 

contro1 tank, the we11 discharge can easi1y be contro11ed during a pumping test. Thus if 

the fracture deformation changed the permeabi1ity of the fracture system during a pump 

test, it-shou1d be ref1ected in the rate of drawdown being measured in the pumping we11. 

Figure 53 shows the drawdown versus time data for two separate pump tests in 

c1ose1y spaced we11s dri11ed in the same rock unit as that found at the Sambro test site. 

The we11 discharge during each pump test was kept at a fixed rate by using the discharge 

contro1 tank. The drawdowns were measured in the pumping we11 and water 1eve1s in the 

observation we11 were not affected. 
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Figure 53. Drawdown data measured in the pumping well during two separate 
pumping tests on two separate wells. 

To date, there is no method of determining what effect fracture deformation has on 
the rate of drawdown during such pump tests. To estimate such effects the points at which 
the major water producing fractures intersect the pumping well (the permeability profile) 
must be known. A simple and inexpensive method for determining the permeability profile of 
wells with low specific capacities, such as wells drilled in fractured crystalline and 
metamorphic rocks, is presented in the Appendix. Thus pump test data obtained in wells 
where the discharge is constant and the permeability profile known would enable one to 
determine whether permeability changes owing to fracture deformation could be identified 
and assessed from drawdown data. 

SUMMARY 

There is very good agreement between the changes in apertures measured in the 
field and those calculated using the numerical model. The normal stiffness values deter- 
mined using the field measures of fracture displacement and changes in fluid pressure are 
slightly lower than those determined for similar rock types from laboratory tests. This is 
consistent with the highly weathered nature of the fractures observed in the field as 
compared with the fresh (and hence stiffer) surfaces of the fractures tested in the labora- 
tory. The approach used in this study may be valuable in determining the in situ material 
characteristics of fractures at shallow to moderate depths below the ground surface. 
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The simulated pump tests for the fracture system at Sambro show the importance of 
controlling well discharge during a pump test and the need to determine permeability pro- 

files of wells completed in fractured rock aquifers. In addition, representing nonuniform 
apertures as equivaleht uniform apertures gives an incorrect indication of changes in fluid 

pressures and, hence, of both the magnitude of fracture deformation and the resulting 
change in flow rates for deformable fracture systems. 
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CHAPTERS 

Laboratory Study of Injection and Withdrawal Tests Using 
Large- Diameter Rock Cores 

INTRODUCTION 

The third part of this research program is a laboratory study of fluid injection 
and withdrawal in artificial fractures using a large-diameter rock core. The core selected 
is 38 in. in diameter and 6 ft long. Both a fracture cut with a wire saw and a tension 
fracture were studied. In addition, a nonuniform fracture was created by sandblasting the 
saw-cut fracture surface over a given radius. 

The main objective of this laboratory study was to determine whether the pattern of 
fracture deformation observed in the field could be reproduced qualitatively. Thus during 
the study the changes in fracture aperture associated with known changes of fluid pressure 
and the corresponding changes in flow rate were measured under controlled laboratory 
conditions. Also, fluid pressures were measured at several points within the fracture 
plane. It should be noted that the artificial fractures investigated in the laboratory 
were much stiffer than the highly weathered fractures at the Sambro test site. All of the 
displacements measured during these tests were normal to the fracture surfaces. 

DESCRIPTION OF EXPERIMENT 

Sample Preparation 

A 38-in. diameter granite rock core (Fig. 54) was obtained from the Cold Springs 
Granite Company near Raymond, California. The core was trimmed on both ends to a length of 
6 ft using wire saws, with an effort being made to achieve as good a degree of parallelism 
as possible. The total weight of the core was 8,000 lb. 

The quarry operators were asked to drill an NX hole along the axis of the core. 
Since they did not have a rotary drill, a 2-in. diameter percussion drill hole was made to 
within 6 in. of the bottom of the core. This hole had to-be enlarged after the core had 
been delivered to the test facility. 
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Figure 54. Granite core (38—in. 
diameter) at Cold 
Springs Co. quarry 
near Raymond, 
California. 

After the centre hole had been drilled at the quarry, the core was cut at the 

midpoint with a wire saw to simulate a horizontal fracture perpendicular to the axis of the 

core. Before the core was cut, reference marks were made across the proposed cut to enable 

the halves of the core to be fitted back together as closely as possible to the original 

position. In each 3-ft section, 0.75-in. diameter holes, 3 in. deep, were drilled at 8-in. 

intervals around the circumference midway between the top and bottom of the section 

(Fig. 55). These holes made it possible to split the core to create a rough tension frac- 

ture. Finally, a total of 12 holes, 4 in. deep and approximately 2 in. in diameter, 

were drilled at l20° intervals along a circumference in each of what were to become 

the four sections of rock. Eyebolts cemented into these holes with a strong epoxy provided 

a means of shifting the core sections using an overhead crane. The core, as prepared and 

delivered by the quarry operators, is shown in Figure 55. 

Figure 56 shows the core halves, indicating the locations of the centre hole and 

the positions of the LVDTs used to measure changes in fracture aperture. Note that these 

changes were measured at three points on the surface of the core and also at the centre of 

the core where the fracture intersects the centre hole. A metal sleeve (Fig. 56) was glued 

into the centre hole at the top of the upper block. An 0-ring was machined into the outside 

of this sleeve such that it would fit to the sample cap.
' 
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Figure 56. Schematic diagram of core 
showing location of centre 
ho1e and four LVDTs.
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Figure 55. Both halves of 38-in. 
diameter core showing 
anchor and spiitting 
ho1es. 
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In the case of the tension fracture, metal guides were placed across the 
anticipated location of the fracture plane. This ensured that the rough surfaces would be 
properly rematched. Figure 57 indicates the guides with the connecting rods and the loca- 
tion of the splitting holes. 

Figure 57. Location of splitting 
- holes and reference 

guides for rematching 
tension fracture. 

