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A/
ABSTRACT |
In current practice the parmeability of fractured media
can bc.modeued adequately for two extreme cascs celdom realized
in paturo: one, 1) when individual planar conductors, aueh.u
joints in rock, are so independent and infrequent that each may
de analyzed asaseparate channel, or, 2) vhen cggresates of frace
tures, &s in fault braccia, so resemble sedimentary pores that
the mediun is assumed to de & continuum. The object of thie
study £s to model a wide variety of fractured aedla, especially
Jointed rock.-vhoae geometry is betivreen the above extromes..
These media have plenar conductors varying in frequency, dise
persed in oriuntation, and distribtuted in aperture. Patallei.-
plate openinge are used to simulate real fractures. With this
{dealization, if there is flow along intersecting conductors,
the discharge of each i¢ proportional to the cube of its apers
ture and to the projection of & field gradient generally parallel
to no conductor. ' For & given gradicat, one a:ay &dd discharge
components of intersecting plane conductors or intergranular cone-
ductive bodies between them. The discharge of one planar cone
ductor or any set can be represented by a seeond-;:ank tensor. A
tensor therefore describes the perameablility of a continuous med-
fun giving the same discharge as fractured medium under the same
hydraulic gradients in laminar, incompressible flow situations.
Speclel cases of one, two, and three joint sets are modelled -
by epplying Monte Carlo sampling methods that-pair Fisher dig-

" tributions of orlentations and skewed distributions of apertures.

Rew gtatistics of the orientation pt principal axes and of prine
cipal permosdilities are developed. The model shows the causes
of anisotropy eand 1.:-4 vamtl.onq.

A field method for measuring anisotropic permeadlility is



Ay
proposed, 1t is derived from a general solution to the discharge
from cylindrical cavitiees arbitrarily oriented in saturated, ine
finite anisotropic media, utilizing pressure-discharge measuree
mente in drill holes colnclding with principal axes predetermined
by analysis of Joint orientation data,

The statistics of pressurc-test data from seven damsttes' on
crystalline rock indicate that the numbor of effective conductors
intercepted at depth by a drill-hole is distributed as & Polsson
variate, much smaller than the number that would be expected
from surface cxposures of joints. The mean and variance of tte
nunber of conductors crossing a given lensth of drill hole can
be estinated from the frequency of zero discharges encountered,
The computer model successfully duplicates the shapes of fleld
qzceharse frequency curves once the sample~size is made to vary
as’s Folsson. Aperture distributions cannot be determined from
permeability date but evidence susgests log normal or exponens
tial distridutions to de most likely. | '

In spite .ot indeterminate apertures, fracture porosity cen
be determined from anisotroplc permcability within a range of
about 10 percent of the true value, once the mean frequency of
conductors of each joint set has been detegins.ned.

Moy flow end potential distributions in eivil and petro-
leum engineering ;z- grounduater hydrology can be solved ultimate-
ly if fractured rock is evaluated as an anisotropic pemeai:le
mediun with heterogeneities reflected in statistically-distributed

measures. : .



SCOPFE, OBJECTIVES AND METHODS OF STUDY

thio investigation of basic aspects of fluid flov in frace
tured media was prompted by the writer's tnabtlity to comprehend
how 5oolosleai structures influence seepage and uplift of dams
on rock, or dfalnago to tunnels. In each caka, the lack of
quantitative tools to assess the influence of joint orientations,
apertures, and spacings led to the conclusion that conventional
ground water hydrology could not advance our knowledgé of the
permeability of fractured media until a model was devised to
combine cstatistically, ihe 1ndependént varlabies governing
dlreetlonal permeabdility.

%hp calient precursors to this 9ott.weto papers by Versluys
(1915) and Childs (1957). Versluys proved that any number of
capillary tubes’of arbitrary orientstion can be replaced by
three mutually orthogonal tubes giving the same vectorial dis-
charge. In this thesis, thé vriter has replaced the tubes with
parallel plates and streamlined the mathematics uvith tensorial
notation, Childs investigated the directional permeablility of
uniform, parallel Qets of fissures in soil, The present model
fulfille the nesd for orientational generality, and provides
flexibility to 4include other parameters.

Meny unsolved aspects of this brond, elwost untouched sube
Ject of fractured media have been treated here only heuristice
ally, in the hope ot'sttuulatiﬁg studies sequel to this thesis.

The object of this study is to develop an understanding of
the role of some of the geometrical variables controlling fluid
flov in fractured media. The varisbles include dispersion of
conduit orientations and apertures, the spacing of aggregates
of conduits, and :amplo,stio.' Since directional permeability



. . 3
is an attribute of fractured media, the theory of flow in aniso-

tropic e;ntinua is reviewed. When there 13 established a basis
for determining the properties of a conclnuum having utatistlc&t‘/
equivalence to a- fractured discontinuum, then established methods
of solving boundary problems can be applied to jolhtad roek, and
the errors evaluated. .

A method of measuring anisotropism is required before bdound-
ary problems can be solved. The probl@m of steady discharge from
an arbitrarily-oriented cylindtical eavify 15 an infinite, aniso-
tropic saturated medium is solvaed, and applied to pressure=testing
6! Jointed rock to determine the three principal permeabilities,

The reason that anisotropy exists.in fractured media and an
approach to its prediction are 1nvest13aca& with a'mathematlcal
model, evaluated by computer ptogfams. The model deseribes
directional bermoabillty as a second-rank tensor, or by its \\’/
equivalent principal axes and permeabdbilities. Individual cone
dﬁctors are liko'the openings between smooth parailel plates,
unifornly separ?ted thro&;hout their infinite extent, but orient-
ed in arbitrary sets dispersed at random about mean directions.
Apertures are distriduted according to various density functions,
A parameter to descride spacing or fracture density i3 devised.
Since vater flow problems are the main interest, incompressible
Foiseullle flow is assumed. Some aspects of random inhomogeneity
are considered, dut not the effects of systematic 1phomogeueity.
Some variables not studied include those of anisotropy or dis-
continuity of 1ad1vtdual conductors, compressibility, non-linear
friction, or multi-phase flow.

Ground-water, engineering, and mining literature is revievea”
for pertinent 1i£o:maélon dascribing the occurence of water in
Joints, faults, cleavage ané schistosity, and to descride thelr



geomatry,

Permeability distributions in real jointed rock medis ere
{nvestigated by re-analysis of pressure~test data obdtained
1srgely by others in oxﬁlor;toty dfili-holes at seven damsites
on crystalline rocks of California, The results indicated need
for en additional variable in the model; namely, a distribution
of joint densities, and showed the dominating effect of small
sunbers of conductore. '

On the basis of known average joint densities and known
geometry, acceptable approximations to secondary porosity may be

'eomputed from oeasured principal permeabilities. It is shown to

be impossible to esteblish from permeability data the distribue

tion of apertures or & precise measure of porosity.
Applicability of theoretical and model study results to

several practical problems in engineering is discussed, .
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Chapter 1
GERERAL DISCUSSION OF ANISOTROPIC PERMFABLE MEDIA

Since this investigation of seepage through fractured mediea
will lead ultimately to means of solving practical boundary
problems, & survey of pertinent literature on anisatropic cone
tinua will provide perspective to the Eucceedins chapters.
Force-Flow Reletionships

In the following treatment, potential is defined as the work
done-on & unit mass of flu;d in moving it to its position and
pressure from some reference eondttion.. Childs (1957.'pp. 39«
44) discusses definitions. naécy's l#w détlnos for isotropic
qo&ia the proportionality between a diccharge vector and a

‘pa:auel potential gradient vector,

g, = ; :‘_,i . (1-1)
The vectors represented in equation (l-1) are directional qusn-
tities having no directional distribution, As firit order ten-
sors, such vectors are invarient to rﬁtat:ion in the Mlum. In
other words, when there exists the condition .kmvn as icotropy,
the proportionality coefficient, k, iz a scaler, having the same

value for all directions.
More general equations have been derived for anisotropic

media, vherein the velocity and gradient vectors are noh-para llel.

If & medium has ‘directional properties, thc‘eoefﬂ.ctoné relating
discharge to gradient varies with orientation. A vector operator
defining such directional properties for all orlentations of a
medium is a second rank tensor. 'mmplos of some pr?perti.ea' thet
oay be anla.o'tmpl.e are: therml, eleetr!.eai or fluid conductivity,

dlelectric constants, elastic or thermaleexpansion coefficients.



‘hao general form of Darcy'!s law for fluid permeadility

oy :" (Ferrandon, 1948, p. 28)  (1+2)
degenerates to the familiar isotropic form when

K, ™ 7{ Si
vhere ;,_J 13 the identity, unit, or isotropic tensor,
Blsrorical Reveloomant

nxa notion of anistropy i.s old, Duhammel (1832) studied
anisotropic thermal conductivity by measuring the slliptie shape
of the melting front around a smn heat source imbedded in crys-
tals coated with parafﬂ.n. Munjal (1964) has recently applied
the methad to rocks,

Versluys (1915) was first to explain anisotropic por;:neabllo
ity by modelling tha_ conductors as arbitrarily-oriented bundles
of tubes. He proved that any four h:bltrary sets may be replaced
by three mutually orthaonal sets of conductivity K, Kys Kz»
such that the continuity equation leads to: the generalization :

X, ?:: + k) ’}—t kz a—fa = .' (1=3)

Versluys showed.thu four sets may be reduced to three (by solve
ing 6 similtaneous oqm:ionai 80 any number, taken four at a
time, may be reduced to three., The coefficlents, X, are the
principal pimabi.litiu of the system, assoclated vith the three
mutually orthogonal principal axes,

Ferrandon (1948) derived the tensor fora (Equation 1-2) from
the bundle of tubes model. The following treatment differs little
fron rerrandon's and the summaries 3i.von by Scheldegger (1954)
and Childs (1957).

The contribution to the flow q,, through a unit area normal
to ny, due to tudes oriented slong m, is proportional to the

-/




potential gradient alons the tubes (Figure le1),

1
Figure &-1. Definitions for Ferrandon's bundles «
of tubes model of enisotropic media.

The crossesectional area of tubes per unit area cutting across
solid end fluid phases of a porous medium is equal to the solid
engle dw at unit distance from some arbitrary point times a
proportionality coefficient, ¢ pertaining to that set of tubes,
In the following di.scusslon, subseripts 4 and 3 indicete 3 vector
components, subseripts a and m sisnify desiznated scalars., Ree-
peated indexes signify summation.

When the stad!.en::' is arbitrary, tixe component aloas the
tubes 1s 3 ¢ o -‘ . : | .
éa-t IR
The m-direction discharge of one bundle of tudbes is

e f» %% ;& e,

vhere £ s & conductivity coefficient and / 4s the vtseosu:y
of the fluid. The component of this flow in the nt-dl.recti.on is

proportional to the cosine of the angle "“1"’1" thus

., -~ -;{-MMTM Ydw

The dischazge of an asg:egat:e of dispersed tubes is obtatned by

sumation, each tube with its pecullar direction cosines my, -

and coefficients k and & depending on the tube diameters and

tuqﬁency.- We may define a new coefficient, . )
4€-‘- - (4¥)m, - dw ,
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a second order symnetric tensor that operates on the gradient

vector to give the discharge per unit of arsea normal to the Qo-

loelty.

L3 ‘5-" %E, ’ (1-2)
or the discharge thyrough an area mrzz_ml to Ny

. P é‘*‘ Jd | 4(1-6)

» “l' .
The dtéchargo' cootnciqne of each tude or tubee=set is a syme
metric tensor in an agbigrary coordinate system, and if all co-
efficlents are referred to the same system, the sum of symnetric
tensors is another symmetrie tensor.

An immediate consequence of the finding that pomeabuny
is a second rax:k tensor is that velocity is parallel fo the
gradient only along three mutually orthdgonal axes, the prineipal
axes or eigenvectors of the tensor, while olswhei-e, velocity 1s
nonparallel to the gradient., The eigenvalues of the tensor are
the priné.l.pal pormoabnltlos; Ry1s 22, k430

Tvo alternative definitions of directional permeability
have been offered by Scheidesger (1934). In one case, seepage
is confined to a d!.roéﬂ.on n, by cutting from th, medium a thin,
pencil-shaped, encased specimen, much more elongate than the
drillecores employed by Johnson and Hughes (1948) and Johnson
and Breston, (1951) to establish anisotropy of sandstones. With
such boundaries, the gradient is unknowvn, for equipotentials are
generally oblique to the core axis and to the principal planes

of permeadlility.
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The gradient along the axis 16

2 o, L

I ST
but in‘this case it is the gradient that is dependent upon the
velocity. | '

A L]

L =40

-‘ .
-L /"d' .,. ~”; ’. , .

. - * .l
vhere ki—.‘l 1 4 the inverse tensot [ 4‘.,- 4(,-‘ = J',-‘ )

The proportionality constant between the discharge and the grade

{ent in the flow direction is Scheideggerts first definition of
directional permeablility:

4" &/‘“/-gf = ,/'"J' l‘.‘:',‘"" . (‘-‘s)

. A second definition of dltectl.dnal: permeablility is derived
for the flovw through a specimen that is very wide compared t§ its
thickness, like & pancske, with constant potentials at the broad
surfaces, 7The mdlont is fixed, while the velocity !.s generally
oblique to the equipotentials and inelined to the principal axes
of pomablu.ty.

Designating ny the dtncti.on normal to ttxo equipotentiel
surfeces, and q, the discharge (per unit area) through it, it is
clear thac the scalar discharge 1is | '

fo =8
wvhere qq 1s the vector discharge (per unit ares) through the in-
terior of the specimen, Scheldegger (p. 77) applies equation
(1-2) for q, vhich gives
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:/‘M —-‘J (1-6)

A Jlj/ AT,
= /”‘ 4.'/'
Scheldogger concludad that the two definitions, 5) and 6) are

jidentical, because

-t
m‘ "‘-j ,”J. l""- “.’. A'I- =

4"‘- 4.. 4:,4". -] /9}‘ J,.‘ y)

v Y g =4,
s0
” 4‘). . =/ /. g (’).' ”"i
implyinz that the extra path length across the flat specimen 1is
compensated by decreased resistance. .

Marcus and Evanson (1961, 1962) investigated the twoe
dimensional aspece;‘of anisotropy, concluding that the two dafi-
nitions of Scheidegger lead to different values of directlonal
permeabilicy, .

When the direction of flow is knovn (at an angle S ), the
directional permeability at a general angle # is

K= cos ‘ g°,¢+ sind 3/04 (1.7)
Cos § cos @ . sing sind
Ka k)_

vhere the angles are defined by figure SR -2.

10
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1 .
Figure 3+2, General flow conditions in anisotropic
92?313 media (a€ter Marcus and Evanson,

When ¢ = § , directional permeability K ¢ 1s measured in the
flow dlreetton. as in the case of Scheidegger!s pencileshaped

boundaries. The equation ¢
_!_ cost § . 8:’:!‘[
k‘ s K‘ ’() ? (1 8)
is a centered ellipse with radius /K, s o ond semi-axes JK,

and r;o
| When the direction of the gradient is kmown (at an angle «<
from the x-axis), the directional permeability at a general angle

¢ 1is

. Kacosec cosd « Kysine sin g (1-95
K‘.' COS ec COSP ¢ SinecSing ° | ‘

When ¢ = « | directional permeability K. 4is measured in the
direction of the gradient, as with Scheidegger's pancake boundaries,

K = Ky cos’s 4G sinte | (1-10)

’




the equation of a centered ellipse with the radius 1/ /i, .
and semleaxes 17 [X, and 1/ f?, .

Marcus and Evanson show that R, 2 R, . TFor the same
gradient along the axis of test specimens, there will de a greatar
dischargo pér unit nt;aa with the pancake boundarias than with the
pencileshaped boundaries, Flouw takes tha path of least resise
tance In the former case, some other in the latter. The differ-
ence detveen directional permeadilities defined by the flow and
gradient dlreegions o::ceeds 10 percent if Es / R, < O.S,'and
b B 4 the flowr or gradient 1s inclined greater than 15 degrees from
a principal axis. Errors increase towards infinity for greater
anisotropy. | | .

Measurement errors were reported for various angles and
anisdtroples studied by electrical resistivity models having
boundaries of various widtheto-length ratios intermediate between
the extrewes posed by Seholc.!ogger. Such studles are appropriate
because conventional permeablility tests are performed on nearly
equant samples. Flow within the smpio interior 1is zm;-pcranel,
to the boundaries, It was concluded that the measurements of
Johnson, et. al. (1948, 1951) were correct for the wrong reason:
oundary conditions were ignored, but since the greatest aniso-
tropy was '7/&.: = 0,73, the errors vere xiesusl.ble.

Marcus and Evanson's two-dimensional expressions, and
Scheldegger!s tensor expressions should de consistant, since the
two-dimensional equations correspond to flow along the principal
plane = = a constant. A pubdlished explanation of the discrepe
ancy has not been found, nor 1s the reason readily apparent. The
problem is most pertinent to analysis of labaoratory test data, as
influenced by rectangular sample boundaries. Resolution of the
‘ inconsistancy will not be pursusd !‘nreher here because for ﬁ.elci



prodlexs, directional pomoahu.ley' may be considered synonymous 1
vith anisotropic permeability. Where the phrase is used in this
toxc. it implies only that there exist in the medium three prin-
cipal pomoabl.u.tloa corresponding to th:oe orthosoul pri.netpal.
axes. '
Rtentlal e2nd Stresm Punctions -

All probleas of slow, steady, incompreseible fluld flow in
previous medie depend on the applicability of the laplace equa-

tion

¥ V¢ L -
6 aa = 0 (1-11)
vhere hydraulic potential

b= C&L1p P19 2) 44

k' is the absolute permeability of the medium, as used by Miskat
(1937),

‘/t {8 the viscosity ot. wvater,
*/ 1s its density,

s is the 'aeeolmtlon 6! gravity, and

¢ 13 the pressure at a point at

2 elevation, all in consistent units.
k and b are lumped variables defined by the bracketed coefficients,
Solutions to the differential oqu.al:lon (1-11) forw an- otthoaonal

netvork of curves _ .
¢ = g constant, with lines ’f = & constant that are aolntions to

i N e I
TP M T (1-13)

Stream potential ? is related to ¢ by the Cauchy-Rieman

Squationss 9 . 14 and - 34 22‘

Y2NRY] BE TR
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The tvo types of potentials were devised to express for every |
posl.éion (x, ¥) the proportion ¢ of hydraulie potential lost in J
flowing to that point ac well as the pr;portion of the flux *p
1ying to one sida of the stream line passing through that point.
The four vafiables arc combined in the complex plane (2 = ¢ + iy),
(W= @9+:Y). The two orthogonal families of lines constitute a
flow net, a tool é_:f great utility for visuallzing and mcasuring
the distribdbution and gradients of hydraulic potential, the quane
tities and directions of flov. Methods are availadle for ob-
taining flow nets by analytical means (Muscat, 1937; Collins,
19613 long, 1961), by graphical techniques (Richardson, 19103
Forshelner, 1930; Samaloe, 1931; Dachler, 1936; Casag;arfda.
1937; Iwelker, 1958), by analogue studies {(Lee, 1943; Hanson,
1952; Opsal, 1955; Todd, 1958, 1959) and by relaxation (Chien,
19523 Uarren, Dougherty and Price, 1960; Dusinbderre, 1961; N
Schenek, 1983), to mention a few,

Coaputations of discharge depend on the validity of Darcy's
law to establish the proportionality with the gradlents obtained
by solving the Laplace equation. Darcy'’s law is applieabie to
water flow in most solls, but also mass air flow at low grade
ients (Musecat, 1937, p. 128, Carman, 1956). The simplest use of

a flou net is to get total discharge.

