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Abstract Among the many parameters affecting the design of hydraulic structures on fissured rocks
are orientation of principal permeability axes and degree of anisotropy of fissured rocks. Geological
explorations rarely provide this type of information. If at all the information is available, methods
employed are computationally cumbersome and inefficient. A new concept of simple equations and
geometrical method termed as Permeability Circle similar to Mohr’s circle of stresses has been
developed for determination of principal permeability and their orientation from the known
characteristics of two-dimensional fissured rock mass.
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1. INTRODUCTION

The uplift force on the base of a hydraulic structure
and flow nets in the flow field depend on the
orientation of principal permeability axes and degree
of anisotropy of fissured rocks, Verma [1]. Hence
it is very important to know the orientation of
principal axes and degree of anisotropy of fissured
rocks. Very cumbersome processes are required to
measure directly these permeability parameters in
the field.

The present paper suggests simple equations
and a rational geometrical approach in the form of
Permeability Circle for determination of directions
and magnitudes of principal permeability using
opening, spacing and orientation of fissures. These
characteristics of fissures can be obtained from the
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geological explorations.

2. PERMEABILITY OF ROCK MASSES

Majority of the studies like Scheidegger [2], Sharp
[3] and Sharp and Maini [4] have stated that the
flow through fissures is in the laminar regime and
is governed by Darcy’s law. On the basis of
analytical solution of the Navier-Stoke’s equation
for the steady state flow between the two parallel
plates, the permeability through an individual fissure
(P") with opening of fissure (€) can be obtained as

2
p’ :V_wi_z (1a)
u
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Figure 1. A set of parallel fissures and rotation of co-ordinate
system.

where vy, and p are specific weight and dynamic

viscosity of the flowing fluid respectively. Fissures
usually form families or set each having approximately
the same orientation and characteristics of spacing,
aperture, infilling material and roughness. For a set
of fissures in a rock mass with spacing (d) between
the fissures and an opening for each fissure as (e),
effective permeability through the set of fissures
(P) is

e
P=pP'= 1b
q (1b)

Other than Equations 1a and 1b there are also other
experimental, theoretical and numerical methods
available to estimate the permeability, see for
example Snow [5], Rocha and Francise [6],
Hudson and Pointe [7], Long, Remer, Wilson and
Witherspoon [8] and Dienes [9].

3. COMPONENTS OF PERMEABILITY
TENSOR

In an anisotropic medium, except in the
directions of principal permeability, the direction
of the gradient and the velocity do not coincide.
Thus the permeability in any direction can be
defined as directional permeability at a given
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point, Scheidegger [2]. Consider a rock mass
intersected by ‘n” number of sets of fissures whose
orientation and characteristics are known from the
geological explorations. Let P; be the permeability
of i set of parallel fissures, which makes an angle
of a; with x direction as shown in Figure 1. Here
Pi can be found using Equations 1a and 1b. If a unit
hydraulic gradient is applied in x- direction, the
velocity, vy, in x- direction will be equal to the
permeability in that direction, k,, as per Darcy’s

law.

=k (2a)

XX

h
Similarly if v, andg— are the flow velocity
n

through i set of fissure and hydraulic gradient in
the direction of fissure respectively (see Figure 1)
then,

oh

Vn = Pi a—n (2b)
Also from Figure 1
V, =V, Cosq; (2c)

and for unit hydraulic gradient along x-direction
oh .

—— =CO0S| 2d
p (2d)

The use of Equations 2a, 2b, 2c and 2d and their
simplification lead tok , =P, cos® a;. Thus for n
set of fissures, permeability in x-direction is

Ko = P, cos’ a (3a)
i=1

Similarly, if k,, is defined in y-direction by

applying a unit hydraulic gradient in y-direction,
the following relationship can be obtained as
explained for K.

Ky, =D Pysin’a, (3b)
i=1
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Figure 2. Permeability Circle.

When the unit hydraulic gradient is applied in x-
direction its contribution to velocity in y-direction
is defined as kXy , and if unit hydraulic gradient is
applied in y-direction, its contribution to velocity
in x direction is defined as k y - Consequently the

relationship for these can be obtained as below

K, =Ky, =D P cosa;sina; (3c)
i=1

The permeability tensor, kij (Oda [10] and Oda

and Hatsuyama [11]) is written as

XX Xy

(4)

yX yy

4. ROTATION OF CO-ORDINATE AXES

Consider a new set of co-ordinate axes u, v as
shown in Figurel. The co-ordinate system X, y is
rotated through an angle B about the origin O such

that o =(a; —B). Now the new permeability
tensor, kgj can be written as

k
k

k :J — uu uv (5)

vu v
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having components as

K, =Y P cos’a (6a)
i=1
n
Ky =Y Pisin?a; (6b)
i=1
n
Ky =Ky, =Y P cosa;sina; (6¢)

i=1

Substituting the value of o in Equation 6a and
simplifying, we get

k, +k k, —k
W= XXZ LA XXZ >-c0s 2B + Kk, sin 23

(7a)

Similarly rearranging Equations 6b and 6c, one
gets

k, +k k, —k
Y= XXZ o XXZ > cos 2B — k,, sin 2B

(7b)