Material Properties 

The rock core used in this experiment is identified by the Cold Springs Granite 
Company as Sierra white Granite. The approximate mineral composition has been estimated 
from thin section analysis as follows; 

Approximate 
Mineral 

A 

composition (%) 

Quartz 20 
Plagioclase (Anzo, partially altered to 

sericite) 30 

Feldspar (partially altered to sericite) 25 

Biotite (some alteration to chlorite) l0 

Muscovite l0 

Chlorite 2 

Alteration minerals 2 

Minor accessories 1 

The rock specimen is grayish white and fine-grained to medium-grained with a 

uniform texture. 0n the basis of the description above and thin section analysis, the rock 

can be classified as a grayish-white muscovite~biotite quartz monzonite. 
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During this experiment the large rock core was subjected to repeated stress 
cycles up to 2,500 psi e approximately 15% of the compressive strength of the rock. To 
determine whether this repeated loading would have any effect on the material characteristics 
Aof'the rock, cycle uniaxial compression tests were performed on 2-in. diameter cores, 4-in. 
long. The cores were drilled from samples of the same rock collected at the Raymond Quarry. 
The tests followed the ASTM Cl70—50 test specifications; the results for two test cores are 
given in Table 18. 

Table 18. Results of Cyclic Compression Tests on Sierra white 
Granite 

Maximum Young's 
Sample Cycle compression modulus 
number number omax (psi) E (psi) 

1 1 5,000 5.77 x 105 
2 5,000 5.88 x 106 

2 1 5,000 5.88 x 105 
2 5,000 5.77 x 105 
3 5,000 5.88 x 105 

These results show that for the range of stresses applied during testing of the 
large rock core, no significant change was to be expected in the stress—strain relationship 
of the rock itself. A partial stress—strain curve for sample No. l is given in Figure 58 
and a complete set of stress—strain curves, in Figure 59. 

TestWProcedure :.Sample Instrumentation 

The large-scale triaxial testing facility at the Richmond Field Station of the 
University of California, Berkeley, is the largest piece of equipment used in this study. 
It consists of an 80-in. inside diameter chamber on a heavy, movable steel base and a 

loading frame that can apply an axial load of 4 million pounds. The test chamber has 
been routinely tested to 750-psi water pressure during testing of rockfill materials 
(Becker, Chan and Seed, 1972). The test chamber can accommodate specimens up to 80 in. in 
height. 

The core was prepared for testing in the large triaxial cell as shown in Figure 60. 
The preparation consisted of mounting LVDTs across the saw—cut fracture and attaching 
strain gauges to the surface of the rock core to measure both horizontal and vertical 
strains. A 2-in. thick aluminum plate was placed on top of the core. Two holes were drilled 
from the edge to the centre of this plate. Also, a hole, 1 in. deep and 3 in. in diameter, 
was cut out at the centre of the plate. This recess is directly over and fitted to the
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metal sleeve in the centre hole in the rock core and allows water to flow into and out of 
the core. One hole in the plate serves as an injection path and the second permits the 
wires connecting the LVDTs in the centre of the rock core to be brought to the outside of 
the core through watertight fittings. Additional LVDTs were attached across the tension 
fracture after splitting the core. A 3—in. spacer was placed on top of the aluminum cap and 
the loading head of the testing machine was fitted to the spacer. 

The loading head has a curved surface on which a thin aluminum crush plate has 
been placed. This assists in obtaining a uniform load transfer between the loading piston 
and the loading head. All of the signal wires pass through a watertight box within the 
pressure chamber and then through the cell base to the instrument room. 

Figure 6l is a close—up of an LVDT mounted across the saw-cut fracture plane. 
These LVDTs are designed to operate in water under a pressure environment and can measure 
displacements as small as lO'6 ft. 

Figure 61. Close-up view of LVDT 
mounted across saw-cut 
fracture. 

Figure 62 shows the core sample in place just before the pressure chamber is about 

to be lowered and bolted to the cell base. In the photograph, the 4—million pound loading 

frame is in the left background. 
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Figure 62. Large—d1'ameter core ready for asser_r_1b1y in t-r1'ax1'a1 ce11. 
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RESULTS OF FLUID INJECTION AND WITHDRAWAL TESTS 

Three different kinds of fractures were investigated: 

(l) a “uniform” aperture represented by the saw-cut surface; 
(2) a "nonuniform" aperture produced by sandblasting a l4-in. circular area 

of the saw-cut surface (Fig. 63); and 
(3) a rough “tension” fracture surface produced by splitting the core. 

The tension fracture was created by driving metal “feather” wedges into the 3/4-in. holes 

drilled around the perimeter of the core (Fig. 60). The saw-cut fracture was tested first, 

and then the sandblasted saw-cut surface was tested. The core was split, and the sand- 

blasted saw-cut surface and the tension fracture were tested. Finally a rubber gasket was 

placed around the centre hole of the sandblasted surface enabling the tension fracture to 

be tested separately. 
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with the instrumentation described above it was possible to measure the response 

of the fractures to different axial loads and changes in fluid pressures by measuring 

changes in aperture at the centre and at three points around the outside perimeter. For 

(each fracture surface the change in flow rate and the change in fracture aperture were 

measured for different axial loads. In addition, for an axial stress of 200 psi and an 

external fluid pressure of l00 psi, the changes in flow rates and aperture were measured 

for different values of injection and withdrawal pressure in the centre borehole. 

Cutting the core at the quarry produced fine striations on the saw-cut fracture 

surface. To determine whether these striations would produce anisotropy, in terms of flow 
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or pressure distribution, two small holes were drilled into the fracture plane at a distance 
of 6.5 in. from the centre of the injection hole (Fig. 63). These holes are oriented 
perpendicular and parallel to the striations. The fluid pressures were measured at these 
two points. Two similar holes were drilled into the plane of the tension fracture, in 
line with the two holes in the saw-cut fracture plane. Note that the centre borehole has 
a diameter of approximately 3.2 in. 