.. tpunber of flow channels
Q =4 ¢ (T or equal potontial drops )

vherse k 1s hydraulic conductivity, (LI°!), end
A¢ 1s the total head drop (L) detween doundaries and
Q is the volune per unit slice width per unit time (L’L""‘l""). N

For an:lk-o::opic media, the laplace equation must de ree
derived (Porsheimer, 1930, Maasland, 1957). Substituting



1b

ov.t{‘%% , N:-£J%-;.Ind m“-{‘&

into the continuity squation for steaily floswr -

M‘t_*"’ LS -.0

ix 3y =z
gives
3¢
it ‘ug e =0 (1=3)

Thies reduces to the laplace equation upon substitution of
7 ’
de(o )1, = Clll )y | el (118

(k. 1s an arbitrary eom:tant). giving
)

4 : ’

the laplace equation for isotropic flow in transformed aniso= -
tropic media, It i.s nacessa:y only to transform the geomatry of
probleam boundaries by applying equations(14) whereupon the new
figure can be treated by any of the available isotropic methods.
The coordinate expansions or contractions must be made along the
prineipal axes. Upon completing the flow net solution, the net, as
wvell as the boundaries, may be retransformed to the original syse
tem, thereby mapping the potentials throughout. In gemerel, the
i1ines ere non-orthogonal solutions to (1-3), _ ‘

‘ﬂ;o 1sot!:np1e permeability used for computing discharge
through transformed media is:

{= (Lo &y 4,740

This version s Maasland's (1957) mpdification of findings by
- Samsice (1931); Vreedenburgh (1936); end Muscat (1937).
Application of the foregoing thoory to fractured media was not
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che intention of the authors cited, with the exception of Childs

(1957). 1f Darcy'selsw coefficlents may be found that give the
same macroscopic discharges &s do aggregates of fractures, then
the numorous methods of prodbleme-solving in commwon use for inter-
grapular media may be applied also to fractured rock.

This thesis, theretbro, attempts to determine how the geo-
metrical parameters ‘govern the orientation and magnitudes of prine
cipal perdeabilities in fractured media, For a2 given nald_prob-
lenm, principal axes may be estimated by the orientations of the
planar coaductors (Chaptsr 5), dbut the magnitude of prinelpal
pexmeablilities oust be measured.



Chapter 2 17

STEADY FLOW FROM CYLINDRICAL CAVITIES IN SATURATED,
INPINITE ARISOTROPIC MEDIA

Introduction

Development of & method of pressure-testing jointed rock to
determine its anisotropic permeability is the object of tﬁlu chap=
ter. Continuum fluld mechanice are used here to establish prop-
erties of media that are dtstthc:ly discontinuous., Current .
practices of analyzlng tests neglect anisotropy and heterogeneity.
Solutions to boundety-value ptoblems. to eatabllsh flow or prese
sure distribution 1n Jointed rock, have thus far been attempted
by methods designed for tsot:qple, tptersranular. conducting med-
Notable examples include Stuart's (1955) drawedown tests for
predicting shaft drainage, Thayer's (1962) analysis of Oroville

puhp-test data and'kaota!e (1963) study of potential i{n the
| Rurobe 1V damesite. N; tatlonal baois of justifying the assumed
isotropy has been advanced, though cloce correspondence between
measured and theoretical potential or discharge values is some-
times found.

More commonly we observe anmomalous uplift pressures beneath
masonry dams (Richardson's 1948 report, p. 16, on Hoover dam, for
instance), vildly erratic pressure-test discharges (Lyon's 1962
teport of Oroville tos;s). or sporadic tunnel‘tnflltrafion (Wahle
strom and Hornback's 1962 report on the Harold D. Roberts tunnel,
‘Colorado). These are expressions of tho’ﬁotorosenelty charace
teristic of jointed rock, As opposod to tho‘nystcmnctc depthe
varying 1nhomoaenett§ demonstrated by Turk (1963), and epplied to
uito:wwell design by navta‘and Turk (1964), heterogeneous pere
meability encountered in jointed rock is believed due to the pro-
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cess of sampling a few elements out of a large population having
great dispersion of conductivity. It is better to attempt stae
tistical interpretation of jointederock permeability values than ~
it 1s to accept the pessimism of Terzaghl (1962), who said:

*Hater lavels in observation wells located in jointed rock

offect that fllling the reservoir will have on the pore.

water pressures in the gougo seams cannot aeven be estimated

1e. " one cannot tell vaich ones (Joints) are contimuus

‘over a large area.”

Paw fleld studies have demonstrated anisotropy for jointed
rock, due to lack of methods to measure it. Interactions bee
tween wells indicated a preferred direction (in plan only) of
permeability of the Spraberry oilfield (Elkins and Skov, 1960).
Sweep efficliency has bean proposed ss a means of determining
anisotropy (landrum and Crawford, 1960). Contours on & piezoe
netriec surface for water conducted in fractures of the crystale N
line basement at the Nevada Tect Site indicate high permeadility
in the direction of streamline convergence (Davis, 1963),

Inproved reosolution should prove anisotropy a general ate
tribute of fractured rocks, by reason of the 6riencaciona of plan=-
ar conductors. Diamondedrill explorations can be designed to
facilitate moasure;ont of principsl permeablilities that can then
be treated statistically to estsdlish medians, means, and dispere
sions of the three heterogeneous measures. For these purposes,
diill-holos should be oriented to nearly coincide vithiyrincipal
permeability axes, predetermined from study of joint orientations
by methods glven in Chapter 3.

To descride the orientation of three mutually orthogonal
4xes requires three independent parameters, and to describe the
corresponding perm.ablllttos, three addltional.. Since as many

measures as unknowns are required for a unlquo solution. observe i
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able orientation data is relied upon tor -:m. prodtet!.om. vhile

three orthogonal drilleholes are cuployed to measure the principal
permoabilities. Three orthogonal pressure=test holes can define
the principal permeabilities because the discharge from each long
cylindrical cavity depends hrsnlf upon the pormoaﬁillths in
directions not'ml. to the axis of the cavity, end but veakly upon
the permeabdility parallel to the axis.
Iheopetical Develooxent

Theory developed by Maasland (1957, pp. 218-284) for piezoe-
meter teste in anisotroplc soil is amplified and generalized here
for erbitrary packer test-hole orientations in anisotropic media,

The three components of macroscopic inl.ocity coinciding with
the principal axes of an anisotropic medium may be expresced by.
Darcy’s lev: .

N
e -= ‘u ‘_,’ .' .

vhere the repeated index signifies summation and the £ are the
terms of the hydi-aulte conductivity ten#or. cn/sec.,
¢ 4s the head, ca., and
¥%; are the coordinates,
When cubitt'tutod into the continuity equltton,' for steady state
or uncomprehensibdle flov,

dve .
d%; =0 4 ‘
there results ' .

¥rasland !.ntrodneos an arbitrary comstant, (,. into the equations
transforming the original Cartesisn eoordl.nntu to a system ident-

rified bty y:i.mu : . .
2 (R o2 (ateer Samsioe, 1931).  (2-1)
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This subatitution results in the Laplace cquation,

2 .
¢ = oc
v N
When boundary conditions are expanded or contracted by ’
equations (2-1) then potential theory for isotropic medla applies,
The hydraulic conductivity of this equivalent but fictitious

transformad medium,

‘ - ("n "_a; {;; /‘0)',‘ _ (2-2)

wvas derived by Vreedenburg (1936) and modified to the above form
by Maacland. Xickham (1945) gives a genaral equation for flow

from cavities delou the watar table:
Q= k Sy (2-3)

vhere Q 13 the flow rate, say in gallons per day,

k 1s the hydraulic conductl;ity, feet per day,

Y 13 the net hydraullce head, feet, and

S 13 a coefficlent of length units c__!opendent upon the geo~
mo.try of the cavity, and the boundaries. usuro 2=1 (b) iden-
tifles the boundaries and variables,

Maasland gives derivations and electric amlog.uo results ]
leading to Sevalues for various shapes, mchhr'(1936) called
this coefficlent the "Formfaktor®; Rvorslev (1931), the "shape
factor®; and Zanger (1953) calls S/2 the "effective ham:l.ai:heri-
cal radius®, S is a constant for plezoaeters having unchanging
boundaries, and a variable for auger-holes decause the Mriea
change with the waterelevel. In piezometer testing of ngriéul-
tural soils, the hole is cased to a certain level, leaving open - K
& cylindrical cavity of length w below, In rock pumping tests,
wvater 1s conducted through drill rods to a section of hole iso-
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lated by packers. Thus, the customary use of Sefactors derived
for cased holes vhose valls above and belov the paoping cavity
sre streamlines (o.g;. Thayer, 1962, p. 6) is at best an approxie
mation of the actual conditions. The plezomoter test could be
more faithfully duplicated Lif, at lesst, tests wvere confined to
the bottom of the hole, one packer only epplied at various stages
of completion of hole=drilling, Better still, the unneeded upe=
per part of the hole might be grouted closed above a drillebdle
abstructor. Heavy drilling mud might suffice to f£ill the hole
above the cavity and around the drill rods.

. No rigorous solution is knoim or expected for packer tests
as they are currently practiced, because. the hole above the eav'-
ity 1c either an equale-pressure surface if air-filled, equipotene
tial if vater-filled, or port one and part the other. WUater
levels vithin the hole are not custowirily measured durlng tests.,
In Figure (2-1 (a), schematically illustrating these tests, po=
tentials 1 and 3 differ froa the cavity potential 2, according to
the length and eonduet_;tﬂ.ty of fracture paihs ghortecirculting |
the packers through the roek. The performince of tests somotimes
discloses leaking packers .‘ | _

Figure 2-1 (b)‘ portrays the assumed geooetry that i3 used to
analyze packer tests, It corresponds to plezometer tests described
in the literature. The valls of the hole are no~flow boundaries
except et the cavity. It is further assumed that the qmnt:l.des
of water injected are so 'man that the vater-table remeins une
changed, | |

The packer test currently gives empirical measures of dise
charge, believed useful as criteria for grouting needs end grout
take estimation (Talobre, 1957, p. 153; Grant, 1964; de Mello,
1960, p. ?03), but the test gives & low-confidence measure of
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permeability. This e duc, in part, to the assumptions discussed

above, and in part, to the great variability of permeability .
found in most rock bodies. Improvement of methods and confidence -
4s one object of this im:k. ’ . '
' The dimensionless variables deseribing the cavity geometry
and determining the shape factor are expressed by:

s/ = £ (d/p ., w/D . 5/p). (2-4)

~ Frevert and Kirkham (1948) have established by electrical ana=

logues that there is very little effect of lovered water table
until d 4s less than one diameter, D, from the top of the cave
ity. The depth to an impermeable barrier, s, is seldom khown in
exploration, but ean usually be assumed large in coamparison to D,
S/D s an insensitive to s/D as it is to 4/D (Childs, 1952, p.
533). Thus, plezometer or packer tests are bos.t analyzed as
though in an infinite medium, provided that they are located be-
low the wvater table, In such casds.

/D = £ (w/D). - @25

. In part!.cu!.at. 4f the cavity is long (u/b r g 8)

S/pe 2T W/0 ed (2.6
ln(zw/0) (SIoTer. feporged by (2:6)

’
[ ]

- Since the derivations of n-dxl.;.', Samsioe and Glover ascume
a line source, they fail to satisfy the condition of uniform poe
tential over the surface of & cylinder. Hnatand has provided,
as al.tnngt!.w.' the shape factors for ellipsoids, | *

Evans ‘and Kirkham (1950) pointed out the analogy of the
shape factor to the cioct:ostattc capacity about an ellipsold in

an infinite medium: .

mnsor (1953) ropotn the derivation by Cormwell, but attributes
the equation to R. E. Glover,
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smythe (1939) shows that

2c= [(as/Lecti it ea]™
vhere O i3 a :a:.:léble of integration and «, 4 , and ¢ are
the seml-axes of an ellipsoid. For the ellipsold inscribed in
the cavity of a packer cavity, <= ¥ and /4 >« , giving:

- 2 7 As(At- )
s=8m (4% <) 1n(5555m)

whiech becomes .

o2 Ty fayp slovor-i] %y X
§ = 4n[Cor0)-1] /in[* /o~ lroP (27)

upon substitution of
« =0D/2 |, Azw/2 . .
Shape factor: computed by equation(2-7) differ by lass than 3 pere
cent fron those computed by equations (2-6)1if u)b > 3,0, As Maase _/
land has noted (p. 273), neither of these equations are correct |
for a circular cylinder, though they sre asymptotic to these vale
ues for large cavity lengths. |
" When a plezomater coincides with the extraordinary axis of a
two=dinencional anisotropic mediun (m_asland. pp. 275-280), then
4;,“‘,1'4, ind "ws",
The transformation equations are
2'=%, , et , FrmE, |
m belng (4,/4,)%. Circular sections remain circular in the
fictitious transformed medium, and the isotropic hydraulic con-

ductivity 1s
£ ({4 ‘(v)?‘.
Thus, the discharge is: )
0= (4,4)%s, 3 , (2-8)



wvhere: y 48 the net head anﬁ 2-5

Sa {s the anisotropic ahap; factor,
Se/p ~« £ (mw/p),
found by equations(2«6)or 2«20
Maasland reports equations for shapes other than the long

cylindrical cavities considered here, It is noteworthy that the
principal conductivities of a two-dimensional anisotropic coil
can be found if the principal directions are known to coincide
.wl.th the axes of two differently-shaped pleiometers. The combinae~
tion of a long cylindrical cavity for one, and an épen-ended disk
" source (mo cavity) for the other, is efficlent for soil (Measland,
Pe 279) but is inadequate tof rock because too few Joint conducte
ors (too small a sample) would commnicate with the end of a dritl
hole, Child?c two-trell system does not readily lend itself to

gock testing because large potential differences cannot be introe
duced by gravity. ' |

Macsland also developed & means of analyzing threeo-dinmensional
| anisotropy. His work served as a guide to the following but is not
repetted here becsuse we 40 not assume the axis of the plezometer
to coincide vith a (vertical) principal axis of conductivity.

A votation of the coordinate system {s first necessary vhen
the pl.ozohter hag an arbitrary orientation with respect to the
principal axes of conductivity. Assume a drill=holé with orien
tation Bt.. the direction cosines of its axis with respect to &
dgbt-béndod geogrephic cystem (south = x,, east = *2'0 up ® x,),
and throe principal axes of conductivity Ugge smutly'mtemc'ea.

Pigure 2-2 is a diegram of the unit vectors of three ecoor-
dinate systeas, two of thom labelled with their direction cosines
relative to the geographic exes x;. In éop:esenttng these, the
superseript © alén!.ues one of many possible coordinate systems
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?
having an axis al"ona the eylinder; it has B; as 13 and xg {s in
the x,-plane, The x,’ systea coincides with the principal cone
ductivity axes, Uij, themselves being direction cosines in the
xy system. The origin is centered on the upper packer,

The equation of a rightecircular ¢ylinder vith axis along
the x3 coordinate axis is: i

0% 72? - et , raD/2 - (2-9)

18




.nd the test gection !.l 1imi ted to %7

21’ - "W

The equation for the cylinder must be ro_u,tﬂ fgom the x: systen

to the x; syetem. Each position vector is related, one system to

the other, by a transformation ’ . .

7." € d"l- 7:}
vhose matrix Ls defined as

(2-10)

cos(1% 1) cosfes, 2) cos(s*, 3°)

Y cos(2%,°) cos(2%2’) ces(2®, )

cor(3%4) cos(3% 2) ces(3° 3°)

Inspection of usurc 22 vill verify that the elements. o.t the
transforaation a:e: Ry

(s A e e ]

(2-11)
Ua! [u;: 3! - Ug) 80 . ) u” Ba ]
r. 8,‘ “h-g: G-t Ni-gt LJ fie?

[0.3.* uei*"uszl [Uu'ﬂ-‘UuBg*nuB;] [U,,B.*%;B,f%;&]

The matrix multiplication of equation(2-10)gives the original come
-ponents of a position vector i.n terms of the primed coordinates.
Equation (2-9) for the cylinder in the coordinate system parellel
to principol axes of the anhomf»tc medium becomes .

Can¥) + QX ¢ G5 %3 ) e (a0t ¢ € ¥l ¢ 6 1)) a ¢ (2-12)

To replece the medium by an imaginary isotroplic one, we pust
transtom 1inecrly eo & third eoo:dl.mto systeam sccording to:

: (4./{,) v,

. L . (2+13)
1‘. = (“/{‘J& z‘ . .
2 o (&4 /L,)" XS




wvhere again, ‘c 15 an arbitrary constant. mc‘ lu ago pﬂnclpois'
hydraulle eonductivity cosfficlents, proportional to the principal
permeabdilities K;,, and one of the factors listed in Tbdle 2-1. —

Tadle 2}

CORVERS1011 PACTOPS, PERMEABILITY TO
HYDRAULIC COMDUCTIVITY

To obtain conductivity in: mlttg{)ag;oluto cgs units
RE UNITS FACTOR )
Darcys cn? : 1.0132 x 108
‘ gal{day/ftz o
Meinzer, K, vater & 60°F 1.834 x 10
gal/da /ft2 9 .j
Fleld Units X, vater 1.344 S 107" = ‘
: ft/year
s water @ 60°P 0.9053 x 10!t
en/sec ' .
vater @ 20.2% 0.9772 x 10’ 7
metors/day ° 8
water @ 20.,2°C 0.861 x 10
1/mdn/m hole/Atmos 10
Ingeon Units ° over 10 min, - 0.6 x 10 (R. E. Geodman,
personal commi.-
cation)

One possibdle definition of the ardbitrary constant is
£y » (A, 430" (2-18)
vhich makes
1: 3 ("n/‘“)%x-.
’: ’(‘3‘./‘.)”1: .
1;‘ = [“g:‘/(‘n ‘...M LER /
To find how the length of the cavity is changed dy the transe
formation, identify the center of the distal end dy the vector '
¥y Ooriginally at

P (2-15)
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5."-’ ,:~= e , ’; 2 -w .

chen rotated to '
3:"4307; p 3;-’-'41:7; ’ 33"-":3,3. ,' |

‘and transformed to isotropy by substitution equations 215 end

J;' W, . . )

Y, ¢ ( ‘u /‘.)"4 Tt

2: = (‘n /‘3!),/'433 w

3= [, L)%/t ] 455w

The cavity length in the fictitious system is found froa

e % Y

vhich gives?

{~= [(‘a./‘.) a;, "(‘l’/‘ll) d” [(‘,,[u’}'(”fd,} &w (2‘16).'

Direction cosines of the axis of the cylinder are: .
Y. =% /¢,
The generel equation for the cylindrical cavity in the igotropic
system 1s -obtained by substituting eﬁuation 2-15. into 2-12,
¢hanging 4t to an oblique elupuc’eyundet.

[(4 /‘”) q"" "(‘“/",‘ R {‘uh/(ﬂ £1) ]4.;&] “'
[(4./4») % c({u/(,) QaaXs [{, Ve g‘f;q,,, x,] =r

A crossesection normel to its exis 4is also an ellipse, defining

p (2-17)

the aew cavity shape by {ts gemleaxes, To find them, we first
solve the o'buqu. section, equation 2-17, for its senleaxes,

then project them to the plene normal to the cylinder axis, 7The
expanded form of 2-17 is:

‘{ﬂ/‘ﬂi! E‘{‘”) .8 2(‘“‘0&"“‘!&3 zl' o Z({udn),‘(d,ﬁlﬁlyd . ”

el g A X

% "9(2-18)
+ ‘!gz ,‘g) ‘(sz du) Z( {lt,‘ﬂﬁ (da ‘a +Qy4d27) 1 .2' "
. ‘ +j‘ﬂ/(‘n (zﬁ(‘c "’QU‘, ' 1

rl



The eéo!!tetcncs of Xyx4, as arranged here, define & nymoeﬂ.eso
matrix after first dividing offedisgonal (is)) elements dy 2,
pshsomtxzatto‘n trasmfsforms the equation of the oblique elliptic N
section to a4 coordinate system parallel to the axis of that ellipse.

”

Figure 2-3, The originally circular directrix of a
cylinder is an oblique ellipse after
transformation. The true directrix is
found by projection along the axis Y,.

The diagonal matrixt |A O o , .
o B8 0 N
0 0 ¢

vill coatain only tvo mn-ioro terms, A and B, B and C, or A and_

C, wvhich are coefficients of the ellipse.
Avis 83 iscut =1,
The semi-sxes are, then, two of the following:
4,20/ L e (8% Ly (el
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The eigenvectors must next be determined, to define the orien-

cai:i.ons of the above semi-axos of the oblique elliptic section in
tgerms of the trensformed (iaot:opi;) coordinate systeam, Call
these axes 14, m,;, and n,, correcponding to the A, B, and C eigen-
values. Flgure 2«3 {llustrates the simple projection of t:hou;
eigenvalues to the plane normal to the cylinder axics:,

“zp, [1-(Y: L))"

£ e Lol -Cve o)1

re LU0y, -1
vhichever t'ro are pertinent.

The grectest possible ellipticity would arise Lf the circu-

lar gsection 4in the original anisotropic medium coincided vith the

plane of ku end k34. Then
wyp e (£y78,)"

We have described the elliptic cyu.nde: in the fictitious
{sotropic medium by the length £ and semi-axes, say « and # ,
corresponding to the length w and the radius D/2 of a right cir-
cular cylinder’ test section in an enisotropic mediun, The ends
of the cylinder are non-orthogonal after transformation., This
will influence' the shape factor when w ¢ D, but may be neglected
for pumping tests whm w is invsriadbly many times D,

The shapo taetor has been reduced to!

s/o=f[4., b, & fel) 0 S 408 ) il {..)74..}4,,? W/o] (2-19)

Masslend has studied the relation between ellipticity and the
shape factor (1957, p. 244). Rather than évalua:e the integral
for electrostatic capacity for <rAx ¢, he employed electric anae
logues. He found little influence, provtded that w/D > S and

1/3<</4<3, Thus,
Sa & §(4/0)




‘ 32
alone. Sa is determinable by equation(2-6)with less than 4 per-

cent error, .
The limitation that k,,/kyq ba less thon 9 is serious only
vhen a single, necar-parallel joint cet is present or dominant,
because the orientation studies have indicated no cases of such
strong anisotropy vhen more than one set of joints, in adequate.
samples, is presont in the medium. The eircular-cylinder form
factor approximation is acceptable for two or three-set systems,

unless, for instance, one set consiats of large parauel.faul.:s,

and the other conductors are tight joints, 1In sore cases of

strong fnisotropy, problems may be solved by reducing to two die

mensions on the plane of symiotry.
D chould be the diamater of a circle having the same area as

the elliptiec section in the fictitious isotropic medium (}Rasland,
p. 288). )
7
0=2 (“/6) (2-20)
The Glover=Cormvell equation for the shape factor of lonx

cavities in an infinite ncdiun i3 suitable for packer tests in
roeck, provided that v 1s computed by equation(2-16) and D by

* equation(2-20% The conductivity must be determined by equation

2+2) and (214} Then equation (2=3)for the discharge is

P %2 2-21)
Qr[ch 408,17 S0y (
‘A computation of discharge for one hypothetical packer test
will exemplify the method. Suppose that the diagonalized permea-

bility tensor is
: 219 o o

K; * © L o x 10~% egs units

N



o = b w mpu——" e

and the matrix of direction cosines of the principal axes is %

032 =70 .08/ *

L&' e |.5C#%

631 .07 678

.

.386 =130

Suppose a 200=foot KX (D in equation 3-6 = 0,25 ft.) drill hole
1s inclined 45 degrees east (By = 0,0, .707L, .7071) with one
packer cet 50 feet from th. bottom (w = 50). The static water
table is 40 feet below ground and the temperature 60°F. Gage
pressure ¢ 75 psi (p = 40 + 75 (2.31) = 231 fcr.).

Bydraulic conductivities are obtained by applying a factor
from Table 2a1,
k.. = K;. (184 x i0 '-) galleas fday 7 £¢*

Y
dy= S50’ L 130 Koot [, c0.84 x po?
Next, ve compute the transformation matrix (equation 2-11),
that will rotate the drill hole B; to coordinateg parallel to the

principal conductivities.

a ¢, € K10 243 <=g3]

a;;-*|e, € 4y ~.(32 =564 =53

s Ya % -.Cor 789 =12/
The transformed test length has components

9" ==(duld, Vo, w = so4( ‘ozjs'oo €217 #t

and nmur!.y .
,t s '(‘ /(os) QgaW = . - =556
’l * '[(4 {Ll)k/". QW = /0.6

Direction cosines aro .

The test hnsth in the uotrop!.e nediun s given by equation (2+16),
(-[( 25‘4)"‘(- cod)ls (s '3)‘(789)‘ *

( (rlr)"(ul)% 34}(-121) ] (s0.0) = 6.0.5‘ ft.
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The matrix of the cross=zectional ellipse 18 found by equation

(2-18)
/1263 7S5 -058

¢4.0| 475 190 039

- 058 .039 .391
Upon dlagonalization (seo long, 1961, p. 23), to slide=rule pree

eision,
A o o 00 o0 oo
o B olz=|oo 92.4 oo )
o ° < vo oo 2.1},

The obliqua elliptie section has the equation,

.y 4 -2
92.4 X, » 24 X, =1

with semi=okeos:
Iy 2 .104, L= 218 feot .,

To project those semiecxes to the plane norm2l to the axis of the

&

cylinder, Y;, the coefficlent matrix elgenvectors must be deter-
ained. Thase are the directions of L, I, ond L,. For each

s aigenvaluo, 3 and C, there ars four simultancdus equations to

satisfy: .
(2263 =-A/6s0) 4, + ¥75 £, -.05¢ 4y =0

rs € v C190-Ma)l, 039 & =0
-oss ¢ » 039 £, +(391-Af4) £, = ©

VAR AR A

The solutions are direction cosines, the pertinent ones in this
case doing
Bs o = /67, .35¢, 920

Cs % = oo, 2.0, -999 ..-
The cylindor axis Y; oakes angles with the semi=axes of the oblique

ellipse hoving cosines
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Yo o, «(.358) C/67) & (= 0:9)(.854) ¢ (.125)(. 920) = = 105"
Y. ®i.w (175709997 =z TS

The projection of the semi-axis, Iy, onto the plane normal to
0 gives the geml-axes of the directrix of the transformed cyline

der? 2.4
Az 10vlr=-1058°)% = 103 £¢

bz 2800-.0759% =18
end "/J = ,478. Were the test oriented to attain the maximum
ellipticity, then it would have been
2lr = (Rys /£,)" = 405
Since 1/3 <A < 3, & circular cylinder will.give a good approxie
mtt&n to the shape factor, if the circle diameter is taken to be:
De 2(A7)" = 298 .
Now we apply Glover's formula (2<6) for the éhApa fector of a

tong cylinder:

- z)?.é e 22X 6058 = g
tn220)  In[2(c0.5)/ 298]

The hydraulic conductivity of the fictitious .uotropic aedium is
. . 4 A
R~ L ) ) " (£ 8.) %, = 148 1 00® gutfuyte?
Then the discharge,
Q=4 Sa)
= 14§ (144.) 213.

Sa 4¢.

- = 45900 $sl./da,

or =32 3em. | '
Ihcee-hole pune geat for aplsotropic medle

If a pieiamtor or packer fest hole is oriented paral'le!. to
one of the ﬁ:&neipal eonducihdty sxes, the special case discussed
by Maasland (p. 283) leads to equation 2-21,

The shape factor depends upon which axi.': is Eollowed by the
hole, and cannot be determined at the outset since the conductivie
ties sre unknown. Maesland's method for determining the unknown .
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is adequate when the plane normsl to the axis of the hole is ong
of !.aoubpy, the hole following the unique axis. A more general
method is presented below, for the case of three different principel
conductivities of known direction, c

To replace the real anisotropic system vith a fictitious iso-

N

tropic one, a linear transformation only is :eantd, since the
hole already coincides with an axis. By equations similar to
(2-13} we transform -~
x" = [4. /t,‘)&xo
)',' 4 (40 /(;sl'a X,

1, 3((,/:{,,}'/’ Zy .
vhere the constant k, = (kuku)l’ 2. The circular crosa-section
becomes an ellipse with axial ratios |

Wy 2 (s RS, %fp = (Ryy AN o /0 = Chsl)®, '

depending upon which axis coincides vtth the hole, 1, 2, or 3 »
respectively. Before: generalizing, let us attend to an i-axls
hole. label this the zeaxis, with x and y normal to the bole and
A3 L, as)"‘ . Then the semi-axes of the elliptic sectlon in the
transformed medium are - :

a4 /)"0s2  and  b=(4./4)"D/2
The circular section having the same ares as the ellipse has di-

(2-22)

amater .
D's 2(ea4)% =0 (2+23)
The cavity length w' in the fictitious isotropic medium is

o’ 3(4. /1')74“’ = {(“ 6)&/{.‘(“. .(2'25)
The shape factor defined by Glover's cq.uauoa for a long cylin-

drical cavity gives a good approximation to that of an elliptical ]
cylinder cavity if 1/3 < a/b <2,
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Su/p' = 2Pw/D
In(2w/0')
Se/p = 2204, /.(ez% w/p (2-25)

/,,[—{_‘4__:)_4_;]. o] ]

5 - 27w (4, ():"/
[ 8 o I"[Ju(é! ’! £ "/a}

'm. discharge of such a p!.ezometer or packer test in an ahieso~

tropic medium under head y is

[ ]

2#&;({‘[)?‘ (2-26)

Yz -
(“l ‘{/l) SO.J l"[:w('ﬁlfa)//(/

lnterpretins fleld data, one can only assume isotropy and compute
an apparent conductivity, k,, by

Q=k, 5y,
vhere the shape factor is given by equation(2-6. Thus
Qs ‘ LTw .o (2-27)

ln(2w/p) 3
Equating 226 to 2-27,
Q7w = 77"“}(‘: 9)

{‘_W)’ /n QU(“{J/VV J

é. _{,2,'/:' o I (2w/0) + Inl(4a 4;)’/ £ '/‘] (2-2.8)
A /n (zw/o) |

W, In [(4s ‘;)"/( o]
Ke (1e€)= (£s £J} ;C= la(2w/0)

The error tera ¢ tends to zero for such large v/D as épply to

' most packer tests in rock., Thus, 4n apperent e:mductlvlty,_ com=
puted on the aesumption of isotropy, epproximates the geometric
mean of -the pr!.n'c!.'pa'l conductivities in directions norael to the



hole, Reeve and Kirkham (1951) have already observed that the 38

apparent conductivity depends largely upon the conductivity nore

sal to the piezomater, N
Table 2+2 gives values of the error e for 10 < w/D < 500,

"y ¢ kx/‘ﬁf < 10, and 0.1 < kzlky € 10. 1lnspsction shows that for

all w/D, k, underestimates (kxky)llz, 1,0, e >0, 1f the hole is

drilled along a minimum conductivity axis, and overestimates it

if drilled along a maximum conductivity axis. If vwe limit cone

sideration to media having kx/gy <9, then the elliptical cavities

can be adequately analyzed as equivalent circular cylinders, and |

ve will de within the range of Thblo-z-z.

We can retﬁrn to the notation of the X, coordinate systen,
and ladel LT kazi and kaz the apparent hydraulic conductivities
determined dy three orthogonal plezometers or packer tests, each
drilled parallel to a principal axis, 1, 2,.0r 3. As a first ap- U
proximation:

‘“z » 4., £u s ‘li: =k, 4y . {a: =4, LT
Solved simultaneously, ' '

£, ,‘4“-4’/{" , AL Ao, (“/(“ . (,,"“a: e Ao,
wlcﬁ these estimates, it is easy to find in Tadle 2-2 the errors.’
made in assuming Kk,y, k.i or k,4 to aéunl the geometric means of
conductivities normsl to each test hole. Corrected values of k,
ytold.lmptoved principal conductivities by equations (2-29), Two
or three consecutive corzections will converge on the true values,

A truly general ine-situ plezometer test is yet to be devised,
The present methods, as well as those of Frevert and Rirkham (1948)
Luthin and Kirkham (1949), Reeve and KRirkham (1951), Childs (1952) -
and Msasland (1957) require independent knowledge or assumptions i“//
of the principal directions of hydraulic conductivity. The assumed

uniqueness of the horizontal plaﬁo is usually justifiable for



. camatasndbiiad

sgricultural soils or certain stratified, unconcolidated depoeuasg
(childs, 1952, p. 527§ Maacland, 1957, p. 228), but even Child'e
twoevell system requires trial field arrangemente to find mexie
mun and minimum conductivity dLrectioqs tn'the horizontal plane,
In the goneral case of anisotropy, there are six independent
gmkmv.ms;. three to define the orientation of axes, and three to
define principal conductivities. A single determinative test for
those' variables wvould, in all likelihood, be too complox for prace
tical use. It is thought better to continue use of other crie-
teria for recognition of ,pri.nclpal. axes before applying tests for
the three conductivities. If discharge is all that ic measured

4n & flov test, three tests &re necessary to solve for the three

unknowac., |

Such a test is the three-hole arrangement described above,
also tho tuo=rell and short piezometer eon.:b!.nattton of Childs
(1952). In practice, a test with three holes uniquely oriented
wvill often prove inconvenient becsuse of terrain limitations.
Furtherwore, exploratory holes drilled primarily for purposes
other than Mrtesttng. oriented for convenience or econony bdae
tveen principal axes, would not be useful for analyses of this
sort. Usually, some 'lautudo of choice exists, because diamond-
drill explora_tl.bm are somevhat arbitrary in design, especially
{n preliminary stages, For purposes of .permeability testing,
they could be batter oriented than is customary, concurrently dise
closing other geologlcal unknowns, When seepage or potential dise
tribution is the prime problem, the entire leyout should be oriente
od according to ptodeteéﬁ.nod conductivity directions,

The geonmetry of the system of joint sets, tauic.s. shears,
foliation and bedding determined from surface exposures provides
the only initial indication of the orientation of prlnctp;l direc-’



glons. A stereonet plot of joint normals offers the bost tool 10

for vicualizing tho symmetry of systems, and for moasuring sverage
directions. The orlentation studles illustrated in Platos 1
through 15 of Chapter 5 can be put to direct applicstion in an

' important qualitative wvay., lbdels of caces where thore are one,
two, or thres joint sots of equal or different proporties, uill
find thelr ::pproxi.ml.;e counterparts in prototype situations,
APrincipcl axes follow intorseetions of planes of orthogonal sysae-
tens. A plane of iaompy lios normal to sets of a conjugate
system, or the approzimate angle o.‘.. a pﬁ.ncipal axis bdbetveen two .
unequal cotc acy be indicataed by thelir rolati.ﬁe spaeinsg, oriene
tation disporslon, surface texture or continuity. Progreossive

. analysicz of tests during the drilling proagram should normelly
give mprovod. definition of axes to improve hole orientations.

As an ezanmple of anisotropic testing orocedure, consider a
foundation rock whose surface expression of jointing reveals a
pattern such as is displayed in the stereonet plot of normels,
Plgure 2-4. Throe orthogonal but unequcl sets agre apparant. A
plot of /-lineations (31llings, 1942, p. 336) measured on all
surfacos would yleld a simdlar pattern. !X diamond-drill holes
are then oriented 45 degrees northwest and goutheast, and horie
zontally, NE < SW, so that each colneides most faithfully vith
the central tendency 6! & joint set. Pumping tests with packers
are then performed as drilling progresses. For each test, dise
_charge, static vater level and gage pressure are measured, packe
ers set at intervals of about 25 feet. Eydraulie conductivity 1s
computed for each test, assuming lsotropic conditions,’'and the
results for each orientation are averaged. lLet these be:

9 : L 4 2
4’-5/,‘ '/o’l. (‘132.1 X0, 4.,:3.’ Rr0" 3gel/d [/ f+ .

where subscript 1 refers to holes trending NJ, 2 for holes trend-

N4
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ins SE, and 3, horizontal. According to equations (2+29) 2

Ryt harfas/ta, 243 ; £ do, 4ylRhe2 25 5 Kag?He, & Mg L0 X 0"
clearly, the direction dipping A5 degreos I 13 moat conductive,
as might be guessed from the large number of jotﬁts parallel vo -
this directlon, and the horizoatal, NE=SW direction 1is least con-
ductive, cince fewast Joints trend or intersect along this line.

Now, we can enter Tadble 2«2 with w/3 = 25 / 0.25 = 100 ard
the above estimates,

(k.,:/!s,)f 2.5. / 1.0 = 2.5; (kz/ty),_‘a 4.3 /1.0 2 4,3
* (kx/l,)z’ 4.3 /] 1.0 = 4.3; (kzlty)f 2.3/ 1.0=2,5

(2 /%;)3= 4.3 7 2.5 = 1.7; (k,/ky)3= 1.0 / 2.5 = 0.4
The errorc that apply to the equation -

‘X, (1 +0) = (k)2
are obtzined by interpolation: 7

e = =,095; ey = -.616; ey = «109
Thus correctod, harmonie means of conductivities normal to each
hole alignment are:

Rap' =Xy (1 +6)) = 1.6 (1 = .095) = 2.40 x 10°

ka2’ = Kyp (1 +e)) = 2.1 (1 = .016) 22,0 x10°

k3" = kg3 (L + 03) = 3.3 (1 +.109) = 3.6 x 10°,
and by equations (2-29%

Ry = 52x10% k=216 x10% by 0.02 x 10%
Again obtaining cnlsot:bphles. errors, corrected geomatric means,
and principal eonduce!.v.i;:ies, ve find:

Another re-estimate gives )

Ry v 5.6 x 205 kpy = 2.6 320% kg, = 0.75 x 20,

vhich 15 adequate for most purposes, being close to the asymptotes

.-



\

of the principal conductivitios,
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Chapter 3 4

PIAMAR GEOLOGLC STRUCTURES AND TXE OCCURREMCE
OF WATER 1IN FRACTURED ROCKS

n dyct

Chapter 1 reviewed theory for homogeneous, continuous aniso=
trople perveable media, and thpter 2 presented a method of mease
uring anisotropic permecbility in any mediun, Such idealized
media are distinctly different from fractured rock uvith its oce
caslonel conductive openings. Before ve develop in Chapter 4 an
analytical method of relating such discontiua to equivalent cone-
tinuous media, it is desirable. to scrutinize the literature for
definition of all types of planar teiéures of rock, to review
their geometrical chsracter and interrelationships, and particu-
larly, to a?ok 1n81cations of their hydraulie conductivity.

Much work remains before we can define comprshensively the
hydraullc characteristics of all types of planar structural ele-
nents of sedinentary, 1gﬂ§ou9,and metemorphic rocks. In the
analysis othdata enployed in Chapter 6,.namogy, vater=pressure
tests froa damsites on crystalline (metamorphic and 3ran1t19)
rocks, it ﬁas been found impossible to diseriminate between coe |
existing features, for instance follatlon, faﬁltins and jointing
~ in the sam;Arock body. Such features might be lumped under the
heading of "rock defects™, or simply called fractures, since
their orizins are hot‘clearly understood., (Terzaghi, 1946).

Full description of each fracture type avalt; refined methods of
1solating and measuring properties of coexisting structural fea-
tures, . '

Yet the observations in this chapter; treating all types fnd

aggregates of conductors, reveal certain fundamental differences

between types. Yhen several are present, the large-scale proper-
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ties of the medium reflect only the major openings. For instance,

vhen joints having apertures of hundreds of microns cut folia have
\~,( {ng openings of tens of microns, the permeability is due to the
: jointing, since, under a given potenflal 3rad1;né. éﬁo discharge
ofrcach depond; on the cube of L{ts aperture (Chapter 4), There ie
no evidence for f(luid flow in intact cleavage, foliation or, as
wvill be spown in chapter 6, in moct.ot the joints that are cone
fined by ovetburdeh loads, Paults and ghear zones may be greater
or lesser conductors than joints, depending on the lithology of
the vallerock or other factors. Lacking flow dats to establigh
criterie that characterize faults as aquifers or aquicludes rela-
i tive to their cohntty'tockg ve can only infer feult characterise
»! tics from such observations as mineralization. While for ene
gineering purposes s& strong conductivity contrast between differe
ent types justttieq the neglect of all ﬁut‘tho majo: openings in a
rock body, thé mechanical, chemical and electrical properties may
i - depend upon the continuity of fluids filling all classes of open= |

ing.
Since thsre is interest in all types of planar fluid cone

ductors in rogk, vhether or not they exist as the only, or domin-
ant type in a given body, & classification and summary of the
literature on planar features is appropriate. Such texts es
Billings (1942) and de Sitter (1956) describe some aspects of all
types. o

Cleavace .