Saw—cut Fracture Surface - "Uniform Aperture" 

Figure 64 is a plot of axial stress versus average total displacement parallel to 
the axis measured with the four LVDTs placed across the saw-cut fracture surface. This 
displacement (SR + A2b) is the sum of the change in fracture aperture (A2b) and the rock 
deformation (GR) parallel to the axis averaged over 4.75 in. - the average distance between 
points on opposite sides of the fracture plane to which the two components of the LVDTs 
were attached. The displacement over 4.75 in. owing to rock strain was calculated by using 
an average Young's modulus of 5.85 x 106 psi. The calculated GR was then subtracted from 
the total displacement measured (5R + A2b) to give the average fracture deformation A2b.
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The fracture displacement data in Figure 64 show the highly nonlinear nature of 

the normal force-normal displacement relationship for this fracture. The fracture almost 

reached a maximum closure condition for an axial stress of 600 psi. The greatest percent- 

age of fracture closure occurred below an axial stress of 200 psi. Using the displacement 
produced by an axial stress of 200 psi, a KN_value of 9.0 x 107 psf/ft can be calculated. 

Because of the nonlinear nature of the force—displacement curve, no single KN value can be 

used to characterize the curve. 

Figure 65 presents the changes in flow rate and changes in fracture aperture as a 

e 
= 0 - P2). No attempt has been made to account for the 

changes in effective stress resulting from P], the.fluid pressure in the centre borehole, 
function of effective stress (0 

not being equal to P2, the fluid pressure surrounding the sample, during fluid injection 

and withdrawal. The changes in fracture aperture were measured at the centre borehole from 

a series of tests conducted over a period of several days. All of the flow rates were 

measured when the difference in fluid pressures (AP = P1 — P2) was :40 psi. 
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The flow rates show a rapid decrease with increasing effective stress, approaching 

a minimum value at an effective stress of 200 psi. In addition, the difference between 

the flow rates during fluid injection and withdrawal is the greatest at the lowest effective 

stress levels. It should be noted that a AP value of :40 psi represents a greater percent- 

age of the initial effective stress at the lower stress levels than at the higher stress 

levels. Thus one possible objective of ongoing research with the large rock cores would be 

to investigate this effective stress-flow rate relationship by maintaining effective stress 

constant while increasing axial stress and fluid pressure around the sample. 
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The changes in flow rate and fracture aperture for different injection and with- 
drawal pressures are given in Figure 66. 
200 psi and an external fluid pressure of 100 psi. 

These results are for a constant axial stress of 
The clamp to which the LVDT was attached 

in the centre borehole was slightly unstable and thus this LVDT did not give reliable 
measurements of small changes in the fracture aperture. Therefore the changes in fracture 
aperture in Figure 66 are the averages of those measured by the three LVDTs around the 
sample.perimeter.
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Figure 66. Changes in flow rate and fracture aperture 
for different injection and withdrawal 
pressures with a constant axial stress of 
200 psi in saw-cut fracture surface. 

Figure 67 presents the fluid pressures (P) measured along two radii at 5 in. from 
the edge of the borehole. These fluid pressures are presented as a percentage of the fluid 
pressure increase or decrease in the centre borehole, i.e., as (P - P2)/(P1 - P 2) x lOO. 
In this Figure, the greatest drop in fluid pressure occurs perpendicular to the 
striations in the fracture plane- Parallel to the striations or grooving, approximately 
70% of the change in fluid pressure at the centre borehole has been dissipated over a 
distance of 5_in. (radius of borehole =el.6 in.). 
approximately 95% of the change in fluid pressure at the centre borehole has been dissi- 
pated over the same radial distance. Thus flow in the saw-cut fracture is highly aniso- 
tropic. Also, because of the rapid changes of fluid pressure away from the borehole, very 
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little force was developed with which to deform the fracture. To develop greater forces, 
the saw-cut surface was sandblasted over a circular area l4 in. in diameter. This created 

a nonuniform aperture with the largest opening near the well.
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Saw-_c_ut and Sandblasted Fracture Surface - "'_Nonuniform Aperture" 

Figure 68 shows the force-normal displacement results for the saw-cut fracture 

after part of the fracture plane had been sandblasted (Fig. 63). This saw-cut and sand- 

blasted surface is only slightly softer than the saw-cut surface itself. This difference 

may have been reduced by the repeated loadings during tests on the saw-cut fracture. For 

an axial stress of 200 psi, the KN value is 8.66 x l07 psf/ft. 

The flow rate and aperture changes for this “nonuniform” fracture aperture are 

given in Figure 69 as a function of effective stress. Although the changes in aperture 

are approximately the same as those measured for the saw-cut surface, the flow rates in 

this "nonuniform" aperture are from one to two orders of magnitude greater. In both frac- 

tures the flow rates approach a minimum value as the apertures approach a maximum closure 

value. This is undoubtedly the result of bridging owing to asperities in the fracture 
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plane (grooving in this case). This bridging effect was observed by Pratt, Swolfs and 
Black during large-scale field tests on natural fractures. The changes in fracture aper- 

ture were measured at the centre borehole over a period of several days. 

Figure 70 shows the flow rates and the corresponding changes in fracture aperture 
for three different injection and withdrawal pressures. The axial stress was kept constant 
at 200 psi and the external fluid pressure was maintained at lO0 psi. There is a consid- 

erable difference in the injection and withdrawal rates for equivalent fluid pressure grad- 

ients. The changes in fracture aperture shown are the averages of the three external LVDT 

readings. The centre LVDT holding device was not corrected until both the "nonuniform" and 

the tension fracture were tested. Although the changes in aperture are small, they do show 

the fracture opening during injection and closing during withdrawal. 
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The percentage of the injection and withdrawal pressure measured at 5 in. from 

the edge of the borehole for the different changes in fluid pressure is given in Figure 67. 

These fluid pressures indicate that the sandblasting did create a “nonuniform” fracture 

aperture, since more than 90% of the injection or withdrawal pressures are measured at 5 in. 

from the edge of the borehole. 
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Tension Fracture and Nonuniform Fracture 

The core was split perpendicular to its axis by driving wedges into the 3-in. 
deep holes drilled 8 in. to 10 in. apart around the surface of the core. Figure 7l 

indicates the rough nature of the tension fracture surface. The metal guides allowed the 
two surfaces to be properly rematched. 

It should be noted that for these last two remaining tests the LVDT holders in 
the centre borehole were replaced. Expansion rings were glued to the borehole walls with 
the LVDTs clamped to the centre of the rings. This configuration enabled stable and con- 
sistent measurements of displacement normal to the fracture surface. 

Figure 71. Tension fracture. Note the 6—in. scale resting on the fracture surface. 
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The fracture displacement data in Figure 72 show the highly deformable nature of 

the tension fracture. The measurements were made during the first loading cycle and the 
displacements measured for an axial stress of 200 psi give a KN value of 3.7 x l07 psf/ft. 
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Figure 73 shows the total flow rates through both the tension fracture and the 

"nonuniform" fracture and the change in each aperture for different levels of effective 

stress. These measurements were made after several loading cycles, and nonrecoverable 

deformation with repeated loadings may account for the differences in the fracture closure 

being considerably less than those shown by the force-displacement curves (Figs. 68 and 72). 

Figure 74 presents the flow rates and changes in fracture aperture for four different 

injection and withdrawal pressures. The axial stress was held constant at 200 psi and the 

external pressure was fixed at l00 psi. The aperture changes were measured at the centre 

borehole. These aperture changes show that the nonuniform fracture opened during injection 

and closed during withdrawal, while the tension fracture showed a small closure during 

injection as well as during withdrawal. For qualitative comparison of the magnitude of the 

aperture change measured during this test with the changes measured during the previous 

two tests, the average displacement as measured at the three external LVDTs has been 

plotted for the nonuniform fracture. 

The fracture displacement pattern observed during this test is consistent with 

the changes in fluid pressures observed 5 in. from the edge of the borehole in both frac- 

tures (Fig. 75). For example, there was a slight increase in the percentage of fluid 

pressure measured 5 in. from the well in the nonuniform aperture as the injection pressure 

was increased from 20 psi to 40 psi. In the tension fracture there was a slight decrease 

in the percentage of fluid pressure measured. An increase in the percentage of fluid 

pressure is consistent with fracture opening and a decrease is consistent with fracture 
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closing (Chapter 3). The sudden decrease in the percentage of fluid pressure measured in 
the fracture plane when the injection pressure was increased to 60 psi suggests the onset 
of turbulent flow. The sandblasted part of the fracture plane near the well bore is quite 
rough and Reynolds numbers were calculated to be greater than l00 near the borehole. The 
fluid pressure in the tension fracture plane suggests a decrease in the rate of fracture 
closure when the injection pressure is greater than 60 psi. This would be consistent with 
the reduction in the percentage of fluid pressure measured in the "nonuniform" fracture 
plane_for these higher injection pressures. 
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Tension Fracture 

A rubber gasket, 2 in. wide and 3/l6 in. thick, was placed around the centre 

borehole in the plane of the sandblasted saw-cut fracture so that the tension fracture 

could be observed separately. Because of the stiffness of the rubber and the thickness of 

the rubber gasket, all of the effective stresses were transmitted across the saw-cut 

fracture through the rubber gasket. This resulted in a very high and complex pattern of 

stresses around the centre borehole. Thus the results presented for the tension fracture 

are dominated by this stress pattern and are only presented to give the order of magnitude 

of the flow rates in the tension fracture. 
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Figure 76 shows the flow rates and fracture closure as a function of effective 

stress. For an axial stress of 200 psi and an external fluid pressure of l0O psi, the flow 

rates and changes in aperture for different injection and withdrawal pressures are 

presented in Figure 77. The percentage of fluid pressure in the tension fracture plane for 

the same injection and withdrawal pressures is given in Figure 78. 
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Figure 77 shows that the tension fracture closed during fluid injection as a 

result of the stresses owfing to the rubber gasket. Figure 78 indicates that the percentage 

of the injection pressure measured in the fracture plane decreases slightly. This change 

in fluid pressures is consistent with the measured fracture closing. The overall fluid 

pressures during fluid withdrawal do not have a similar consistent pattern. 

SUMMARY 

Results from this series of laboratory tests demonstrate that measurable changes 

of fracture aperture do occur owing to changes of fluid pressure within the fracture plane. 

In addition, changes of fluid pressure within the plane of one fracture can affect the 

fluid pressures in an adjacent fracture by changing the fracture aperture. The relative 
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distribution of fluid pressures within each fracture plane determines which fracture will 
open or close at the expense of the nearby fractures. If the fractures have uniform 
apertures, then very little deformation occurs. As the aperture becomes more nonuniform the 
fluid pressures are propagated over a greater distance and hence the larger forces produce 
greater deformations. 

The measured flow rates reflect a considerable difference between injection and 
withdrawal in the same fracture system. The flow rates show a rapid decrease with 
increasing effective stress. Also the difference between the injection and withdrawal flow 
rates decreases with increasing effective stress. 

The fluid pressure distribution in the fracture plane, when expressed as a 
percentage of the injection or withdrawal pressure, is very sensitive to changes in 
aperture and deviations from laminar flow. Thus, by observing the fluid pressures in 
individual fractures around a pumping well, one should be able to determine which fractures 
are opening or closing. 

The aperture changes measured in the laboratory were almost an order of magnitude 
less than those measured in the field. This is partly the result of the artificial frac- 
tures being stiffer. As well, the laboratory tests were conducted with higher initial 
effective stresses than those acting in the field situation. Also, fluid pressures were 
acting over a much greater area of the fracture surface in the field than in the laboratory. 

Neither the flow rates nor the aperture changes showed a distinct nonlinear 
relationship to the fluid pressures during laboratory tests. This agrees with the field 
observations and shows that fractures deform under small changes in fluid pressure and that 
it is not necessary to have fluid pressure approaching overburden stress before the 
fractures open. 
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CHAPTER 6 

Summary and Conclusions 

The mathematical approach used in this investigation shows the effectiveness of 

the Galerkin method in arriving at a finite-element formulation directly from the governing 

equations without having to obtain and prove the existence of an appropriate variational 

principle. The numerical model presented in Chapter 2 is a powerful tool for analyzing the 

interaction between rock stresses and fluid pressures in deformable fractured rock masses. 