« JFracture gleavages are fine L!anos of dislocation, 1 to 10
.p‘t nilltmétor, oriented essentially parallel to ‘the axial planes
o of folds in metamorphic rock. Best developed in argillites, frace

ture cleavage is either absent, less closa-gpaced, or less con-

tinuous 4n nrénn;ooul beds of the same sequence, or occasionally

o, @ apa



present only at the axis of folds, When cleavage of !;ll orlon- |
gation is found to cut through beds of any lithology, it is called
glagy cleavaze. In both classes, weak recrystallization develops
smooth mica=covered surfaces, When coarser crystals form and the
bedding becomes indistinct, it 1s called [low gleavaga. de Sitter
reports (p. 98) cleavages that extend great distances in limee
stones,  sandstones and shales, but spaced gseveral millimeters
apart. Slaty cleavage 1s best developed in meta-shales, less per-
fectly in meta=sandstones, but 12 pyroclastics, conglomerates,
chert, msrl, levas, tale or even serpentine are present, they too
may show glaty cleavage. Sometimes there are two sets of fracture
cleavage planes intersecting at a small angle and parallel to fold
axes, The above types are believed formed always normel to the .
najor compressive streac, and accompanled by minute lateral dise
placements, expressed as shear folds in the original strats,
Schistocity is cleavage with clearly recrystallized micas and
quartz, both aions fracture planes and throughout the rock. 7The
original bedding is usually obscured, Breakage planes extend
across all rock QypeQ, individual surfaces following and alter-
nating between innumerable lnt;rctyotalline bdoundaries. The ori-
gin of schistosity is mechanical (Goguel, 1943), like cleavage

but more intense, and augmented by growth of flat mineral grains. -

Gneissic structure in granite rocks may be of similar compres=
sional origin, 2:}13;12&,1s.a descriptive nampe that avoids the
distinetion botwoén shear cleavage and schistosity. lMost cleave
age and schistosity is noar~vor§1ea1 in orientation, though
horizontal schistosity exists that may be 3cnot1clllj felated to
so=called’ concentric slip along bedding=planes (de Sitter, p.
104), Concentric shear surfaces, with mica, gouse or slicken-
sides, are consequences of the bending of successive laminse to
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JLfferent curvatures.

pluld sonductivity in gleavege
Cleavage does not conduyct water in quantities of engineering
significance, but vhether or under what circumstances does cleavage
concath continuous fluid-filled openings capable of tranimlcftns
changes in hydraulic potential remains an important unknowm,
pressure tests in metamorphic rock at Oroville damsite on the
Feather River, and McSwain damsite on the Merced River, Celi.
fornia, have eéch demonstrated (Chapter 6) a sufficient proportion
of zero-watorstake precords that the dblqulttoue cleavage crossed
by the drill holes cannot be significantly conductive when in
froesh, hard rock under overburden load, On exposure, however, &
few surfeces open, gccommdating strain. such as accompanies dee
compression around & tunnel. On prolonged weathering, elays’
transported into or developed in the eleavages'exp#nd seasonally
to extend end widen the openings, or to tnttiat; other fractures
nearby. Innumerablé folla open in the zone of gravitational
movenent, especially vhen there in creep. The surficiel cy?tem

of fractures, at least in crystalline rock, differs greatly from

" the system in buried, intect rock. Some foliation bresks in

fresh rock &t a tunnel heading are dls:lnctl} vater«wet though

not draining. This water probably does not exist there prior to
stress relief, but rather, is imbibed by caﬁ;llartty {n certain
openings eonnéeted to other fractures having sufficlient storage

_capacity or transmissibility. .

Jeints | ) .
Billings (1942, p. 1l11) defines & joint as a divisional plane

or surfece that divides rocks, and along which there has been no
visible movement parallel to the plane or surface. de Sitter
(1959, p. 122) cusguﬁ that all transitions exist, from gheapr
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joinga with no lateral movemont, through joints vith small movee

pent, to smull and then larpe faults, It seems ukoly that coue,
'namoly. the fonzion m;, fit the no-movement encogory, uhne
others hive moved 50 minutely that referenco marks on Oppoc!.te
sides ceex undicturbded. '
Genetic clacsifications of jointi heve deen advanced but
pone sa:ist.":etorlly oxplain all comploxities found in nature. It
i3 usually assuned thut joints and faults are closely related by
a comon orizin in formation by orogenie streases. Joints somee
times do, and other times don't, havo orientations the scrme as
feults in the same body. Another unresolved azpect i3 the remarke-
ably uniform spacing often observed in joints. This has supiested
tidal strcin (Tolmes, 1364) or earthquakes c3 propagating or trige
gering nechanisms for fzilure of 2 stressed erust, ‘
Clzasifications ixe 21so possible on the basls of the orien-
tation of 2 joint uith :oépec: to other joints, ond »ith rospoct
to fold cres or fault planez, 1t is widoly recognized that shear
joints sonetinzes cowe in conjusato palrs, the planes of a palr
interseéting ~lon3 a line pcrallel to the intermnediate of_-:hree
priﬁcipﬁl ztresses, and the blscector of the smalleat angle be-
tween :&o palr parallel to the major stress, The angls formed By
& palr :nries f:bm 13 Ato 90 dezrees, qualitatively agreeing with
Mohr?!s fallure theory, and depending, among other things, on rock
type. Plncus (l9§l, p. 118) found no such variation detwsen
gnelss and sediment3. Slezel (1950, p. 617) thinks anisatropy of
fadric explzins the co.ron adbsence of one get of a eonjug;te pair
(C. ¥eyer, persomal cocrmnicotien, 1956). Figure 3e1, :taken from
de Sitter (p. 124), interprots a 90 degree change in the orilenta-
tion of conjugate shear joints as a resule of anticlinal tension

and synclinal coxpression across tho axcs. while the stress
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I ,,gaun to the fold axes remained relitively unchanged from one 50

pogztion to another,

}elton (1929) spnd 2incus (1951) each found that the directions N
of joint normnals becr a gore eohststexi: relationship to bed;!l.ng
than to! geozraphic axes. The directions of joints are not re-
jated to foliation (Pincus, 1951, p. 115). Ring (1948, p. .lld)
deserited an orthozonal joint systom in sedlmanfs of the Guadae~
’xupe mountains, Ono set strikes parallel to the normal faults
But rotates to .maintain dips normal to the bedding., The set nore
msl to the -trike remains essentially vertical, normal to the
pedding. Ring found the frequency of joints to be greatest near
the faultc, | ‘ .

In siaply=folded raat.?ns. veary persistent g_eos;:éphlc direce
tions are solotinec mlntnined.' Pigure 32, fron Parkor’s (1942)
study of joints in .!ew York and Pennsylvania, shows the strike of
psired shecr joints (Set I) shifting slovly from M to I'NE as one

traces fald axe:s eastuward s&eross the map. The joint directions

change consistently with a reorientation of fold axas, tut inde-
pendaent of loccl fold orieatations. . ,

de Sitter (1956) cites cases from the literature demonstrate
ing parallelinity of joints to fault systems (\Slk, 1937) as in
Figure 3=3, and others vhere they are clearly unrelated (Kwantes,
1946). 1t is sometimes important to differentiate sets of- cone
ductors according to relative age, for jointing in some cases pre-
ceeds and porallels faulting in the same stress fleld, while sube
sequent jointing or faulting may be inconsistent w{:h the earlier.
Joints may be classified in Anderson’s (1951) scheme of fault ,
types: norinal, thrust and wrench, according to the orientation of ‘
prinecipal stresses. Reoriented sﬁss 'tioldo between faults, as
indicated by highereorder fault vsy::eas described by Moody and
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mil (1956)" are cause for the observed multiplicity and disper- 53
gion of joint gets, together with differences in rock strength
and changes of stress over geologlc time,

So=called tension joints are oriented either normal to the
ninor i:rtnel.pa.l et:roas.. or nornal to .tho direction that has acted
as major principal ctress in forming shear joints. Tension joints
are either vertical or horizontal, eeldom inclined. Siegel (1950,
p. 613) expressed the opinion that horizontal tension joints vere-
impossible because the overburden would always insure vertical
compression. If sheeting is not a tension phemmer;oa. it' e
cbused. by colum bending moments under compression tengential to
the ground curface. In Figure 3=1 are tension joints disposed
normal to the minor ctress, parallel to the ant!.eunal axis end
normal to the syncunal axis,

Hodgson's work (1961B) on Jo!.nctng in gently folded sedi-
ments of the Colorado Plateau is so thorough that it warrants
sumnarization a8 & definition of the occurrence of joints in
gsedimentary rocks. Prominent beddinge-plane discontinuities be-
tween tadbular rock bodies dictinguish sedinents from crystalline
rocks. Shear joints are apparently abcent in sediments. Hodge
son's analysis of sedinmentary joint structures must be transleted
to other environments only with care, |

His concept of & "gtructural rock unit® is importent in vise
valizing boundaries of homogeneous Jol‘.nt: systems: 4t is & "body
of rock bshaving nearly uniformly throughout its extent under ukg
stress®, - It may be & formation or units of 32&:0: or lessgser vole
une, | | . . :
Hetr and established terminology applied by Hodgson is wholly
descriptive. It will therefore require no ﬁodttiut;on vhen the
genesis of jointing is ultimately established. A folnt is &
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sfracture that traverses & rock and is not accompanied by any 3
discernadle displacement of one face of the feature relative to
che other® (p. 12),

Systematic joints occur in sats, parallel or sudparallel in
plan but not necoisn:ixy showing similar relations in section.
Systematic jolnts cross joints of other sets, They have straight
or gently algmoidal traces, a few inches to 400 feet in iength.
The traces decome irregular at the ends, curving towards a neigh-
doring joint, which it may join at right angles. These termini
are non-systematic (unoriented), often bifurcating. The surfaée
area of a systematic joint may be a few square inches, up to hune
dreds of square feet." Surfaces appear to be nearly aquidimensione
al in thick rock units, may be wholly contained in the unit, or
elongated 1f the unit is thin, but many individual thin beds may
bs cut by a single joint. Some systematic joints cross boundaries
between very different rock units, such as massive sandstone and
thin-bedded shale, but the joint spacing changes at the boundary:
wider in coarser, thicker bodlies, closer in fine-grained, thin
bodias. ?Brallelism depends on constancy of lithology, most per-
fectly daveloped in massive sandstones and some limestones, The
orientations of planes sre more dispersed in siltstones or flagsy
shales, inczeasingly so in lenticular, coarse-grained, poorly-
bedded units. A systematic joint saet occuples 8 demonstradly
linited geographic ares of ;.gcv square miles, o!cén overlapping
areag occupled by other sets. Angles of intersection between sets
are fairly constant vhen viewed in plan, bdbut dip orienghtions may
vary up to 25 degrees from the normal to bedding, so that one set
cannot be differentiated from another set if vieved in section.
The writer belleves that joints should be identified according to

sets after ploiting their poles in stereographic projection, not



in plan or sectional vieu, Hodgson reports no mutual tnterfer-58
ence or dlsloeation et {ntersections of two cysteaatic joints,
fon-systematic joints abut mormal to systematic joints, but

tm'n variable angles of intersection vith other nonecystematic .
joints, They are curved in plan, and either cuﬁod or straight in
section, depending on the thickness of the rock unit they cut.
Though they attain great dimensions in units, they are seldom od-
served in outcrop, for they wahthor and open by weathering less
readily than systematic joints. Cross=joints are a pl.cm.ut'.'~ variety
of mn-systcm;tic Joints, also terminating at bedding or system-

atic Jotn: surfaces. 1t aight be inferred from Hodgson's descrip-
| tion of non-cyctematle Jointe, that they have imperfect hydrauue
eontl.nu!.ty since they are tighter. Yet they are more rough and
4gregular than eystematic joints, so may provide important con-
.tu.nm:y in single-set systems. A significant continuity notion
is the %"joint zdx_m". Seen in plen, parallel systematic joints
often occupy a Barrow belt vherein individusl joints ore slightly
offeset from on¥ another (en echelon).* The frequency of {nter-
ruptions along & zone {s nearly & constant for a structural unit,
increasing with-the thickness of the unit., The individual joints
terminate utosuuﬂ.y, sometimes hooked inte and normal to each
other, Joint Zones are separated by a predominant spacing chare
nctod.stte of the set.

Joint sets have great aerial persistance and regularity in
plan and spacing. Up to six sets occur at eny one éueo. Vhers
Hodgson studied thea, systematic joints extend vertically through °
Peleozolic and Mesozoic formations. The c_ots' are unrelated to
© fold axes except by rotation about those gxo;.

exizin of Jolatias

The geometry of several co-exicting sets cannot be explained



by conventional tectonic shear or tensional origin, Hodgson do-se

gected no slickensided shear surfaces. He cites evidence that
joints form very early 15 the depositional history of a sedi-
ment: Jointing may oxiit in yduns unconsolidated soils, such as
lake Bonneville clafbeds, "wet"® Miocene claydeds in Maryland, or
iignite beds among soft gands. His hypothesis is that joints are
upward extensions of pree-existing fractures, formed as soon as
"the rock is sufficlently brittle to fail by tidal fatisue.
Platker (1964) gives further evidence of th; extension of joints
meintaining dbasement orientations, propagated upwards through
unconsolidated alluvium to control rectangular drainage and lake
shores in eagstern Bolivia,

The role of pore pressure as & contributing cuﬁao of joint-
ing has been neglected. fﬁo existence of high pore pressures
approaching the total overburden load at dipth has ‘been estabde
2ished from oilwell experience (Hubbert and Rudy, 1959). While
pore pressures ére insufficient e;uso for jointing, isotropic
excess fluid pressure (Terzaghi, 1925) results in low effective
or intergranula® rock pressures. FPore pressures are applied
throughout long periods of time, even in crystalline rocks of
yery low primary permeadility. Other stress sources, tectonic,
tidal or thermal, can therefore more readily trigger either shear
or tensile faildre. Total stress must be compressional in all di-
rections, dut need only fall bdelow the pore pressure by an amount

equal to the tensile strength for failure to ocecur, The marl

aquicludes shown in figure 3-1 would promote high fluid pressures

upder heavy overburden, making the 1imestones sensitive to flec-
tural reorientation of principal stresses. The so-called tension
Joints oriented normal to the axis of greatest stress are called

release, or extcntioh joints. In figure 3-2, the E-W joints are




of this type, thought to originate upon elastic release of eom~57[

pression. ' One cannot invoke isotropic remanent pore preseures
as their cauge, because as the.mnjor stress declines, tension
would aris; in the direction of aslso-declining minor stress.

The origin of steep-dipping "extension" joints remains enigmatic.

Tensfon cracking was mogeled mathematically by Lachenbzuch
(1961, p. 4286), who concluded that the common physical propers=
ties of rock should préclude tension joints below depths of
about 900 feet. Yet, there is t(oid evidence, cited in this
chapter, to indicate openings to thousands of feet, or more if
the btiﬂea desertbgd by Smith (1958) and White, Anderson eand
Grubds (1963) are indeed partly magmatic 1n.qustn. Fore prese
sure 18 possidbly the mechanism accounting for propagation and
preservation of such openings to great depths,

When failure tokes place, there would be an immediate dtop'
in pore pressure along a fracture, thus an increase (not a re-
leasge) ot‘eftective compression across & tension Jotnt. Joint
faces do not separate upon rupture, as they would if tension exe
isted in the solid phase. With correspondingly low fracture
conductivity, fluid pressure=-drops would be slowly transmitted
along a fracture, Adjacent rock masses would have unaltered neu-
tral end effective stresses for some time, during vhich succeed-
ing fractures form. Hodgson (1961) noted that the spacing of
systematic joints is uniform within a structural unit end varies
directly with coarcness of sediment grainesize, Speacing may logice
ally be related to rock permaaytltty. manifested by ;raln-stz;, for
vhen 1ntergtanu1§: permeability exceeds fracture conductivity in
transmitting & failure pressure-drop, the distance to adjacent
Jotntsvdgy be governed by ﬁha ttanste;c,." Pailure is unlikely in
the region ogfrolieved.pore pressure, éxtendtns lateraliy at a




rate proportional to permeability and inversely to porosity, ?8
The suggested role of pore pressure in Joint formation has

yet to be fully explored, but its inclusion as & component of

tectonic and gravitational forces may suggest a theory of joint=

ing consistent vu;'h such field evidence as Hodgson (1961) has *

collacted, ¥ ‘

Misxoscaple featuxes of joint surfaces

Surface texture' can be used in some cases to distingulsh ten-~

'li.on from ghear joints. When both types are present one can often,

but not mar’iably, show that the tension Joints are roush and ire
regular pullewaparts, while shear joints have relatively smooth,
sometimes fluted and polished, tight contacts. G:loﬂto, sericite
. or epidote coatings are sometimes found on shear joints (Moye,
1939, p. 26; Lyons, 1960). The textural contrast may depend upon

-/

confinement at rupture, since many joints of shear orientation are . /

rough and wholly lacking in evidence of lateral movement (King,
1948). D. G, Mye (personal eon:mnicatioxi, 1963, 1959, p. 26)
has noted a hydraulie distinction between the two ﬁypea, tension
Joines beins. the more conductive. Granular dedris is produced on
both fracture types m' laboratory rock tests, but the debris 1is
coarser in tension bdreaks than shear breaks., The writer has obe
served that on tough surfaces of tension Joints opened in tho
laboratory. there are dislocated dut attached grains as well as
free particles, Thus the faces never reseat within less than one
thousandth of an incb, as measured by micrometers attached before
separation., Griggs, (1936, p. 335) envisions ladoratory frace
tures as an integration of minute shear and teasile fractures,
thus having variable apcrture. Brace (1963, pp. 2-3&, 39) re~
ports that oblique shcar failure of confined spoci.una dcnlops
first a milkiness along an oblique zone, then little en echelon



An orthogonal system of continuous fractures

in massive sandstone: Smooth continuous

. (horizontal) bedding planes, rough, plumose
tension joints (facing viewer's right) and
smooth shear joints (von Engeln, 1961, by

peruission, The Cornell Univ. Press).
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srain boundary cracks that coalesce to form the rupture surfcco.°°
rine pulverized grains can de brushed from the iurfacon. The
size of such detrictis, or of dislocated grains attached bdetween N
the en echelon cracks, prodbably determines the minimum apertures,
Greater apertures may result from wedge action on the surface
1r£§3u1arltleu. Figure 3-4, taken in the western area of Pléker'c
map, shows the perfection and extensiveness of planar.jolnts'
gfound in some rocks and the textural contrast between smooth
shear and rough, feathered tension Joints..