Investigation of idealized fracture systems shows that in deformable systems 

there is a considerable difference in the flow rates and pressure distributions resulting 

from fluid injection and withdrawal. This difference is highly dependent on the deforma- 

bility of the fractures and the magnitude of the fluid pressure changes relative to the 

magnitude of the initial effective stress. A fracture opening during injection allows the 

fluid pressure to propagate greater distances, whereas a fracture closing during withdrawal 

tends to reduce the area over which the initial fluid pressures are affected. Comparison 

of equivalent uniform fracture apertures with corresponding nonuniform apertures indicates 

that in deformable systems there is a considerable difference in the flow rates and the 

pressure distributions in the two systems. This difference in pressure distribution 

results in greater fracture deformations in the nonuniform fracture system. Thus, on a 

local scale, fractures having nonuniform apertures cannot be replaced with fractures having 

equivalent uniform apertures. These observations have a considerable bearing on attempts 

to determine how the stability of fractured rock slopes is affected by fluid pressures or 

how effective a particular drainage system would be in stabilizing a given rock slope. 

The numerical model results clearly demonstrate that changes in the effective 

stress resulting from drawdown in a well can cause a significant decrease in the permea- 

bility of the fracture system. 

Results from injection tests during the field investigation show that changes in 

fracture aperture were indicated by changes in the shape of the fluid pressure profile as 

measured in nearby observation wells. In addition, measuring fluid pressure at several 

points away from the injection well enables the calculation of the variation in fracture 

aperture. The amount of detail obtained is limited to the number of available observation 

wells. 
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In most low-capacity wells, such as those usually found in fractured-rock 
aquifers, it is extremely important that the well discharge be kept at a constant rate 
during a pump test. A constant-head discharge control tank (Gale and welhan, l975c) was 
a much—needed piece of equipment for controlling well discharge during this study. 
Knowledge of the permeability profile of a well was an important prerequisite to the 
analysis of drawdown data. The modification of the inflatable packer assembly described in 
the Appendix should provide a simple and inexpensive tool for measuring the relative 
permeability profile of wells completed in fractured rock aquifers. with data obtained 
using both of the above tools, one should be able to determine the effect that fracture 
deformation and the resulting change in fracture permeability have on drawdown during pump 
tests. Collection of such data is a necessary step in improving methods of analyzing pump 
test data from fractured rock aquifers. 

The "fracture deformation gauge" developed during the field investigation 
provides a means of measuring in situ changes in fracture aperture. Using this instrument, 
fracture closure of the order of 5 x l0‘5 ft was measured for a reduction in fluid pressure 
of approximately 7.5 psi. Fracture openings of approximately 3 x l0'4 ft were measured for 
fluid pressure increases of approximately 20 psi. All of the field measurements of fracture 
deformation were obtained on fractures located within 30 ft of the ground surface. These 
measurements show that fracture deformation does occur as a result of changes in fluid 
pressures and is a significant percentage of the initial fracture apertures that are 
calculated from injection test results. In addition, when a number of fractures intersect 
a well, the field measurements demonstrate that the relative fluid pressure distribution 
within the fracture plane results in a preferential opening of some of the fractures. The 
fluid pressure distribution is directly related to the variation in fracture aperture away 
from the injection well. Also, the field results demonstrate that fractures open or close 
under very small changes in fluid pressure and thus fluid pressures approaching overburden 
stress are not necessary before fracture deformation occurs. 

Very good agreement was attained between the field measurements of fracture 
deformation and the deformation calculated using a numerical model of the fracture system 
at the Sambro test site. The normal stiffness values for the fractures were calculated 
from the field measurements of changes in fracture aperture and the corresponding changes 
in fluid pressures. Thus this approach provides a method for obtaining in situ measures of 
the normal stiffness that should be more representative than those values determined from 
small samples in the laboratory. In addition, comparison of the field and the numerical 
model results demonstrates the shortcomings of the straight-line approximation to the K 
values that is the basis of the stiffness perturbation method used to model the force- 
displacement characteristics of fractures. The straight-line approach does not permit 
accurate modelling of the nonlinear nature of the fracture deformation, especially when the

N 
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change in effective stress is a significant percentage of the initial effective stress. A 
constitutive relationship that follows the real force-displacement curve would give better 
results when comparing field or laboratory data with numerical model results. 

The numerical results presented in Chapter 4 demonstrate the importance of 
determining the permeability profile of a well. The dominating effect of the larger 
fractures is clearly shown by these somewhat idealized examples. 

Results obtained from the laboratory tests with the large-diameter rock core 
agree with the pattern of fracture deformation observed in the field as well as with that 
predicted using the numerical model. The laboratory results presented in Chapter 5 show 
aperture changes in the order of l0'5 ft. It should be noted that initial effective 
stresses during these tests were approximately five times greater than those present during 
the field tests and that the fractures were stiffer. The laboratory results clearly 
demonstrate-the decrease in flow rate with an increase in effective stress and the increase 
in the difference between injection and withdrawal flow rates with an increase in fluid 
pressures. 

The laboratory results also point out the importance of aperture uniformity on 
fracture deformation. The laboratory tests show that fluid pressure profiles within the 
fracture plane are very sensitive to changes in fracture aperture. Thus, by measuring 
fluid pressures at several points within a fracture plane and comparing the fluid pressure 
profiles, one should be able to determine whether the fractures are opening or closing 
during field injection and withdrawal tests. 

This study has been concerned only with steady—state events. It is obvious that 

an investigation of transient effects in deformable fracture systems, especially in porous 
fractured rocks, wouldacontribute significantly to an understanding of well behaviour in 
fractured rock aquifers. It is hoped that the field instrumentation and data and the 

laboratory and numerical model results presented in this report will provide some additional 

aids and insights to future extensions of this work. 

136



References 

Barenb1att, G., U.P. Zhe1tov and G.H. Kochina. 1960. Basic concepts in the theory of 
seepage of homogeneous 1iquids in fractured rocks. Prikl. Mat. Mekh. 24:852-864. 
iIn Russian.

a 

Bear, J. 1972. Dynamics of Fluids in Porous Media. New York: American E1sevier 
Pub1ishing Co. 

Becker, E., C.K. Chan and H.B. Seed. 1972. strength and Deformation Characteristics of 
Rockfi11 Materia1s in P1ane Strain and Triaxia1 Compression Tests. Geoteehnical 
Engineering Report No. 72-5, University of Ca1ifornia, Berkeiey. 

Benko, K,F. 1966. Instrumentation in rock grouting for Portage Mountain Dam. Water 
Power 18(10):407é414. 

Bernaix, J. 1967. Etude géoteehnique de Za roehe de Molpasset. Paris, Dunod, p. 215. 

Bianchi, L. and D.T. Snow. 1968. Permeabi1ity of crysta11ine rock interpreted from 
measured orientations and apertures of fractures. Ann. Arid Zone 8(2):231—245. 

Biot, M.A. 1940. Genera1 theory of three-dimensiona1 conso1idation. J. Appl. Phys. 
12:155-164. 

Danie1, E.J. 1954. Fractured reservoirs of the Midd1e East. Bull. Am. Assoc. Petrol. 
GeoZ. 38(5):774-815. 

Davis, S.N. and e.w. Moore. 1965. Semidiurna1 movement a1ong a bedrock joint in W001 
Ho11ow Cave, Ca1ifornia. Bull. Nat. Spezeol. Soc. 27(4):133-142. 

Davis, S.N., F.L. Peterson and A.D. Ha1derman. 1969. Measurement of sma11 surface 
disp1acementS induced by f1uid f1ow. Water Resources Res. 5(1):129-138. 

Desai, C.S. and J.F. Abe1. 1972. Introduction to the Finite Element Method. New York: 
Van Nostrand Reinho1d Ltd. 

137



Douglas, J. and T. Dupont. 1970. Galerkin methods for parabolic equations. J. Numer. 
Anal,, SIAM 7(4):575-626. 

Duguid, J.0. 1973. Flow in fractured porous media. Ph. D. Thesis, Princeton University. 

Evans, D.M. 1966. The Denver area earthquakes and the Rocky Mountain Arsenal well. 
M. Geol. 3(1). 

Faribault, E.R. 1907. Geology of Halifax County, Prospect Sheet No. 69. Geological 
Survey of Canada. 

Finlayson, B.A. 1972. The Method of Weighted Residuals and Variational Principles. 
New York: Academic Press. 

Gale, J.E. and J.A. we1han._ 1975a. Development and use of an instrument for measuring 
in situ changes of fracture aperture. In Research Program, Hydrology Research 
Division — Summaries of Progress and Short Research Reports, Inland waters Directorate, 
Report Series No. 42, pp. 17-21. 

Gale, J.E. and J.A. welhan. 1975b. Construction of a simple inflatable packer for use in 
shallow wells. Inland waters Directorate, Report Series No. 42, pp. 22-25. 

Gale, J.E. and J.A. welhan. 1975c. Controlling well discharge with a constant head tank. 
Inland waters Directorate, Report Series No. 42, pp. 26-29. 

Ghaboussi, J., E.L. Wilson and J. Isenberg. 1973. Finite element for rock joints and 
interfaces. J. Soil Mech. Fbundation Div., ASCE 99(SM10):833—848. 

Goodman, R.E. 1970. The deformability of joints. Determination of the In Situ Modulus 
of Deformation of Rock, ASTM STP 477, American Society for Testing and Materials, 
pp. 174-196. 

Goodman, R.E. 1974. The mechanical properties of joints. Proc. 3rd Congress of the Int. 
Soc. of Rock Mechanics, V01. 1, pp. 127-140. 

Goodman, R.E. and J. Dubois. 1972. Duplication of dilatancy of jointed rocks; J. Soil 

Mech. Foundation Div., ASCE 98(sM4):399—422. 

Goodman, R.E., R.L. Taylor and T. Brekke. 1968. A model for the mechanics of jointed rock. 

J. Soil Mech. Foundation Div., ASCE 94(SM3):637—659. 

138



*1 

Gringarten, A.C. and P.A. witherspoon. l972. A method of analyzing pump test data from 
fractured aquifers. Proc. Symp. of Int. Soc. of Rock Mechanics, Percolation through 
Fissured Rock, Stuttgart, p. T2—C. 

Hantush, M.S. 1966. wells in homogeneous anisotropic aquifers. water Resources Res. 
2(2):273-279. 

Hantush, M.S. and R.G. Thomas. l966. A method for analyzing a drawdown test in 
anisotropic aquifers. Water Resources Res. 2(2):28l—286. 

Helm, D.C. l974. Evaluation of stress-dependent aquitard parameters by simulating 
observed compaction from known stress history. Ph. D. Thesis, University of 
California, Berkeley. 

Heuzé, F., R.E. Goodman and A. Borenstein. l97l. Joint perturbation and no tension 
solution. Rock Mech. J., ISRM 2(5). 

Hodgson, R.A. l96la. Regional study of jointing in Comb Ridge, Navajo Mountain area, 
Arizona and Utah. Bull. Am. Assoc. Petrol. Geol. 45(l):l-38. 

Hodgson, R.A. l96lb. Classification of structures on joint surfaces. Am. J. Sci. 
259(7):493-502. 

Hutton, S.G. and D.L. Anderson. l97l.r Finite element method: A Galerkin approach. 
J. Eng. Mech. Div., ASCE 97(EM5):l503-1520. 

John, K.w. 1969. Civil engineering approach to evaluate strength and deformability of 
regularly jointed rock. Pwoc. 11th Symp. on Rock Mechanics, Rock Mechanics - Theory 
and Practice, edited by w.H. Somerton, Soc. Min. Eng., Berkeley, California. 

Jouanna, P. 1972. Effet des sollicitations mécaniques sur les écoulements dans certains 
milieux fissurés. These, Docteur ES-Sciences Physiques, Universite de Toulouse, 
France. 

Kantorovich, LA. and V.D. Krylov. l958. Approximate Methods of Higher Analysis. 
New York: Interscience. 

Karanjac, J. 1971. Elastic storage in aquifers. Ph.D. Thesis, Princeton University. 

Kazemi, H. l969. Pressure transient analysis of naturally fractured reservoirs with 
uniform fracture distribution. Soc. Petrol. Eng. J. 9(4):45l-462. 

139



Kazemi, H., M.S. Seth and G.M. Thomas. 1969. The interpretation of interference tests in 

natura11y fractured reservoirs with uniform fracture distribution. Soc. Petrol. Eng. 