Plunose surface structures consl;: of lowerelief joint marke
ings similar to the pattern made by two feathers in line, with
their butt ends joined. Woodworth (1897) called it feather frace
ture, Parker (1942) called éh§ features "plumes®, Radiating fea~
tures are deseribed also, by Woodworth (p. 166), Razgatt (1954)
and Hodgson (1961A, 1961B, p. 20). The plume strgetutos might de
descrided as sharp, irreguler ridges of amplitude and wave length- \‘T/
on the order of a few graln diameters arranged in conjugate fame

ilies of hyperbolas having a common directrix parailel to, and

superimposed on'the long axis of elliptical, concoidal ridges of
greater amplitude, longer wave length and smoother wave form.
(See Hodgson, 1961B, Figure 25). The directrix or long central
axis of the structure is usually parsllel, dut somoétmcs normal,
to the boundarios (bedqzng) of a structural unit, Opposite frace
ture faces are tisthficting until disturbded, and show no.evtdence
of transcurrent Movement., Similar tension and fatigue failure
surfaces have been observed in metals. The extremitles of the
elliptic pattern are coarser textured, terminating in:en Jchelon,
oblique "terminal offset faces™ (Hodgson, 1961B, p. 21). The
scale of the texture is proportional to the size of the joint
surface, snd thus to the thickness of the structural unit, The
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pattern is usually, but not always, centered in the unit, for 61

Joints normal to the bedding, Hodgson does not substantiate the
1dea that the center of the structure is the point \?here' failure
began, The writer feels that the en echelon offsots at the
periphery are éonstste;\t with Bracefs (1963) observations on
fallure, and that the plumes grow imvard from the dl.scon:!.ni:it!.ea.
Miscellaneous geometrical fypes of foints |

Joints vlt!} thrust fault orientations intersect bedding along
lines parallel to fold axes but at acute angles to the bedding
planes, since the major compressive etress tends to follow the
di.p. of the beds., Moderate~dipping conjugate joint sets in gren-
ite rocks may also be of this sort, arising vhen the overburden
pressure 4{s the minor stress. Whether or not. they are actually
shear joints is questionable, for they ere usually plemar, rough
and h.cklns lineation. de Sitter has plotted ell the possible
Joint directions relative to a fold exis, His stereonet {s re=
produced here as Figure 35, '

Short joints, normal to competént: beds of a hard-goft alter-
nating sequenee. are called potationa] foints, and are believed
due to the bedding plane shear developed on the limbs of folds,
Formal feults and tension joints are alcs found at the necks of

bouds.naged eoﬁpetent beds.

- Concentric stress systems developed around isolated intru-
sions are superimposed on horizontal regional stress systems.
The doming process (Wisser, 1960) results in radicl and t.ansem
tial tensile stresses, expressed in apical grabenc, gope-gheats
end gadiel fractuses or dikes (Billings, 1943; Anderson and Jef-
freys, 1936) over plutons or salt domes (Hanna, 1934). The de-
tails of such structures are important guldes to ores (Nevhouse,
1942) because experience has shown that mineral veins often form
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normal to tensile directions. An analysis of domical ltructurues

for theirunique arrangement of conducting fractures would help
mineral exploration, since ores are fluid-borne, Work on this

problfun may bo.attmu'ud soon by the need to engineer the p:;o-
dudtion of oc.;ﬁ and brine from similat structures.

Columnar gontraction joints of reguler pattern are common in
basaltic lava flows, and wore crudely formed in breccia ﬂ.ova and
velded tuffs (Gilbert, 1938). The model of permesble jotnted
media (Chapter €) is not designed for such discontinuous cone
ductors. t-. '

Sheeting is an important joint class, dominating the occur-
rence of water in some sreas, These are extensive, flat to gently
curved or unduleting seams or partings found in massive tocki.
especially granite (Jahns, 1943), but also in quartzite, limee
.toﬁe. a'nd probably in some metamorphic rocks. Sheeting is most
conspicuously developed near the ground. surface, conforming gene
erally to hills and valleys alike (Gilbert, 1904). PFrequency
decreaces with depth, for sheeting is seldom found below 300

feet. The lateral extent is generally hundreds of feet, where

" they abutt older steep joints or feults, or where they feather

out as neighdoring fractures converge. The fractures cut indis-
criminately across all primary structures, dikes, contagts, coun-
try rock, etc. The sheets of unjointed rock Botwoen seams are
under compression parallel to their extent, as evidenced by
"popping® (Terzaghi, 1946), or by sudden splitting or latersl
movement into quarty excavations. Watson (1910, p. 24) has ob-
served polished and striated joint surfaces in granite, possibdly
due to translstion upon surficial :o'h_'ue of stress. ‘hatever
the deepessated cause of stress, the sheeste=structures are believed

the result of relief from confinement by erosion of overburden, as




suggested by Gildort (1704), Matthes (1930), and Jahns (1943), 84
Bending of cheets imda;.' column loading accounts for sheet joint
openings of several inches (Matthes, 1930, p. 114). 3ome very
deop horizontal cracks are permeadble, for minerallzation has been
ceen on thenm (?aﬁnin, 1937, p. 626). Highly conductive, flat un-
dul.a.tory Joints in slate, metavolcanic and n. serpentine complex
at the Merced River damsite, are probabdbly of the same origin as
the more obviouc sheet structures in massive rocks. 1In the Southe
ern Steotes cre oxtensive horicontal joints (Watson, 1910, p. 24)
tarough granitic and motamorphic rock, to vhich LeGrand, (1949)
sttributes mo:t of the fracturc permeability of the reglon.

Terzaghl (1946), hes listed a3 guldes some joint character=
istics accoclated with different rock types. The more brittle
rocks tend to have clocer joint spacing than ductile rocks, For
example, rhyolite shovs more frequent, irregular jointing than
bas.:alt. Mazsive rocks tend to have less continuous joints than
tubular rocks, Sediments usually haveo three sets: the bedding,
and to others normrl to the bedding. Joints in limestone and
sendstone cre ‘conmonly soveral feet apart, shale much closer,
dotn to fractions of an inch, Rebound in shale produces slicken-
siding on minute, conchoidal fractures. fb_wter could be found
belou 500 feot in jointed Triassic shales of liew Jerssy (New Jer-
sey, date unknownm),

Spacing of fractures has attracted little attention of field
geologists., Ring (1968_) found that spacing is closest for rocks
of greatest deformation, but the more brittle rocks have eloser
specing under like circumstences. Pincus (1951, p. 92) found no
correlation vith degree of deformation in pre=Cambrian and Paleo-
zoic rocks of New Jersey. FHodgson's observations (1961B) are
described above. Changes of spacing vith depth have been sur-

N
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nised by Tolman (1937), Ring (1948), Miller (1933), and Pincus

(1951), The consensus is that weathering opens pre-existing weake
nesses., F!ns. (1948, p. ll4) noted vertical joints extending as
mseh as.lloo feet, in the vertical sense, down cliff faces,
Appleby (1942) found thet the pattern of fractures on dynamited
faces corresponds clocely to naturzl patterns. The writer's bee
lief, bused on analysis of pumpe-test data in chapter &, is that
porosity increages touvards any free face, both by increase of
fracture apertures cnd frequencies. The rock éround the drill~
hole is nore skin to the undisturbed state than that exposed in
anines, tunnels, or quarries,

Evidence of fluld conductivity of joints end faults

Joints ere the most Lmportant clcss of conducting fractures.
Thie {s because one type or another, or several types at once, are
present in prectically all consolidated rock types, Paults are so
1n§requent vithin the boundaries of most problem areas that they
can seldom be treated statictically. Cleavage is confined to
metamorphlics,

Tolmen (1937, pp. 261 to 313) differentiates decp-seated
frectures (faults end some ahacr'jolnts) f:om superficlel ones
opened by vecthering., Ye believed that the water teble limits the
zone of veathering. In Turk®s (1963) study of tell yleld varice
tion with depth, a veathered cone was &assuned to act as &n infil-
tration and atérage bed just as Tolmen suggested, but the continu-
ously varying velle-discharge mezsures did not support the notion of
e demarkctioh. Rather, a continuous varistion of permeability with
depth vae shown. Lewis and Borsy (1966) conducted vell-punping
tests in join;ed phyllite, Plots of the draw down = log cl&e
relationship proved never to be linecr in the way indicated by

theory and experience in unconsolidated hqutters. A continuous



decrease in permsability with depth is suggested by the con:l.nu-e
ous curvature of their plots. The statisties of pump tests re-
ported in Chapter 6 has proved that :h; preponderance of Joint§
visible at the surface are insignificant as conductors at depth,
’ The few conduétors existing below the water tadle, Tolman
considered largely unconnected. 1t is':he writer's belief, from
sone experience in dame~site exploration, that isolated water
bodles are more likely in the weathered 2one where clay deposits
plug some parts of wide openinzs, and leave other parts‘open,
Drill holes at MeSwain damsite, Merced River, California, pene-
trated many weathered joints, often filled with an inch or so of
red clay. Instantaneous bit advance, sudden loss of drilling
water, high punp test discharge and crystalecovered joint sure
faces on recovered core ehds indicated large open joints, connect-
ed to the rest of the systém. In other jolnts, apparently une
filled, no water_flaw devgloped, suggésting localized clay file
lings. ' '

There cre a ferr cases descrided in the literature (Townsend,
1962; Thayer, 1962; ‘bye, 1959; and Stewart, 1955), for example,
where drawvdowvn at & line sink produced recognizadble cones of de- .
pression, or other indications of continuity. These eases.suppo:t
the assumption made in designing a mathematical model (Chapger 6)
having wholly continucus intersecgins plano conductors. A worthy
topic of further research would be to ascertain at what length-to-
spacing ratio do discontinuities become important to the overall
permeabllity of such a model. )

The report of E, J; Daniel (1954) on the Persian Gulf oil
fields contains some of the best avalilable subsurface data on
fractured limestone. The Aln Zalsh field produces wholly from

fractures without solution enlargements, so continuous and inter-
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connected that a few cultably placed wells could drain the entire

reservoir. OLl moves ac much cs 2 milos distant from a well, and
botto.nshole precsure recovery ic rapld upon shutin, There is hye
draulic connaction botwween the First Pay and Second Pay, though
gseparated by 2000 feet of non-productive fine sediments (p. 778).
Open fracture:s without solution enlargements must extend over 3000
feet in depth. Joints and beddinze-planes are infrequent but vital
conduits, most of the production being in calcite-veined, highly
freetured (6-12 per foot) bodies of rock. It is not known how
much fracture permeability 45 due to traccure; that vere never ree
erystallized, versus fractures reopened by recurrent tectoﬁlsm.
The more brittle, cherty linmestonez are more {ntencely fractured.
Similar veinefrequency, wvater permeability relationships a:e-re-
corded in uining districts (See belov). The permeability in the
Afn 2alah structure i{s not restricted to teasion joint openings,
for there liave becn obﬁetved oll films on hair-thin broaks, sty-
lolites, slickencided fractures, ond fsces of ccleite erystals,
Sone undisturbed (?) joints cutting cores have openings of 0.1 to
0.2 m., carrying oil films,

The Kirkuk field produces from super-capillary openings so
continuous thot the entire tleld acts as a single pressure sink,
The maximun water-edge rise is 25 miles avay. Permeability is so
high that a single well can produce 30,000 bbl. per day vith only
3 to 4 psi d:aédown. Caverns (up to 14 feet), residual dolomite
sand and solution-opened planes provide storage (up to 30 percent
porosity), but joints and e few faults provide the interconnec-
tions. Even the tight, slickensided faults have oil films.
Joints are spaced 1-1/2 to 3 feet, eggengtally orthogonal, with
sintact® (?7) openings of 0.1 to 0.2 ma., Surface textures accord
with graln gizoes :ouaﬁ in coarse rocks, smooth if porcelainous



rocks. ' L1

large joint openings at great depth cre not pecullar to
limestones, but may be encountored in igneous and metamorphie
rocks also. T. Gross (personal communication, 1964) drilled horl-
zontal holes for water in the pre~Cambrian ecrystalline complex
wvest of Colorado Springs, a:tainlqs 50 gal, per m;nuto.dlscharge
and almost 1nstantane$us pressure recovory on shutin, Production
may be from one or more large openings (1 mm. or so)' of great ex-
tent (thousands of feot).

One of the richest mines of structural dase pertinent to the

occurrence of water in consolidatad rocks 1s Nowhouse's (1942)‘

- treatise on guldes to ore. Interrelations of faults, folds,

Joints and rock type have been investigated more thoroughly for

| vein deposits than would ever de econonically justified for water

occurrence. Tho preservation of structural detall dy mineralizae
tion in opening:, onco fluldefilled, is more advantageous for
present purpoces than would ever be a like 1hvest1gatioa of fluid-
filled openings that cre sensitive to disturdance. Progressive
opening of mineral veins upon successive refllling invclidatesany
quantitative measures that might be made on theém., "Book™ quertz
veins indic:te prosressive enlargement. Yet the conteation that
ores take great spans of time to form from dilute solutions 1ls re-
futed by the recent discovery of hot drine at Myland, California,
containing up to 300,000 ppn total dissolved solids, ineluding
remarkable retal concentrations (Vhite, Anderson and Grudd, 1963).
An 8~inch well discherge pipe at the surface closed to 3.1nches

by encrustation in 3 months of froe flow., Thus, veins could form
quickly, as reckoned by geologic time, and thelr thickness could
resemble tﬁe fluidefilled apertures, Caution dictates the assump-
tion that openings are formed progressively, no matter haf rapid,




for Newhouse, (1942), Wicser (1960), and other authorities lu'.wee9
demonetrated tﬁa: veins form concurrenf with otog:nie movement,
s;memral guides to ore are veluable guides to meteoric water
occurrence t‘.?!\?.thet or not mineralization has takon place, ‘K!.ne
waters tend to follow pafhs of prior mineralization, as observed
by the writer at Cerro de Pasco, Peru. (D. T. Snow, private re-
port, 1958) The best water ‘.;ell prospeéta in the California
Mother lode rocks, metamorphics of very low potmeabillcy; are the
quartz veins that have been refractured by postemineralization de-
formations, _

1f velin depocits are quautati.\fe indicators of watereconduit
geometry, it must be concluded that a model composed of uniformlye
spaced, paralleleplate conductors Jnly approximates the irregular,
pinching and cwelline, discontinuous features seen in mi.nes.
Fractured medla must have extreme inhomogeneity 4f the conductors
are as capriclous as veln deposits,

Mineral veins i.ndl.cat‘e open conduits at some time past. BHot
springs,,with or vithout accompanying zones of hydrotherzal altera-
tion, ere the surface expressions of similer rmodern permesble
structures, sum coxrunication to heat and mineral sources is
accidentzl, it {s inferred that meteoric water occurs in innumer~
cble reglons of high permecdbility just like the ore districts, Ore
guides froam Nechouse (1942) therefot;s constitute pertinent guldes
to groundvater, sumnarized here for fractures and faults:

_Veins form along fractures vhere norm:]l compression is low
compared to other orfentations or positions. Those showing no
relative movenent parallel to the plene of the break are conven-
tionally called tension fractures. These may ‘form part of a pate
tern, some of vhich sre fractures and some faults. Isol&ed ten~
sion fracture fillings pﬁove that the shear bi:eaks qust also be




permeable to a lessar degree, otherwise the tension velns could.To

not fill. Tenslon fractures may cross from one side of a fault

to the other, extending into one or the other of the walls,
"Peather™ fractures are inclined to a fault plane, intersecting
‘along & line normal to the slip and making an acute angle pointe
ing in the direction of relative motion (Billings, 1942, p. 124),
Wisser (1939, p. 301, 318) says that tension fractures are loe
cated along portions of a fault where the greatest, rather than
the least compression acts normal to the walls of the fault,
Varying contact pressures result from the ill tit upon dislocation.
of irregular fault surfaces,high friction there resulting in high
tensile stresses in a direction oblique to the feult., Figure 3-§
illustrates the location of feather fractures at fault deflections.
- Gouge is more apt to form than dreccla on faults Qubjec: to high
nornal stress. Thus feathers are often associated with gouge in

. fault zones.

« Feothars
-\\ QUARTZ DIORITE —
A}

Figure 3=6, Deviations on shear faults cause feather fractures
at loaded contacts, Hog Mountain Mine, Aladama
(after Wisser, 1935)

If a dip-slip fault changes dip with dip, feather fractures
strike parallel to the fault, If a dip-slip fault changes strike
wvith dip, feather fractures strike parallel to the éip. They are
more prevalent in the hanging wall, perhaps due to unsupported
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spans, 1

+« There are suldes for locating ehanses in the orientation of
faulta. end therefore, permeable vwallerock, but these eriteria
gre reserved for the p»tagraphs on fluid conductivity in faults,

The meotcanée of faults in predicting regions of high permece

"bility hoe long been recognized because joint frequency often ine

creasec toards faults (Terzaghi, 1946; Xing, 1948),

The peralleleplate model for f:actdred modic vas not in-
tended for feult systoas, solu:toh-onlargéd Joint syetemz in
limestone, or for primary openings in levas, but attempts to so |
epply it m~y be better than nothing. The scop2 of this sumarv
does not include all environzents, but of the three just mentione
eJ, faults *ill be discussed further beccuse of their clooe re-
lationshiips to jointe,

Hydgolopie:1ly girnific:nt features of faulting

Faylta "cre oiten open to ¢ greacec or less destroe...In
wany {nstances vhere & fault zone is developed with many sube
parallel énd soueclmeé branching 2nd anastomozing fissures, ese
peclally in herder cnd wore brittle rocks, large quantities of
vater vy be érﬁnsﬁltted..." (lLouderback, 1950, p. 129). ‘e
zay look to llerhouse (1942) for the more detailed critaerie for
detecting vhore and vhat faults will be aquifers or aquicludes.
Conmpletely aineralized faulte are aquicludas but even these are
subject to reopening upon‘redetivation of ‘tectoalsc.

More often ttm;\ not, foults are tabuluer zones of crushed
gock rcther than distinct single breaks., If uniform 4in cheorace
ter throughout thelr extent, they could be repleced by cingle
openings that uould conduct the sama‘fluid dischargc at the same

‘subecriticzl gradient. Devictions from uniformity cre believed

more serious in the case of faults than of joints, for the
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grsnulcrity or gouge-content of faults i{s notably variabdle, tho72

main conducting fractures forming an anastomosing pattern within
a zone of variable thickness and gouge content., PFaults ate best '\\T/
characterized a3 1phomosenoous-anisotrOplc planar conductors, }
but in the abdsance of specific or general research on the proper-

s
ties of faults, it can only be assumed that they are homogeneous

|

and isotrople. . i
Portions of .faults locally deviate in orientation towards

the plane of uinimum compression, so certaln portioﬁa tend to

open upon fault displacement. In the case of deflected joints,

" they my 9pen wider due to fluid pressure acting against lesser

rock pressuro., The cause of deviations 1s nsqally 8 contrast in

rock defbf:nbility. In geologtca} parlance, one rock 1s more '

ncospetent® than another if its strength or rigidity is greater,

failinz ~ore brittle than ductile. Just as laboratory compres- )

slon tests clo'7 follure at anzles more acute to the applied

' deviator ztress as the Rbhf's failurs envelope steepens, so too

do faults refraet towards the normnal dpon passing froa incompe~ |

tent to coapetent rock, SuSsequent relativo moverents along the

111-fittins surfaces result in load concen:ratlop on sSome areis,

and voilds else~here. Figures 1 to 14 of Newhouse (1943) illuse

trate general and specific cases. If tho geometry of the fault

surface and the net slip are known from aiploratiocn, the open

portions may be predicted. Tuﬁlo -1 1ists :59 circunstances

possible., Definitions of the terms msy be found in the AGI glos~

sary (lovell, 1960) or Billings (1942). .




Table 3-1 73
Fault Peraeudbility due to Relative Movement of . Irreguler Surfaces

gireunstoncas
1. 2ip clio Zeulss

a. Change of enpgle of 44
along the line of dip.

1. ilormcl faults

i 2. Reverse feultec

“
b. Chenge of ansle of aip
alons the line of strike,
1. lorxl fcults

| 2. "evorie faults

¢. Cu.n~vo of ctrike : iong
the 1ine of dlp.

L. "ol foults
2. teverse frults

d. Change of strike 2lons
the lins of ztriko.

e; Co—bin~tions of a., b.,
' Cey &nd 4,

II. 2trike Siie Faulty
S a, Qinge of dip zlons the

1iro of dip.

(ubstracted from llevhouse, 1943)

Where fault steecpens, competent
formations L{f flat contacts: in-
competent formations 4if steep
contacte.,

Uhere the fault flattons; income
petent fornnations if flat cone
tacts; competent formations if

. steep contacts, :

fhere feult steepens: competent
formations 4if flat contacts; in-
competent foruations Lif cteop
contecees,.

~ VYhere feult flattenc; incompetent

formations {f flat contacts; coue
patent formotionc if cteep cone
tacts.

tfhere changos fevorible to opone
ings, varlous possibilitiers due
to deflections touwards normal to
contacts vith more conmpetent
rocks, openingc on parts oriented
wore normal to 6lip direction.

‘o tendency to produce openings,

{fost common cCases,

Cg .

lo tendency to produce openings,




Table 31 (Continued) 74

cixeumstances thera openinas foxm
b. Change of dip along the thore a portion of a fault is out
line of utrike, of the gonoral plane of bearing

surface: flattar dipping hanging
wall moving over steep dipping
footvall, or ctaeper dipping
hanging wa!.l. mving over flat

fbotuall-
¢. Chonge of strike along Vhere a portion of a fault iz de-
the line of dip. flected out of the general plane

of dearing surface: bearing prase
sure on portions most normal to

clip direction, opening:s on pore
tions parellel or awvay from alip

dircction,
d. Qirnze -of strike clong Same as e.: fault crocsing steep
strike, econtaet, oreninszs in competent or

incompetent formations daponding
on onglec of incidence, and if°
right or lef:- teral sli:z.

Surface crecs of high and low bearing pre#sure ccn bo dice

crininated on the basls of subtle changes in feult attitude neer
Pigure =7 illvsirates case T HA.

contacts, snd knou:ledge of slip direction. A Svidenco from mines
favors openingc on fault: of call di-placecent, for if throv is
great, cro-s uf miifit confizuration are overpossod or zougee
fllled. Incding pattagns elso local.g.za subsidiary faults, froee
tures and trocciation in the ~a2ll roek &t positions of high
st:.;ess. thus, all rock peracability ic apt to be high adjceent
to fault cegments having lov permoability. ISkeoptions are found
;n position:s whare dridging is conducive to rrall fracturing in
tension. '‘all rock fr.;.eeures azsoclatod v:ith dip aslip faultz tend
to bde pars 11lel to the strike if the fault ehanges dip along the
dip, and conversely, frceturaez tend to be paridllel to :ha dip it
the fault chinges strilks down the dip. As will bo sean, {Chapter
S) 1f freeture orlentations ero knowm, principal 2xes of permose

hility oy be prediectod.

N4
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Figure 5-7

‘Fault deflection. Seven Thirty Mine, Silver Plume Dis- .
trict, Colorado. (a) Quartz monzonite porphyry; (b) granite.
(Spurr. U.S.G.S. Prof. Paper 63. Fig. 48)




Gouge ;n faults renders them relativoly mecrmoablo: !ho"s
presence of llmtmus rocks favors development of 30\35. so fore
pations having platy minerals, small grain size, lov strength or
high state of alteration tend to have relatively low fracture
perueadilicy. Oougé is prevalent in faults developed under high
normal compression, sueh as flat, normal faults, steep reverse
faults, or in faults of great displacehenc.

'thtéé 1s o debatable relationship betireen fracture permea-
dility, (or rather, ore occurrence) and position with respect to
folds. The blased data of ore occurrence suggest that antie
clines are mors drokon and open than syneclines, There is éulte
deklnitely 3reater fracturing near the crest of folds than near
the floaks. Mult deflections are more prevalent noesr fold axes,

The rock type 1: an indicator of comparative fracture pere .
=meadility. lLoeking pernegpgﬁity measuros;'ono oty be gulded dy
the gccurranco of vein otos.(Tablp 3=2) in contrasting rock types.
*Tovorotlo® and “unfavorable® rock: are equated, recpectively, to
relctively hi3h and lov porameadllity in the tabulation.(Feubouse,
1943, ;p. 41-43), Jfor the moat part the favoradle rocks are the
corpetent cnes, thus, the tablehis als0 & guide to fault deflec-

tions,




Table -2

The influornce of rock type in localizing vein deposits, an
- Axdieator of comparative fracture permcability.

fuvorabdle

Cignificant foae
turos remarked by
t

Unfavorable

Llsee 206k, ~2oeke
catnen ¢ Vyolite= Trachyte
Katherirne Ande:zite
Cistrict:,
Aricons
Georzic “oild Tord Srittle Soft rocks
Depocsicts rocks
London .tn, ratyey Shale:=
Ares, Tolae sillc, btrittle
zado. iinc:ctones &

quortaice
Silver I' L2g, Mabrze or
Cntarilo oth2r drittle

rochk
Tdrardse rittls sili-
Jalaat 1Lty cested Wonds
ie Yor'h: ir limectons

.

Siscac linn, J‘ranedlorite Tchictoce
Quateoc 12va flous
Weirttor: canalmaé:cte sina
dize, grained
Quebee tutfs

\
Cadill=e “opetant Soft
donnzhis, gocks schists
Quedec .

Aritctlencss or
ability to chattor
vas important face
tor.

Ore shoots are in
hard brittls rocks:
the surrounding
rocks arc soft and
flovw roadily withe

out fracturing.

Chales deforned |
plastically; othe
or rocks were
brittle, .

The brittle cili-
cated dbands in the.
licestone “ore
braecciatod during
flowage of the
limmctone. “or2
orc chioots related
to those bands,

Granodiorites more
brittle end Lonce
cora froctured,

Conglomerate wore
competent and une
dor stress ylelded
by fracturing more
thon did the tuff.

Ore bodies-cre in
persisteant fiasures
in tho competent
gtreta edjoining
the main shear zone.
The coft schists
were too incomnoe
tent to maintain
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Significant fea-
tures remarked by
co T

large or persistent
openings for vein
formation. lowe
evor at ths lapa
Cadillac mine pipe=
1ike ore bodias
contalining little
quarts dbut much
dizseninatad :zule
phide occur in a
wids 2ono of

Yeins in coxpatent
rocks. {~n) Single
veln fractures
usually pinech out
whent they pos=s
with diverzence of
strike into 2n ad-
joining incompetant
horizon. {3) ihe
miltislae fraecturs
zones .aay be in a
coupatent nenlar
batuaeen relatively
iaconnetent mece
sers, or in & conme
potent mecbar code
Joining an incoo-
petont rarLer,

Tha coapetant vole
ecanie rocks “rore
precciated and fraee
tured siving
channel-tiays for
solutions. The ine
competent slaty
tuffs in tha foot
wall vore & good
lubricant and fu-~
cilated brecciation
in the conxpotent
volcanics.,

Ore tands to bda
localized under a
hanging wall of
the rore consctont

ravorabdble Unfavorabdlo
Plage Socks | 2ogkz.
schist,
Porcupire, rozpotent Incoapatont
Ontario rocks, maselve rockec. Tuffs,
andecita or slates, 50ap=
dacite, Con= stone, pillow
aloarate lavie, cilore
° thick bods iza earbonite
araywvacke & selsts
porphyry bode
ias
Prictanio, Coxpatent Incoypatent
Sritich volesnles cloty tuffs
Colunbin
Yother Conatent or Zlate
Lode, rizld rocke
Califorala {2reenstone,
. grayvacko) :
in hanginz *

~vall, twith

or riglid rocks
where the foot wall
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3 Pavorable .

Table 32 (Oonung;a) |

Significant fea~
tures remarked by

Unfavorable
Blage Jocks. Rocks
. glate foot
wall
Iittle long Arkose or Craywacke
lac Gold feldspathic
tdne, quarteite
Ontario
Thunder Dey, (1) ‘leak Competent beds
Ontsrio beds
General w0 (2) Conpe- ‘toak deds
Cacec -~ teat beds .
Sreclkearidzq artzite Shales
Colorado .
t
front Pange, Quartzite forphyry
Colorado Rorphyry Shale
‘ ' 4
Forphyry Schiat
Granite Forphyry
Hplite Coarse
grained
Boulder Creek
granite
Diabsse Boulder Creek
granite ,
Granite vith large masces
layars of tho of granite froe
less cozpe~ from cchict
tent motie genoliths
sorphic rocks
Cranite Sehist
Aplite

Schist

sontributons

of the vein is of
plastic and ensily
fractured slate,

The grayuvackes

above and below

the arkose were
gendered schistose
by shearing and ofe
forod fewer end less
continuous openings,

Fracturing may take
place in weak beds,
more competent beds
being unfractured,

Under more eittrems
conditions shear
2ones develop in
conpotent beds and

‘gones of schistose

ity in weck beds,
Thunder Bay gold
veins in this group.

ibre open ficsures
in the relatively
conpetent quertze
ites and conse=-
quently ore deposits
are in these rocks.

' codpetenco of quartee

{te much greiter then
that of schists and
‘haleao
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Significant feca-
tures romarked by

Favogadlo Unfavorable
b - m:u
Quests, Aldbite Schist and
New granite metamorphosod
Yexico sedimontary
rocks
ot Sprinne, :'®wcsive rocks
3arite Dice GQronite
grice, ‘orth Quartilte
Carolin:
Sheop Creo':, :uarfzite aand limectono,
Beitish wapd argile cechist
Columbi- lzcoous
quartzite:
Taka s Tuf¢ <nd shele
tdne, Joran vraeeceia
“outinrest Jandctone Shale
ArRkanza:
Sulck=ilver
Grancds !ing, Jonzlomorata  Gyenita
Quelze porplysy
Conper o= Andositic ihesive
tain, riti.: volecnile andasite or
Columbi- Srecelin finc=gqrainad
augite
andosite

The weak schisat
and sedimentary
rocks could not
maintain openings,

Darite in fracture
and brecela zones
along faults in
massive rocks,

The other rocks
wore mpade schiste
ose.

The soaller frace
tures disappear on
approachins the
1limastone or schise,
Stross was token up
in these rocks by
deformtion (flowe
ags) rathor than by
fracturing.

Veins pineh out in
chalo whiech: over-
lies the tuff and
drecelen,

chales flored while
the sandstonec ware
fractured and
broecclated.

Quart> voin in both
rocks, Cold neze-
1igibdle whore vein
is the more compe-
tent, porohyry due
to lack of post
quartz fracturing
before gold introe
duction.

Fracturins and-
schistosity in the
volcanic ‘braccia
coagse a2t the cone
tact uvith tho mase
sive andasito or
diorite. _
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Significant foae
turcs remarked by

, Favorable Unfavorable
Elace Rocks, Hockn
Erongo Ares -Sehist Quartrite and
Se W, Lfrica limestone
Pegmatites ,
Arakava dine, Shale Wparite
Japan NnEE (Rhyolitic
rock)
Beatcon dragnracke,
Mine,. glata, flinc
Alaska gock, cliilore
ite schist
Boise 3ncin, Orerodiorite Tlkes of
Idaho rhyolite
porphyry
Dikec of Grenodiorite
thyolito
porphyry
Barkerville, Interbedded  Fiscile eale
British quartcite caroous
Columbi:= cend arglile quartzite
1ite 600 1,000 fc.
ft. thick thlck. Mg
cive craile

1ite €00 ft,
thick

Pagnatites numerous
in schiects but ere
rare 4in the abune
dant quartzites and
cryctalline limae
stones,

Copper veins in
faulte thin out {n
1iparite.

Hoct rocks c:terted
1ittle control. All
rocks contain ore
but richer shipping
oro confinad to
chlorite schist,

Ore in well defined
and continuouc fise
sure lodes in
granodiorite. In
ghyolite porphyry
the lode bresks up
into minor scams
and stringers cone
merelelly worthlecs,

Ore in oblique sets

of tencion fracturay
related to horizone
t2l checring strese
gses in rhyolite
porpayry. The filse
surcs are tigxkt
vhere they pass ine
to granitic roclk__
genarally no conm-
marcial ore.

Tho ore bdbearing

‘ meabor heterogens

oous and franzible,

- and pexnt to a unit

that floved, failed
Lhouzands of
short fractures,

—
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Significant fea-
tures remarked by

LONRXANIRORS

Favoradle Unfavorable
Rlage Rocks
Codalte, Cobalt Quartzite,
Ontario Series, con~ Keewatine=
8lomarate, -=}ostly
graywvacke, basaltic lava
ackoce flows, schists,
a little gray-
wvacke, slate &
cherty iron
formation
Voods Point, Diorite Slates
Australilia dike
0.k, Moune Altered Stoek of
tain, andositic & serpontine
Rossland, basiec vole
Aritich canies
Colunbia
Libdy Sedinentary Hatadiorite
Quadrangle, pocks, dikes )
Montanc sandstone,
2rgililice,
shale .
Gunnar Mine, Unskoared Coarse
Manitoda ellipsoidal grained
andesite andesite
Sulphide Re= Parmeabdle Inpermaable
placenents laves, tuffs, rocks,
in Uestern flou dreceias dlorito,
Quebdec andesite,
syenite

porphyry

In places veins
pirnch or values
stop on going
from the Cobalt
Series into the
Keetratin but good
veins occur in
Reewvatin, Quarte
ites unfavorable.

Productive volns
confined to dike, -
they split and
disperse in slate.

Mssures in vole
canie rocks eithe
er die out con-
lot:hl.y on entego
a serpent
or contime as
gshear zones of
trushed rock and

gouge,

The faults and
veins are shorter
metadlorite dikes
than in the mors
brittle sediments
ary rocks,

Shear zones passing
from ellipsoidal,
fine gralned andese
ites to massive .
c0arse grajined
andasites generally
die out in tho late
ter rock.

Faults are closely
assoclated with
most of the depose
its.
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- Significant fese

tures remarked by

contributorn . ..

Favorable Unfavorabdble
Rlace Bogks Rocks
Chanareillo, fTure limse Tuff and fme
Ciile stone pure limostone
Kennecott, over 300 fe,
Alacka - of dolaritic

Uppor !1:s.
Valley Mee7n
Depocite

Tomdstone,

_ Axrizon:

linccstone beds
above bosel
nectone

Cre 41 dolo-
aites and
Limestones
ralated to
Sut not in
shaly layers

Jlnapetent

o Incompetont
Jocits )

tocks

Veing narrow and

with little silver
in tuff and impure
1imestone but wide

" en in pure limee

stone and appre-
cliadble quantities
of base metels and
gilver sdnerals

appear,

‘Favorable due to
‘phycicel and cheme

ical propertics,
Flssurea aro the
dominant localizers
vithin the favore
ebie dolomite deds.

tbre fracturing of
the dolomites and
1imestones noar the
shaly layers,

The Raleozoic limoe
stone and the
"novaculite®” or
cilicified shale,
vith conzlonerate
and quartzite at
the bece of the
Bisbee group toe’
gether vith the
Blue limestonc are
competent rocks
that fracturcd
roadily to fecili-
tate the mijration
of ore bearing
rolutions, The
incompetent sande
stones, shales and
1imeatones of the
upper part of the
Bisbee group tended
to close openings.



Tadle 3-2 (Continuecd)

Unfavorabloe

84

Significant fea-
tures remarked by
t

Favoradls
Placo Docks Socks,
Txi=State Incompetont Corzpotent bdeds
Zinc and relatively usually massive
Lead Dis~- thin-bodded
trict strata, con=

taining aune

erous stylolite

nartings.
Bisbee, Thickebedded Shaly limee
Arizons limestonas stona (!1ddle

*artin)

Central or Larogvar linee
Santa 2ite stone & ;ide
Mning Cis~ dle Blue
trict, Teu 1Lnestone
Mexico
Coxbdbinction Dure linne Shale, Shaly
line dtone beds linestone &

. sills
Cormwall, ™he more lon=chaly deds
Pernsylvenic  shely beds of limoctone

of limoe :

dtone
Gold Hill, A 3ingle
Utah aineralized

dMmoestono bed

Rickel Plcte
Mine, Redley,
British

« Colunbia

betiveen other
bods that are
,only slizhtly
altered

In many cases the
viaible chearing ic
confined to the in-
competent beds, its
trace in the compe=-
tent bed:s above and
balow being noarly
imperceptidle,

The shaly Addle
lartin was probably
an important factor
in intensifying thre
freeturing in the
overlying and under»
lying important ore
horizons.

flanover limectone is
pure, the 'dddle
Bluo has minor shaly
inpurity. These
1imastones are sep~
arated by a ded of
8“100

li
o

Cheniecal control.

Beliovod to be ro-

latsed to bedding

- plano faults,

Beds of certain
composition, impure
linestonas, ese

pocially, oxerted a
furthor control.




The intersections or Junétions of faults age often mntlongé
in the literature as the locus of ore deposition, but there are
other cases vhere intersections are barren while ore is found
elsevhere on the faults., Still, a tendency to greater breccistion
and more openings due to defloction of one of the intersecting
" faults apparently favors these places as regions of hlsrf foace
ture petmeabiut.y.'

Impermesble barriers are also studied in mining districts,
These include shales, gouge, and unfractured intrusive, dikes,
sills and plutons. Veln doposits :h&solves are aquicludes if
no further feult covesment hag occurred, During periodc of tec-
tonic quliescence vhen no new fractures are formed, channolling
moy take place because hydrothermsl alteration of the country
gock probadly clogses small fractures, vhile large condults are
progrésslvél.y enlarged. .

Froz cuch sources ac drill logs and tunnel or mine records
come mary reports of large natural openings undergroumd, but
their identity as joints or faults is seldonm reported, Purthers
more, the head i¢ celdom knowvn, much ;éss the transient deciine
in head, so quantitative measures of fracture eonduetl.vj.ty cane
not be ncde from étudy of the flterat\m. Only a few cases are
mentionod here to indlcate some extremo conditions.

Tolmen, (1937, p. 312) reports flovs from mineralized fise-
gures ct the OJualg‘ mné. m:énao. Mexico., A steady pumped dice
charge of 7500 g2llons por ninute from & drainnge tumnel érou!.ng
several flcsures prodfmed only 3 inches ¢f dravdovn in 20 months,
Yet the fistures age £0 remotely inter-connected, probably wia
the ovetly!.ns alliuvium, that the mine has been stoped out eleven
hundred feet below the water table s_'tmpl.y by following only one
fissure at g time, pm:ptns from the vorkings to an unused fissure.



The water table 1is sb 1ittlo offectad that only 10 percent is 88
estimated to return., Gignoux and Barbler (1955, p. 126) report
vertical ton;i.cn grottos at Castillon dam, France, 20 motars
high and up to 4 meters in aporture, oponed along the axial
plane of a 1imestons anticline. The surfacec are slickonsided,
not dissolved, nor is there evident any stratigraphic throv,

P. H. Jonos (lecturo, Univorsity of ullfomla, 1262) photoe-
sraphed a 3 inch planar opening in snoiss. The writer nas
drilled vedthored flat joints in slate having openings of about
ono inch, At Spi.tana@ dam on glaclated granite (Gignoux and
Barbl.ex", 1955, p. 291), one grout hole tool 1l poreceat of the
grout injceted into 81 holes, Similar sheoting fractures plags
t.:od,:he' conztruction of !Bmotl pool dam, California (B, Spolle
oan, address to Assoclation of Dng. CGeol., 1963), whore opene
ings up to 15 inches vere sncounterod {Terzaghi, 1952)., Ground
movement on ::.I.Opes 13 often the cause of large oponings such as
tho six=inch joints found in shale o3 much as 100 feet dehind
the abutments of lit. }orris Danm {tuxwell and Mbneymcker, 1950,
p.' 23). Uzuclly, only the e::tremt; flous or o;:en!.nas are ree
ported, distogting expectations. Unpadlished data accunulated
by the' California Dept. of Water Resourcos (R, C. Riecliter, pere
sonal coamnication, 1963) 13 one excaeption, 'i'hey have colleetod
many casc historios of tunnols cutting faults of high and lov
wvater production. Other sources of information ineludo many
engineering -rorks: Stini (1950); louderback (1950); Gignow:
and Barbier (1955); Calif, Dept. of llater Resources (1959), with
references to 99 tunnels; and (1962), a bibliozraphy on methods
of dete:zr;lnina tran.smiqsibiuty and storauge capacity, Xrynino
and Judd (1957); Terzaghi (1946); Sandorn (1950); Talotre (1957);
Leggett. (1952); Richardson ?nd tzyo (1941); and Ries and "atzon



(1947). Pertinent ground water studies include Bryan (1919);
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Elids (1906): Meinzer (1923), (192f')‘:' Johnson (1947); Rowve
(1943); Sxith (1958); plus innumersble leads 4in & host of U. S,
Geologlcal Survey Water Supply pepers. There are scattered re-

‘ports in the mining literaturet Nevwhouse's references (1946),

Stuart (1955), McKinstrly (1948, p. 520), An accumulation of
published 2nd unpublished reports of water-bearing feults or tis;
sures remoins an interesting pmjee: only, until there is devel-
oped a un!.tonly sound method of trenslating the obsemtlons
{nto meacurcs of transmissidility.