J. 9(4):463. 

Kira1y, L. 1969. Statistica1 ana1ysis of fractures (orientation and density). 
Sonderdruck aus der Geologischen Rundschau 59(1):125-151. 

Law, J. 1944. Statistica1 approach to the interstitia1 heterogeneity of sand reservoirs. 
Trans. Am. Inst. Min. Met. Eng. 155:202. 

Lewis, D.C. and R.H. Burgy. 1964. Hydrau1ic characteristics of fractured and jointed 
rock. Ground Water 2(3):4-9. 

Lomize, G.M. 1951. Flow in Fractured Rocks. A11-Union Energetics Pub1ishers, Moscow/ 
Leningrad. PP. 7-127. 

Louis, C. September 1969. A Study of Groundwater F1ow in Jointed Rock and its Inf1uence 

on the Stabi1ity of Rock Masses. Rock Mechanics Research Report No. 10, Imperia1 

Co11ege of Science and Techno1ogy, University of London. 

Louis, C. 1974. Introduction. In Hydraulique des roehes, Pub1ication, Bureau de 

recherches géo1ogiques et miniéres, 0r1éans, France. 

Louis, C. and Y.N. Maini. 1970. Determination of in situ hydrau1ic parameters in jointed 

rock. Proc. 2nd Congress of Int. Soc. of Rock Mechanics, Be1grade, pp. 1-32. 

Louis, C. and M. Pernot. 1972. Three—dimensiona1 investigation of f1ow conditions of 

Grand Maison Damsite. Proc. Symp. of Int. Soc. of Rock Mechanics, Perco1ation through 

Fissured Rocks, Stuttgart. 

MacDouga11, J.I., D.B. Cann and J.D. Hi1chey. 1963. Soi1 Survey of Ha1ifax County, Nova 

Scotia. Report No. 13, Nova Scotia.Soi1 Survey, Truro, Nova Scotia. 

Mahtab, M.A. et al. 1972. Ana1ysis of Fracture Orientations for Input to Structura1 

Mode1s of Discontinuous Rock. United States Department of the Interior, Bureau of 

Mines Report Investigation No. 7669. 

Maini, Y.N.T. 1971. In situ hydrau1ic parameters in jointed rock - their measurement and 

interpretation. Ph.D. Thesis, Imperia1 Co11ege, University of London. 

140



Mikh1in, S.G. 1964. Variational Methods in Mathematical Physics. New York: Macmi11an C0. 

Morgenstern, N.R. and H. Guther. 1972. Seepage into an excavation in a medium possessing 
stress-dependent permeabi1ity. Proc. Symp. of Int. Soc. of Rock Mechanics, 
Perco1ation through Fissured Rocks, Stuttgart, p. T2-C. 

Muskat, M. 1946. The Flow of Homogeneous Fluids through Porous Media. Ann Arbor, 
Michigan: J.w. Edwards, Inc. 

Noorishad, J., P.A. witherspoon and T.L. Brekke. 1971. A Method for Coup1ed Stress and 
F1ow Anaiysis of Fractured Rock Masses. Geotechnioal Engineering Publication No. 71-6, 

University of Ca1ifornia, Berke1ey. 

Ohnishi, Y. 1973. Laboratory measurement of induced water pressures in jointed rocks. 
Ph.D. Thesis, University of Ca1ifornia, Berke1ey. 

Ohnishi, Y. and R.E. Goodman. 1974. Resu1ts of 1aboratory tests on water pressure and 
f10w in joints. Proc. 3rd Congress of the Int. Soc. of Rock Mechanics, V01. II-A, 
pp. 660-666. 

Papadopu1os, I.S. 1967. Nonsteady f1ow to a we11 in an infinite anisotropic aquifer. 
Proc. Dubrovnik Symp. on Hydrology of Fractured Rocks, V01. 1, No. 73, IASH. 

Parizek, R. and S.H. Siddiqui. 1970. Determining the sustained yie1d of we11s in carbonate 
and fractured aquifers. Ground Water 8(5). 

Parsons, M.L. 1972. Determination of hydrogeo1ogica1 properties of fissured rocks. 
Proc. 24th Geol. Congress, Montrea1, Section II, Hydrogeo1ogy, pp. 89-99. 

Parsons, R.W. 1966. Permeabi1ity of Idea1ized Fractured Rock. Am. Inst. Min. Met. Eng., 
Paper No. 1289.

‘ 

Po1ubarinova—Kochina, P. Ya. 1962. Theory of Groundwater Movement. Trans1ated by 
R.J.M. De wiest. Princeton} Princeton University Press. 

Pratt, H.R., H.S. Swo1fs and A.D. B1ack. 1974. Properties of In Situ Jointed Rock. 
Final Technical Report No. TR54-57, Terratek, Sa1t Lake City, Utah. Submitted to 
Environmentai Sciences Division, United States Army Research Office, Durham, North 
Caro1ina, Contract No. DAH C04 72 C 0049. 

141



Rayneau, C. 1972. Contribution a 1'étude des écou1ements autour d'un forage en mi1ieu 
fissuré. These, Docteur—Ingéhieur Université des Sciences et Technique du Languedoc, 
Académie de Montpe11ier, France. 

Rodatz, N. and W. Nittke. 1972. Nechse1wirkung Zwischen Deformation und Durchstromung 
un K1uftigen, Anisotropen Gebirge. Proc. Symp. of Int. Soc. of Rock Mechanics, 

' Perco1ation through Fissured Rock, Stuttgart, p. T2-1. 

Rofai1, N. 1967. Ana1ysis of pumping tests in fractured rocks. Proc. Dubrovnik Symp. 
on Hydrology of Fractured Rocks, V01. 1, N0. 73, IASH. 

Romm, E.S. and B.V. Pozinenko. 1963. Investigation of seepage in fractured rocks. 
Tr. Vnigri, No. 214, Leningrad. In Russian. 

Sarda, J.P., P. Le Tirant and G. Baron. 1974. Inf1uence des contraintes et de la pression 
de f1uide sur 1'écou1ement dans 1es roches fissurées. Proc. 3rd Congress of Int. Soc. 
of Rock Mechanics, V01. II—A, pp. 6672673. 

Serafim, T.L. 1968. Inf1uence of interstitia1 water on the behaviour of rock masses. 
In Rock Mechanics in Engineering Practice, edited by K.G. Stagg and 0.C. Zienkiewicz. 
New York: John wi1ey and Sons; 

Sharp, J.C. 1970. F1uid f1ow through fissured media. Ph.D. Thesis, Imperia1 Co11ege of 
Science and Techno1ogy, University of London. 

Shehata, w.M. 1971. Geohydro1ogy of Mount Vernon Canyon area, Jefferson County, Co1orado. 
Ph.D. Thesis, Co1orado Schoo1 of Mines, Go1den, Co1orado. 

Smitheringa1e, w,e. 1960. Geo1ogy of Nictaux-Torbrook Map Area, Annapo1is and Kings 
Counties, Nova Scotia. Geo1ogica1 Survey of Canada, Paper 60-13. 

Snow, D.T. 1965. A para11e1 p1ate mode1 of fractured permeab1e media. Unpub1ished Ph.D. 
Dissertation, University of Ca1ifornia, Berke1ey. 

Snow, D.T. 1966. Threeho1d pressure test for anisotropic foundation permeabi1ity. 

Felsmech. Ingenieurgeol. 4:298. 

Snow, D.T. 1968a. ‘Fracture deformation and changes of permeabi1ity and storage upon 

changes of f1uid pressure. Quart. Colo. Sch. Mines 63(1):201. 

Snow D.T. 1968b. Rock fracture spacings, openings, and porosities. J. Soil Mech. 
Foundation Div., ASCE 94(1):73—91. 

142



Snow, D.T. 1969. The frequency and apertures of fractures in rocks. Int. J. Rock Mech. 
Min. Sci. 6(4):23-40. 

Trainer, F.w. and J.E. Eddy.‘ 1964. A periscope for the study of boreho1e wa11s, and its 
use in groundwater studies in Niagara County, New York. Geo1. Sur. Res., USGS 
Professional Paper 501D, p. 203. 

Verruijt, A. 1969. E1astic storage of aquifers. In Flow through Porous Media, edited by 
R.J.M. De wiest, pp. 331-376. New York: Academic Press. 

Verruijt, A. 1970. Theory of Groundwater Flow. New York: Gordon and Breach Science 
Pub1ishers. 

warren, J.E. and H.S. Price. 1961. The behaviour of natura11y fractured reservoirs. 
J. Soc. Petrol. Eng. 3(3):245-255. 

warren, J.E. and P.J. Root. 1963. The behaviour of natura11y fractured reservoirs. 
Trans. AIME 2Z8§245. 

Weeks, L.J., Consu1ting Geo10gist. 1965. Geological Map of the Province of Nova Scotia. 
Nova Scotia Department of Mines, Ha1ifax. 

wi1kinson, w.M. 1953. Fracturing in Spraberry Reservoir — west Texas. Bull. Am. Assoc. 
Petrol. Geol. 37:250. 

wi1son, C.R. and P.A. witherspoon. 1970. An Investigation of Laminar F1ow in Fractured 
Rocks. Geotechnical Report No. 70-6, University of Ca1ifornia, Berke1ey. 

Nitherspoon, P.A. et al. 1974. Investigation of Fluid Injection in Fractured Rock and Effect 
on Stress Distribution. Annua1 Report for period March 13, 1973, through June 12, 1974, 
to United States Geo1ogica1 Survey under Contract 14-08—001—12727, ARPA Order No. 1648. 

wo1ff, R.G. 1970. Re1ationship between horizonta1 strain near a we11 and reverse water 
1eve1 f1uctuation. Water Resources Res. 6(6):1721-1728. ' 

Zienkiewicz, 0.C. 1971. The Finite Element Method in Engineering Science. London: 
McGraw—Hi 11 .

’ 

143



APPENDIX 

Proposed Modification of Inflatable Packer Assembly for 
Determining the Permeability Profile of a Well 

Parizek and Siddiqui (T970) have demonstrated the importance of determining at 
what point the main producing fractures intersect the well in fractured rock aquifers. 
This knowledge of the permeability profile of a well is essential to a detailed interpre- 
tation of the rate of drawdown in a pumping well, especially for wells that can only sustain 
a low pumping rate and where the water is obtained from only a few fractures (i.e., in 

crystalline and metamorphic rocks). In general, determination of the distribution of 
fractures in a well requires either television camera logging or caliper logging in 

conjunction with an injection test program. This sort of a program is both expensive and 
time consuming. 

The inflatable packer assembly described by Gale and welhan (l975b) can be 

modified to provide a rapid and inexpensive measure of the permeability profile. This 

modification is shown in Figure A—l. Using the upper and lower packers of a double packer 

assembly, the injection pipe between the packers is replaced by a lo- to l5-ft highly 
inflatable packer, about l.5 in. in diameter. Each length of the well is tested by first 

inflating the upper and lower packers and seating them in place. The pressure in what is 

now the injection cavity can be measured with a pressure transducer or with a pressure 

gauge connected to a small-diameter plastic tube that opens in the injection cavity. The 

small central packer is now inflated with the rate being controlled in order to maintain a 

constant water pressure in the injection cavity. For a 6=in. well with a l.5-in. central 

packer, and a l0-ft packer interval, approximately 10 Imperial gallons would be available 

for the injection test. The test uses the water fin the well and thus the only equipment 

needed is the double packer assembly, a compressed air tank, and a water pressure measuring 

system. 

A simple laboratory program would be appropriate to familiarize the operator with 

the method of controlling the water pressure with air pressure in the packer. To prevent 

differential expansion of the central packer from sealing off parts of the borehole, a 

small-diameter rod should be attached to the outside of the central packer, thus ensuring 

hydraulic connection along the entire length of the injection cavity with the central 

packer completely expanded. 

It should also be noted that when the air pressure in the packer is released, a 

small pumping test would be performed as the water moves back into the injection cavity. 
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Figure A-1. Doubie packer assembiy 
modified for permeability 
profile measurements: 
A - packer in p1ace and 
B - centra1 packer 

expanded.
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