Since the thickness of an opening, sheared zone, fault sean,
brecciz zone, etc., is soldom known, conductivity units like
transmlseibi.—nty. Kb, independent of thickness, should be used,
that relates the discharge per unit lenzth to the gradient. The -
discharze per unit crossesectionsl area of a fracture, as used by
Maskat, (1937, p. '609) end Amx, Bacs and Whiting (1960, p. 85)
does not help assess the overall permeability of & voluve cut by
plenar conduits, since wvhat mmtters is the total discharge of
individuals end the gross cross=section transsected. |

The conclusion reached on even a cursory inspection of the
1iterature is that ope:nlnss in excess of & millimeter erc common
toaméa of crystalline and some sedimentary rocks. mése ocecur
not only in the weathered region, but contrary to philosophical
(Crosby, 1881) and theoretical treatments (lachenbruch, 1961) of
the maximun depth of fracturing, large openings are aleo at
depths to several thousend feet. Flous l.n such large channels
may exceed the limits of laminar flow near concentrated sinks or
sources, such as in tunnel drainage gppllatl.ons or close to pro-
ducing {eolls.

Por basesent rock elrculation under lov matural gradients,



(a fev f. per mile) lamihar flow s still a good assumption, 88 \

even with large openings. - .
There is .clocrly no explenation for anisotropic permeadility

to be found in the literature describing frectured rock, thus it

is desirebdle to aﬁow how anisotropy 1is dependent upon the ori.en-'

tations, spacing and spertures of fractures. The mathematlcs

of a model that combinés the effects of those three lndependent

-/

variables is found in the next chapter, How the additional, une
evaluated variables, such as discontinuity, variabdble apertures
and anisotropy of individual plane conductors effect the ideal-
ity of the model, must be left largely for future research,
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\ | Chapter 4§ 80
THEORY OF A RMARALLEL=-PIATE HODEL PFOR
\‘r ) AGGREGATES' OF INTERSECTING PLARAR OCNDUCTORS

lptroduction -
It is concelveble that all the geocmetrical aspects of rocl
ol fracturad rock media may ba describaed quan:ltatlvely. but to 1n-.
; elude a1}l voriables in some analysic of tho depsndent permeabile -
ity of re=1 media {e an objective inprobable of success,

This eh.;xpter trects the problem of predicting an&sotropy
fron geonetry of conduits 4in a mediun, or eomei:se!.y. of esti-
mating condult geomotry from moasured enlsotropy. Oonduits are
assuned to heve smooth perallel plene walle of tndeftniée Qxe

tent, vith arbitrary orlentations and variable spacing. The

' aperturs between conduit walls i3 also arbitrary. 1t is zesumed
\.1/ that orientations and 'ape:tutes aro distributed variebles. Be-
fore we proceed to the task of finding the combined iafluence of
.these Ldcalized properties t:ith their distributed values, the
conductivity of & single paralloleplcote opening must de known,
then perallel éeén. orientation-dispersed sets v:itk the same ap-

ertures, and finally cets vith dispersed oerientations and a':e:‘-

tures. Appendix B contans czcerpfafnm the literature 90
rouvgh fractures.

~phate flow |
The Kavier-Stokes equations (lamd, 1932, p. 577, Muskat,

1937, p. 126) for slow, non=turbulent flow of un incompresaible,
Newtonlan fluld saturating 2 medium may be abbreviated vith indf-

| cial notation (Jeftreys and Joffreys, 1956): .
\ ) T grad (Pew) s VS
vhere p iz the pressure, . . . (4=1)

« is the gravitstionsl potential,




Figure 4-1. PFluid flowing slowly between parallel »lates,
Section normal to boundaries and paralfcl. to
streamlines.

- 27 1s Rinematic viscosity anci
_ A4 1s the velocity vector.
By substituting the hydraulic potential, as defined in Chapter 1,

(4-1 Cont.)

for tho pregsure-and gravitational potential
¢ s P+,
ve reduce aquation (4-1) to the three equations:

X 2 ’
3—;‘3?V My (4-2)

Expanding to matrix form, with subscripts referring to the
Cartesian axes of Figure 41, we odtain

3 P, 3% Y

3%, 3x2 3x} h-f
21, 5 |3 ¥ g '

31, ¥z Az %

Py > 3, .
gL:: -g_/!i-g_‘ﬁ%_%‘ )

z, 3




1n the case of l.amaunr flow vith: coordlmces a8 g¢hown in Pisurg'I

4-1,
N, =Ny O

and
a'”g
L - o

dXa
because of incompreccible continulty. The x, plane is a plane of

syonetry, across which there ean be no chear, so .
Iva _
FX? =0
m matrix thus reduces to
k1.2 o ©° o
a;‘ [ ] .
d 3
%3 4 61:-
26
X, o o0 o

Hydraulic pocentl.al is seen to be constant elong lines noml to
the flov, mue the gradient in the flow direction is proportional
to tho rate of change of stgear; or the velocilty gradient, as one

moves aom:lto the boundary.

YRR N | |
m y a x“ (“‘3}

1
Since ¢ 1s mdependent of %y and Xq9 the left and right-hand
terms dopen& on different vartables. end each mist equal & non-

zero eos'tant. -?'..

SR T
iz K

and

Pz, - K
31, g

M successive integrations of this ust. vith boundcry conditions
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gi;l,owhen X,=0
s ’ —
and 30 m?en z,’.b .
give . y
} % “
A ACREDN (4=4)

shoving that voloeclity distribution may be reprezented by a pore=-
" bolie cylindar vhoce generators are parallel to the boundaries
and noruel to the flow. A third intagration baetween boundaries
] .
gives the discharge per wunit conduit width,
2 X, 3
i=3%°%

&

and the averago veloclity,

- L X .2
;}—yb,

LA (4-5)
et ~
i3 twvo-thirds the contral veloclty. _
N - ,
Substituting the potenticl gradient for = X and dropping
the now wuecassary sudbserlpti, w2 obtain ‘
?
-, b . 2 b .
= 37’61 v 35 7F 7 az (4-6)
per unit width along =;.
These claesic equations for parclloleplzte flov are glvon in
vagioua forn: in wony tonta (Yeleechavw, 13933 Laad, 1932, p.
583; long, 1261, pp. 135-137; Borgz, 1963, p. 246). It is do-
cirable to put the hydraulie potential gradient into dimension-
lo3s form of em (fluld coluoan) per em by redefining the potential
on a unit welght basis.
Then - = ‘S
e 'V' -3—' ? I
. 2 33 (4-7)
?ﬂJ 3 =_3.b?I ’
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per unit width of e ctngh. plane,
smooth conduit *

gucezpocition of flovs

It will be proved here that there can be no mutusl inter-
ference of flows at the intersoction of two or more planar cone
duits, proyvided that thoy are not diglocated, 1ntérruptod, or
othexwise changed at tie &n:qtsec:ton. Sven if there i3 ade

djtionel friction at an iatersection, it seems a good sssumption

‘that the locsl energy losses cannot be more then a fov percent

of the losses botween intersections. I1f there it no interfer=
ence batv.ieen conductors then tie discharge coaponents of each
inly be added. 3Secondly, it will do chorm .t!;uc the dreiving forco
acting on tie fluid in joints of various orientztisns may be rope-
res.ented b'y 2 gradient ficld voctor not nacassarily lyiang within
ths conduits but 3enera!.ly. croszing the colld, wvhether or not
there be continuous poree-fluld eonnectlori within tho solld.

Pizure 4-2a choi'c & uniform icotrople conduit plane vith
pormal n, crossing an impervious solid :ediua. There i3 cssumed
to be cn arbl&é:y gradient vector 1 acttns' in the plane, 2nd on
another plene, np, shoun in Flgurs 420, & gradient vector Iy,
generally not parellel to I,. Theze is & uiique vector 'I huving
1, end Iy cc projections, elserise along an intersection of the
twvo planes, such as i{n Figure &4+2¢, there trould to a different
gradient on each.Jo!.m:. The p:;l.s:nat:l.c volure clcemente are
dravn vith thelr .shortest axes parallel to I. The clides of the
elomente are not boundaries, h

On each conduit. ve can drav evenlyespaced equipotentizl
1ines normal to the gradient éectors. I, cnd I,. 1If the elexents
are si.ll enoush, the oquipotenticls will be parallel &nd the

e —— 2 i Teenallintttn il gl



FIGURE4-2 GRADIENTS ON INTERSECTING JOINTS
THAT CUT A SOLID VOLUME.
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gradients constant. Corresponding equipotential 1ines on tho

tvo eondu.ll:a,. ghown intercecting in'Iizure 4<2¢, may be imegined
connectod by surfaces crossing tho aolid phase of the omdiun.
Theso +il} apmach planar shape c¢s tho dimonsions of an ele~
ment decreice and must be normal to tho vector I. The broad
faces of tho elenents dravn in Flgure 4=2, and all intenmscdlate
planes parallel to ihem. wy be considered equipotentials. I ic
the flold gradiont. If the solid betwoan joints were parvio‘us
granular rock, the same gradient would éause intergranular flotv,
In Eis tvoedizensioncl model of fissured éou, childs (1957, ».
50) hac cizilerly treated gradients a5 projections.

Ths slement dravn 4n Figuro 4<2¢ 4s but one of an iafinite
nunber of identicol onoc csitucted on the infinitely exteasive Ln-.
tersoctiasn of tho to planes. If thore 4s an increacs or decrease
of the srodionts ot or adiceent t& tho intersaection, by rozson of
com0 mtua!. offect, then tho same expsnsion .o: contraction of
equipotenticl surfaces must upply throughout the extent of th
intasrsection. This 4c &mposcidblo, for then successive equipo.ten-
ticls rould become lnc:."e:su\gly none=planag cnd dissimilor,

dor c=n there b2 & variation of 3rad!.c;n:s +ithin any one
eleoent. The flot lines on any individucl conductor will, &n
general, b2 inclined to the linc of intersection, as shotm in
Figure &«2¢, Tio flov enters and loaves the intercection via the
chaded curfoces, flotr lines remaining orthogonel o oquipotane
tinls 4f thoy are isotropic. Suppoce, for example, that the
gradient vere t;aa-eased on the portion of & conductor lying upe
strecm of tac iatersection. USiace potential aust:de oqual at
coincident points, so too must tho gradient increase on the up-
otream portion of the other conductor. Gradients mast thon de~
crease on the dovnstroan.portions 4f the total drop‘across the

e
[ 4

T i it




elenent is to remain unchanged. But this is impossidle becaunge
more’ fluld would enter the intersection than would leave it.

It is concluded that gradients remain unaltered, either in
magnitude or direction, at intersections with other conductors,
provided that the intersections are not obstructed or enlarged,
Sinilar reasoning would show that no perturdations of gradlents
arise vhere three conduits intersect. If the condults are aniso-
tropic, flows will not generally parallel the gradients, but in
the same manner, we are assured by necessity of flow and potene
tial continuity that theﬁ 18 no perturbdation. |

.An imaginary field gradient of arbitrary orientation may be
1nposo& across any mass transected by arditrarily-oriented, uni-
form continuous conductors. Real gradients on the conductors
asy be computed as projections of the field gradient. The flow
on each may then be computed accogrding to its geometry, a:id '~
since no mutual mtértercnca takes place, the total flow through
the medium is the vector sum of the contributions of individual
eonduetors. -

mo foregoing does not say that the flow in & joint is in-
dependent of all others when boundary conditions are specitied.
for the addition of a joint will alter the directional permeabile
ity of the -mdl.um, and therefore the local fleld gradient and the
flov., Rather, it says that if one is given s certaln fleld *
" geadient, on each joint there will act a projected gradient ine
dependent 6!’ gradients on its neighbors. To establish properties
of a jointed rock medium, especilally the property of directional
permesadility, one mat start with either force or flow t:o be the
independent va:uble, then find the relation between then to
establish the unknown. Since in most applications the boundary
potentials are known, force has been chosen mebgndent_ in this




verk, and velocity dependent, :olatod through the thru-dmom!.o97

al anisotropic Darcy's law;

L]

2 I‘ (8-8)

‘. -K“.y

vhere !l. Ls the gradient vector, vy the velocity vacbo;.-. and
zu is the linking eoatt!.c!.e;xt. the directional permoablility
tensor. Versions of this formula have been published bty Vreed-
endurg (1936), Scheidegger (1954), long (1960) end Childs (1957,
p. 54). - o
Eaxellel-alate flov underx ¢ scneral field gxadient

Flgure &3 i.uua:rates en arbitrarily-oriented plane cone
ductor {n & Cartesian eootdinnte system, X1 Xop Xqe The orien-
tation of the eonductor is deofined by its mormal, with direction
cosine:z f;e Or by tio unit vectors in the plane, g4 and 11. the
.latttr Sein3 the directions of grextest and least conductivity,
An erbitrary hydraulic gradient, represented by 1,, ie Lmposed
on the xediom., Flowr along the conductor 1s proportionsl to the
projection of I ontp the plane, either J4s the normel projection,
or the two orthogonal components (1:81’83 and (z,_t,_nj. as
shova., The megnitudes of these orthogonal components are given
by: the doteproducts, in parentheses, and directions by the unit
axu!..vectors. 84 and l’. The i.ndtcial notation of Jeffreys
and Jeffroys (1956) is used here, vherein the repeated subseript
indicates summtion. For clarity we resort occasionally to mate
rix display (iylie, 1960, pp. 13-37 and Borg, 1963).

Am.sebt;tgo components are a
. G = £CL )y .
and L; = &L &) : per unit width,
The mximm end mintwum discharge coefficlente of the opeaning are
£ and ' respectively. These may differ from the value 2b°/3




FIGURE 43 PROJECT!ONS OF
ONTO A PLANAR CoNouiT AND UNSET),_ PROJECTIONS
OF THe GRADIENT ON THE pi

AN A’RB:TRARY GRADIENT
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AND THE ConouiT NORMAL.

GRADIENT
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doti_,vod above, by reason of directional toughness properties o£99

the surfaces. The resultant discharge s

=Gy ¢ L;
C% 4 ‘ . (4=9)

Q‘- -.-[.IJ;); ‘g‘la!.l] Ic'.
The .bracketed term i¢ & symmnetric tensor of second rank, rolate
ing the discharge to the gradient, It defines the discharge per

unit lensth, by components, for & unit gradient in any direction,
The tensor may be abbreviated
T ‘ll’q e Lty
wvhere
b =% Y nd g = L 1;
Represented in matrix form (Borg, 1963, .p. 56), this is:
* 95, Lhay| 4O 4e LY

T.»* A 928 %Nl Wil ¢ L&, ‘(gia L.

T 3

Jun s s e 44 64

A simpler equation can be deduced for discharge of an isotrople
conductor, 1f k = k = k'in equation (4-9), then,

Q,,‘ ed [(T& %) 9 * (T ’()lj]. (4-10)

Since the coefficient k ic defined for all directions of an iso-
tropic eonqu;t, any palr of orthogonal projections, or their ree
sultant, JJ, vill deterczine the discharge, If the vectorc acte
ing in the plone containing nj. 11, and 43 are considered it
becomes evident that J3 §{s the vector difference (Inset, Flgure

"§=3) ,
Tj 2L 8y = (Lo m)
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,S 1§ 15, the mnokgr delta, vanishing vhen 1#1 and unity vhen
I.-J. VOIoctty compomnu are proportional to the gradient come

ponents acting in the conductor plane,

. b3
’VJ'-?;J;’)

according to' the equation given on page « This expands to

, C1=*%) My w7,  (a-11)
b

J
LA -3'—;; -y, (I--O'”) -nq I;

R Y (”"u* I,

S

where mu s ninj.

The coefficient common to all terms of this matrix equation may
be considered te be the hydrsulic conductivity for s unit width
of opening, but not for the jointed medi.;n until it is modified
by applying 1t to an area across which the conduit discharges,
1t is not useful to pursue the line of reasoning (Muskat, 1937,
p. 246; Amyx, Bass and Whiting, 1960, p. 84) that the permea-
bility of a fracture is the discharge divided by the aporture,
for such a procedure neglects the influence of spacing between
conductorﬁ.

&%QT%S.ﬁcy of a non=conducting solid cut by smooth
parallel openings is readil§ calculated. The discharge of each _
is

€x) % "W(Zb)

The x, component is similarly expressed, while 2] vani.sﬁea.
Pigure 4-4 defines the dimensions.

The total discharge of N equal joints is N

Qu=-3PZnwt |




provided that the npeemrc 26, of uch eonduetor, and tho 101
spaeing detveen eonduetor planes are eonlunu ‘throughout the
mediun. If aperture differs, joint to joint, but remains cone
stant in all directions along each joint,

Q =~5Ewi sy (4-12)
The flov through an oqﬁtvalehé continuous medium L8 given by
barcy's Lov .

Qx, = ~K -_;';Wz-j-{ , (4-13)

Equating (4-12) and (413) gives

Zb

This eoottle!.ont ts called the intrinsic pomabtuey. to be
consistent with the recomnendations of the COmit:t‘oe on Terminde

-
C

12b

Pigure 4«4, A solid volume of dimensions W cut by
plnuot plane conduits.




. .
logy of the Soil Seclence Soclety of America (Richards, 1952)&'02
When this variable i3 applied to a physical prodlean, intrinsie
permeadility units (em?) may be converted to practical units by J
mul:lpi;ins by one or another of the factors tadulated in Chap-
ter 2, -
Intrinsic permeabllity, expressed by Rx: in equation (4-3)
will be used in a mathematical model for flow in jointed madia,
but with full cognizance that there is assuned no influence of
the fluid properties other than that due to viscosity. Childs
(1957, p. 49) has pointed out the invalidity of this agsumption
for soils containing ¢olloidal or organic matter, since the soil
structure is s:éonsly influenced by clay-water chemistry, Clay
coatings and partial fillings are comoon in wea:hei:ed nears
surface jointa; Thege are observed in fine &3 vell as large-
aperture openings in crystalline rocks, or in any fractures
argillaceous rocks, Therefore, the same objections to the use \~«/
of intrinsic permeability apply to jointed media as to soils.
Since interactions between the fluid and solid phases are not
the subject of investigation by the mathematical model developed
here, intrinslc permeadility will de retained to descridbe a prope-
erty of model media, keeping in mind that in application to praee
tical p:oblqu, corrections may be necessary, It may de advisablg
for example, to perform pumping tests on dam abutments using
regervolr vater if 1t differs chemically from the 3r6und watar or
local supply. There has bgon no known research done to assess

the unsteady chemical processes that may accompany conventional

pumnpe=in tests.,

—

The simple parallel-conductor model of Figurse 4-4 has other }\‘/)

propertiaes that we can characterize, FPorosity 1is



| 108
. WEZ2b |

e W

and
b ¥4
wWse = -
Then -

o sb C . ' .
K=3 5% L (4-14)

Under these special circumstances of twoedimensionally hotrople
Jointed media, a determination of pomeibtllty ard the averasa' .
spacing A ylelds a measure of the average aperture cubed, or

viceeversa, 1If apérturu wvere identicel, porosity would be

e = (3Kk)?c2Yay? . (4-15)

It is shown later that permeability can be used ss an indicator
of porosity but .ot precisely, for there is no method of detere
oining 2 b'/ Zb « Specific surface for this c!.nple’ model is

2Nw? 2N
S e —-W-s— ’ W = '—s'— s
tut the average spacing A =U/N, eo
2
S= .
- and L
we=NAa . |
Accordingly,
2L b : (&-16)
K=ET& '~ - . ~
Risperged Jointed ledis

The more general cage of joints dispersed in orientation and
position, requires a different approach, Unlike parallel joints,
vhich ere characterized by a unique repetition unit, the average
spacing, there is nd obvious unit describing the frequency of
dlspersed joints. 1t is shown below how specific surface fs a




frequency measuro that serves the same purpose as does .pgun’3°‘
for parellel syotems.

One possidle method of measuring joint orientations and
positions in ‘the field would entall bora-hole photog:aﬁhy (Hade
dock, 1931) t!u':oughodt a lensth of hole D, Each joint may bde
agssigned to 2 sot with tho aid of a atereonet plot of normals.
Preferadly, a set would de included within a cone .ot 120° or
less, and tho axls of the dore-hole ineclined np rore than 30°
frona the ceptral tendoncy of the Maveragze™ normal of any set.
Otherwise inadequate sampling may result. Sampling procedures
and discussion of orientation pareameters are in Chapter 5. |

* A saaple.hole orlantsd vithin the above limits may de image
1aed surrounded by.a eylindrical volume of unit base srea and
:auc.‘z lreger holsht D. Then eszentlally ~11 joint planes inter-
sected vilk slice across thae volume, cutting all generators of
the cylindor. The specific surface of the set of joiats is

-y ,
vhere n 13 the cosine of the angle between the axis of the hole
and the normal to each of the m planes. The coefficlent 2 1s
used 1f doth surfaces of joldts are counted, as is convention-
ally done for porous media. S has units of 1/L, and serves the
88z role discﬂbins density of joints as does A for pa:axldl
Joints.

Conversely, a joint set characterized dy its specific sur=
face and the orientations of all its members is assoclated with

' f J - (4-17)

0223 =+
siu"’ * .

a length depending 6n1y upon the dispersion and size of sanmple.
1f a jointed rock mass is drilled to a depth D, and all joints
crossed are included in the sample, then logically the repatite
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] fon unit is of dimensions similer to the volume occupled by ttt\: s

sample, The best that can be saild about the unsampled rock bee
yond the bole &s that it has the same digtribution of joints as
the part cravgtced. ,

Mgure 45 ghows a sampled conducting joint And an {denti-
cal, parallel joint (both shaded). The second is located at & °
distence, D, as meagured along the line of the central tendency
(D is not the spacing). If & uniform potential grodient field
is given, the direction of fluid flow can be computed, lLat each
Joint lie on the bisector of a cudbic element whoce faces ere:
parallel to the joint, parallel to v and normai to v, respective~
ly. The dizensions of the cube element W depend upon © and the
absolute value of the cosine of the angle between the central
tendency end the normal: )

' W e o[m-crl

The edges of the cudic element form 2 second eoérdtmte cysten,
designated below by primed varisbles. Components of discherge
from & jaint are: .
] [V
: e,V
4 I PO . .
vhere e is the ares availadle for flow througch each fasce., Cince

a, v ¢ 22W , ¢,70 s V'z0,

1 1V
!‘: T z;p,a- cr| V:
g; o .

i‘he same volune element can be evaluated as a continuun by Dare
cy's nm‘,'ustns the most general form of the coefficient, the
conductivity teasor in the primed systext
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Flgure 45, A joint conductor with normal n, and its
image distant D, the sampling length along
s fixed sazple line CTy. Each conductor

nakes the enclosing cube a permeabdle
Mm‘ . ¢
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T/ vlew' 2kl w k[T
. & Ky Koo Kis I;

1t 4is the potential gradient in the pr!.med system, The righte
-7 hand .sides of the above two equations may be equat_ed; then transe-
formed to the unprimed system, common to all joint conduits, A

is a trencfornation matrix,.

V! K. k. KJIZ
’ 'Cr'] . [} )
[} v (Dl" ’ ’ .
*[* 2opTmeny 7 [k K Kl
A_ 1 K, K Kyll L,
N
: v: r Il Z.,.
J N .q.cﬂ_g_ ot .
A Vij= -!W | A A A 2
v. .
: \ Jk ‘ I’
v, Ko Ky K,lII,
Dja-CT| 3
V| * ‘ab— Ky Ku Kufl. ¢i-18)
v Ko Koo Kyl Laf |
-~ This matrix equation leads to an expression of directional per-

meability more gemeral than that derived by Childs (1957). It



gives principal permeabilities and axos for any arbitrary gys-
tesy of dispersed planar condults having apertures uniform over
their areas, We can now gubstitute the veloeity vactor derived

previously, namely,

1.'3 - - *
Vv, ® -;- b2 (J;I ""g)fc s (4-11)
g0 that
(1-m,) -m, g1 1, 4, £.4, L

'§'5 oty (1-4ny,) oy [ 1, :D‘n-cfﬂ £, {“4” I,

T temilln] M 4 D]

cxearly, the eonduc:!.vlty tensdr for each jolnt 1s cymmetric:

" ‘(ts (Il " ".) i T
4a ‘;s (a) 3 : ’: eT]| "M (1793,) -, 3 (4-19)
‘u ‘); ‘”J -~ - g2 (1= ,) .

‘mo faclal area of the ropotition cube for a given joint,
as 11llustrated in l"isure 4«5, 1111 differ froa that of other
Joints having different o:!.entatlons, the dimensions boing nroe
portional to the cosine ot the angle defined. 7This poses no
prodlem, since discharge has been cranslated into permeabllicy,
& property independent ot the arca of & cross=section through a
contimnss, Thus the tensor pesrmeadlility con:rl.buuons of ell
Joints may be added to find the total. Each one i3 weighted by
i/|m-c7| , the absolute value of tho inverse cosine of their ine
clinations troa the everags orlientation, Tha unimportance of
intersection of joints has already been estadlished, and justifie-
.cation made for superposing flows. The location of any specific
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meaber of a joint scet i¢ ignored for present purpoees, the m-09

eunption being that inhomogenocities vithin the sample are duplie-
cated in successive samples and averaged out over the reglon
vithin probtlem boundaries distant several D,

He may a.n_-i.vo ot equation (4-19) without assurning homogen~
eity. 1f, in IMigure 4=5, cach conductor is unique in orienta=
tion, no second similar cuble element may be drawvn., A& cube of
tho saze dironzion,

we D]x-cT|
may be drarm contsining the conductor psrallel to & face at &
poeition other than the bisector. ‘mi.d deserides the erocse
gectioncl eroa, #2 to which the conductor contributes.

More thcn one cot of joints miy exist in our model, We can-
not consider a!.'!. Joiné: to cross the came cylindrical volumo about
a8 single seapling line 7, Rather, sepsriate lines Dl' Dy, etc.,
each vithin 30 degreces of the oxpected contral tendency, should
be drilled to obtain adequate samples of all seots. A differont
length zearling line for exch set ensures proportionstely dife
ferent nmii:-er: of joint set meabers.' coxpensated in equation
(4-19) by ._,:hg; édotuczenc 1/0. Permeability contridbutions of
individual: joints of severcl sets, rolated to sampn.na lines of
different lersth and orisntstion, can therefors be added to ob-
tedin the pefua:.btuw of the md!.m.-'lt is convenient to use
the central tendency of each set as & sampling line, and to fur-
ther sinplify ths problem by using D the same for each set, The
aumnber 6! Joints in e2ch,combined for computation of directione
el permeability, must then be proportioned according to the ase
signed spocific curface and orientation dispersion coefficient
(Fisher's K., coo Chapter 5).
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g2 by -4 3]
D‘D‘ D, ad’zolﬁ"-;t.zu? S. iu:'-i .
2 ! 2
It Dy=D,=Dy, + '(M)M £ (.:)m % Y (4-20)

The dracketed eooffi.eiont. average inverso cosine of the
angles botweon normls &nd central tendency, 1s readily coaputed

foy any given joint get:
¢ 9(".5) = _L z (o/c.so)

iy

vhere m 13 tha total flue: or nunder of joints in the j th sﬁt,
given by Pisher's dispsrsion of errors on a sphers (1953).

w2t ) (a-21)
i .

1n an element d (cos © ) about the central tendency, thera are
My Ceo. ces O .

dF = =2 e d(cos 6)
membera, so
o ’
¢= ) dF oes
o.r .[0 p "“3’ coso J(‘O’O) (‘.22)

s zr 3L ce x,_ e )

Unliks the vaeto:s of Fisher's distritbution, ehe mrmls
planes in spcce are iosheadsd., tHithin the reglon '2" 0K Ir , Ve
choase to raprejeant ony vector by 1ts regative, directed into the
reglon 0< e<32f » If a significant portion of 2 Fisher distridu-
tion lies ocutsides the hemisphore heving the central tondency as

vertex, an shnonnel flux eﬁncencrauon would 11e¢ near 8= 7/2,
- }bst natural Joint sats sre reasonadly toncsatrated (naher's
- Rg > 10, aaa SPlates 2 and 3 of Chcpter 5), and if jotnes‘ e
outside of 62 72, they would dbe identified with another set.
" The probability of a veetor lying in the resion 9)77’[2.19 only
+00067 for dispersions of Kg=5.0. 1f ve limit the definition

-/




—/

y 111
of a joint set to memdbors lying within e 120 .degree cone

(6aT/3), ve £ind a maximum probability of .006 that a vector
gonezsted by Figherts equation wl.‘u 11e outsideo these linits &f
Ke = 5.0 or greater.

The inproper tntegr}zl given above can therefore be cvaluated

over & prectical renge 1 Y086 71/2 for all values of K 25,0
. o

3 3
| K, Kecose . Ke'cos'e . k. cos’o
c s ‘ ‘”9 4 + ‘__‘ ® v a2
e . ;[4 ] 2(2!) 3(3!) e

The results of 2 short computer program to evaluate the integral
are grazhed in Plgure 46,

Gace D or the nunber of elemants appropriate to a sﬁcn
jol.ntz set t.s astablished, the tensor pormocbility contribution of
each ccn be determined by cquation (4-19). Simllar teasors for
each of the othar jo!.nl:.s may de added term by term, cince ve

‘have already 2scertained that no mutual interferenco tézt:es slaece,

The accuzulated tensors of all joint cots are then oddad to de=
fine the perzecbility temcor for the jotnte& gock mdlmﬁ.

ka- = Z“J. . [ (6.22A)
Then cny boundary prodlem nay be treated ac & homogencous .
anisotrozsic medium vith flowr conponents given by

9 623
Q=kKsjAg I . (4-23)

In socoe czses vhere boundary transformstions are inconvenient,
for i.n_ntt:nea if tvo or more adjoiring regions have d!.tfo.tent
pmb_iuty tenso:;s. the fully expended fom may be required
for each resion. end the prbb!em golved &n its original coordin=-
ate systea? ' N
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Q |Ke K K| 1] (4+24)
Q ‘A ;’: Kye Kaa K I‘ .
.C% K.n Kll K I'

All nine teras, six of which are different, are required for
referencs to an erbditrary coordinate gystom. .
Cocputer relanetion programs, such &c developed by Varren,
Dougherty cnd Price {1960) to solve transient boundary prodblems
in Lsotrople »edia, could de revised to caticfy continulty of
flov through & cubtcal.ot gadiel volune element when each dice
chsrge .conponent &s s function of all three gradient components,

i.e,

Q. :A‘;!;[Ko I+ Kula v K, I’] o otc,

tore cocmonly, prodlems are solved isotropically after
transforrdng coordinates. To obtain the transformation factors .
and the effactive conductivity of the fictitious medium (dise
cussed in Chapter 1), principal axes end pemeabtliittés age re- °
qQuired. 7o obtain these, it remains only to diagonalize the
sumeatry tensor of equation {4-24), ftndina the .pd.ne!.pal axes &s
eigenvectors, and principal permeabilities as elgenvalues.

Bquation (4-26) then becomes - '

.'.-

R, o “ol|L
| (4-25)
S, ‘.'A'; o Kt.s o I.

¢ . ¢
Q, o o kgLl ,
the prizes siznifying reference to a coordinate cystem pcrallel
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to the principal axes of the tensor. Equation (4-25) ia equi.v:).- !
ent to the familiar equations
Q,*AL K, 3¢ | -
Q: CAT %, T
Q,=AL Kk,
given by Juckat (1927 p. 226). Childs (1957, p. 63), and others.
It has tecn noted already that intargranular flowv may be
superposed upon model fracture flow, so that the permeability of
jointed, gronulare-porous media mey be determined, 1If the solid
of the medium has permeadility X , this valuo may be added to
each of the principal permeadbllitias determined for the joint
systen, 1f the solid is itself anisotrople, described by

va '%K;;Ii

then one may transform its tensor to the coordinnte systen used —/

to orieht the joints, add each tera to the tencor for the joint
éyatem referred to the same coordlﬁntes, then dlagonalize the
tensor sum, o _

. 1t con bdbe d;wnstrated that the tensor form reduces to the
equation given for parallel Joint sets. When all joints have
the samo orientation Ny

K,. "u "'l ('-"'") “ ol‘ -

2 <l - cwty) .
Kay ¥an Kyl = 3"5"2" s (1=m10) a3

K’. K" K’* -‘d’I -a" (' “,’)

If further, n; is also a ecoordinate axis, say the 3-axis, .

a7 TM, 30 dnd ”s s/,
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ku KO\. K!l / o o
. , \
. Ku Ku Kyl 35 Zb10 1 o (4-26)
Ky, Kso Ky o 0 o
Y
o 2 3 =0
K, = Kua © 355 b |, K=,
as puvzous'ly derived (p.103). J
Rorosity Estimotion '

It is possible to work in reverse, to obtain from permoa=
bility cnd geometry measurements, an approximate velue for pore
osity that is better than :he._ﬂ.rst egtimate shown on page .
because it includes the influence of orientation of the conduits,
Fileld testc have been daveloped to estadblish for a site the
principal permeabilities (Chapter 2) vhen principal axes heve
been determined from the geometry of tixo joint system (Chapter 5).
These axec -ehould be taken as & nev coordinate system. Joint
oriencatlo:is. obtained vith reference to geographical coordine .
ates (or othsr), should be tronsformed to ‘l;he nev axes., If aper-
tures vere alco knovn, the meacured directional permeabdility
could bs compared to the values computed by the present model,
theredby justifying use of the model a.s a subotitute for tests,

Deterxination of poree-size dictribution from flox’ data ob-
tained from intergranular porous medh requiresassunptions of
pore geonatry to interpret such tests as the caplillary-precsure,
Juter-aamra:!.on curve. Bundles of tubes and networks (Fatt,
1956, pp. 152=153) have been assumed. -The mecroscoplc nature of
fractured modle permits better definition of the geometry of its

conductorc, but there remsine auwbiguity becsusc we cannot cur -




- rently deterzine either the palring of aperturos and orienta"' 16

tion, nor the distribution of aperturos al.ono.. Ho mist be cone
tent, at thio t!.fne. to asgsume all apertures alike in magnitude,
In a later chapter the errors of porosity ostimation, made on |
the assunption of a;retasa ape:.?:urea throughout, are assessod by
ealculation of porosity from dlsporsed model modia containing
noroal, logc=normal and exponential aperture distributions.

let tha permoadlility tensor for a jointed rock madium dbe
known, Ss wall as the orientation dispersion for, say, three sets
of joirtz, but assune no dizperslions of aperturas., The summary
tensor ic co=posed of subetencors aricing from each cot (super-
setipt: 1, 2, and 3); ' |

’.

ke o of |4 4o &) |40 4u 4

J
€ %
41,

g ¢ I

K,
0 K of=|& 4L &) o|L & &l |2 (4-27)
o o ki & & 4l 14, 6. &) 16, §.8).

Ue cannot :colve fo? the eighteen unimotns on tho rizht (ecch
matrls dc Vsmtﬂ.c), ‘sinecs e cocn trite but sl different
sirulteneous squations from the cdove, The matricec must ﬁ.rct
be sinmplifled.

A sot of joints symmotrically dizpersed {say by Cicher’s
equation) adout a centrcl tendoncy can be replaced by a pcrallel
set of planar conduics plus & tudular cet. paranél to tho central
tendency of joint normnls. Tho ratio of pema.bl.uty of the cube
set to tha plane set depends on the anisotropy ehar"cte:i...tie of
the dispersion. It will be chovn m Chapter 3 thet the slso-
tropy of a dtapersod sot depends more sttonsly upon the orienta-
tion dispar-lon then on the dispersion of aperturez in the cet,

-
-
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Purther, it vill be shown that the tonsor for a cingle d!.cperé:&?
set has negative uniaxial cyme'try. that the extraordinary pere
meabllity, k min, ie alvays less than the ordinary permeablility,
k max (to bortpw. terminology from petrojraphy), the ordinary
being radially syn.znettl.c about the central tendency of the cet.
In other wo:dt;. the geomatrical interpretation of the permcabile
ity tenscor for sLns!.é dispersed sets is an oblate spheroid.

Thus k... and km!.n can be expressed as proportions of the
permoability, k;, of a parallel set of joints having the same
specific surfece and aperture dispersion:

baie™C by | L = by
A single joint or 2 get of parallel joints ic mathematically
equivalent to 2n 1sotropl.c continuum plus a tube with negati.ve ’
eondqct!.vtty lying along the noraal to the plane. This feet is
enploycd 4ir. the first matriz on the right of the following equae
tion, vheré the Lsotropic ( ‘13) end norm21 (mu) eom:;onent:s are
resolved,

‘“ "g ‘,, ’ ‘,."Ol) --0‘ "N" q' M‘L‘l’

3
{I.I ‘n,‘., s C‘ i-z_o Zb 'M“ ('-ﬂld -m.,“Q“"Zb "ﬂ q“‘ll

{u L1 ‘n S ey (1-amyy) 13 % "y .

The unique ute sets arising from the tuo ronlacenent stepa are

parellel, C:c additive as suovm telokr,

. [ ’
4y £ Ly & O o My ™ 1

‘u ‘Q;. {q < 3—23_ 26,‘ 0 C. 0 Q(C.,’C,)"'".u "llﬁ’ r

£, &se €5 e o ¢ “ “5 %y,



In this equation, n“ ® neny, vhere t\1 is the central tcndgnlcg

of one of the sets, Since there is an equation of this sort for
each J&!.nt sot, and their sum 1s given by equation (4-27), we N
may let
4 2 4 ,
4, =55 247,
Now we are ready to sum componentst .
dy 'S (‘.28)
] 2 2 a 2 2
k“ - (c‘. ’(C"-C'.)‘:'n] A’ + [C"(C‘ "C,)n'J{’ *[6,.0((" - ’.);.]‘:

L ’.t C'. 4 Cc.s 'c.:)""'zz]‘" > [ ct. “(c‘s‘c‘n)":n]jp 4[5,0(&' C'J .;,Zl] [;

k” ’c". ‘(CL- C.,) ‘l.), ] g" 5[& ’ (czl "C‘,) “"”] Z’*[é"(g‘ -C’JM”K“" .

These sre three of the six possible equations in the threo une
knowns &p. ip. ?‘p’ A unique solution for a&s many as six sets 1s
possibdle.

1t should ba clear after seeing in Chaptear S how anisompj
variles with orientation dispersion, how the coefficlents e and
¢, can be determined. By computing nunerous dispersions of both
orientation and sperture, forming each time the retlos of k.
and knd.n' :esﬁec:wety. to the peroeadllity of & similar parsale
lel set, ‘p' there vare obtained the relationships mp?od in
Figure 4-7,

If it 45 assunad that all conductors are identical in aper-
ture, 2d, then that aperture can de computed from t,. the per=
meability of the parallel set. [orosity can be computed froa
the first, single+~valued estimate, dut such estimated porosity,
or any other derived porosity, vill differ from the true values
according to the actual distridbution of apertures. m; purpose
of Chapter 7 is to find the magnitude of these errors, by com-

. parison of the identical-aperture value and certain distributed-
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aperture values. [Mor all distribution of aperture,

2 3
4 =355 2,

‘while for a unique constant aperture 5, ,
an 3
" 65
thus
a (_z_e. )7 (4