Ko =Ky
K, = =—Tsm2[3+kxy0052[3

uv vu

(7c)

Equations 7a, 7b and 7c are the parametric
equations of a circle, which means that if we
choose a set of rectangular axes and plot a point
A(kyy, ky) and B(ky, ky) as shown in Figure 2, for
any given value of the parameter (3, all the points

thus obtained will lie on a circle.
To establish this property p can be eliminated

from Equations 7a, 7b and 7c and rearranged to
Equations 8a and 8b

|(kuu - kav)|2 +|(kuv _0)|2 =R? (83-)
or,
(ko = ko))" +[(ky, —0))" = R (8b)
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Figure 3. Directional Permeability.
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Figure 4. Construction of Permeability Circle.

where
_ K, + kyy
av 2
and
2
—k )
XX vy
R= +1Kyy

Equation 8a or Equation 8b is an equation of a
circle of radius R centered at point C (Ka, 0) as
shown in Figure 2. The point ‘M’ corresponds to
maximum value of permeability kn.x and point ‘N’
to minimum value of permeability kmin. The degree
of anisotropy for the medium is defined as the ratio

k max
kmin .
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Let B, be the particular values of the angle 3

which corresponds to the points M and N of Figure
2, which may be obtained by setting k,, or ky, =0
in Equation 7c, hence

k—k—kxx ?.sin2 k 2B,,=0
= _—Tsm B +K,, COS2B, =

uv vu

2K,
tan2p, =—

XX I(yy

©)

Equation 9 defines two values of 23, which are
180° apart. These values of B, are 90° apart. Thus
the two axes are perpendicular to each other.
Depending on their magnitudes, these axes are
called major and minor principal permeability axes

of the medium. The corresponding values are Kpax
and Kmin respectively as given by Equation 10.

’ ko tky |kXX—kyy|2+
+ 7|

2

k

max, min 2 Xy

(10)

Therefore if orientation and characteristics of
fissured rock mass are known, the direction and
magnitudes of principal permeability can be
calculated using Equations 9 and 10.

5. CONSTRUCTION OF PERMEABILITY
CIRCLE

If u and v axes are at angle of ¢ with principal
directions k. and k.. asshown in Figure 3, the
components of permeability tensor k,, k,,, k,,
and k,, can be written using Equations 6a, 6b and
6c as

min

Ky = Kpnax €08% & + K iy SINZ & (11a)

Ky = Kpnax SINZ 0+ K i, COS% 0 (11b)

v
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P, (Opening = ey, Spacing = d,)

P> (Opening = e;, Spacing = d,)

Figure 5. Directional Permeability with Direction of P;.

O
kmax
kmin
LN\
k%
Figure 6. Determination of Ky and Kpin.
Ko =Ko == (Kmax = Kpin)Sin ¢.cos ¢ (11c)

A Permeability Circle can be constructed similar to
Mohr’s circle of stresses as shown in Figure 4 as
follows: Draw a line OP. Locate the center of
Permeability Circle, C at a distance equal to
Konax + Kin from O. Draw a circle taking C as a

center and the difference of k., — Kk, MN as
diameter. Choose a point A on the circle such that
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line AB makes an angle of 2¢ at C with line OP. If

a perpendicular is drawn from A on the line OP as
AR, the value of OR and AR will be equal to k,

and k,, respectively. Similarly if a perpendicular

line is drawn from B on OP, OS and SB will
correspond to ki, and k, respectively.

6. APPLICATION OF PERMEABILITY
CIRCLE

To illustrate the applicability of Permeability
Circle a case of known Permeability (k, and k, ,

where k, >k, ) of two sets of fissures intersecting at

an angle are presented to determine principal
permeability and their orientation.

Let the two families of fissures of a rock mass
(with negligible primary permeability) intersect at an
acute angle of 6 as shown in Figure 5. The
secondary permeability of the fissures sets are P,
and P, respectively which can be found using
Equations 1a, 1b, 3a, 3b and 3c.

k, =P, +P,cos’0

k, =P, +P,cos*0
2
Figure 6 illustrates the requirements to be met for
the construction of Permeability Circle in this case.
Let OR and OT represent the magnitudes of
k,, and Kk, respectively.

With C as center, a circle is drawn using some
radius. A point A is chosen on the circle. To locate
a point U on the line, CA is divided such that

CA CR _ Ko, —(PL+P,)/2
CU CT Kk, - (P, +P,)/2

The Point U is joined to L to get a line UL. This
circle should intersect at points A and L on the
perpendiculars drawn through points R and T,
respectively so that the angle LCA is equal to 26.
A line is drawn perpendicular to UL and passing
through C. On this line a point O is marked so that

the length OC :u. The scale for this is
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obtained by the value of TR= k, - Kk, . Lengths

OM and ON are measured to obtain the principal
permeability Knax and Kmin. A point Z is marked on
the circle as pole with respect to direction of
k,, and k, . Since pole is known on the circle the

direction of principal permeability can also be known.

7. CONCLUSIONS

For a two-dimensional fissured rock mass with
negligible primary permeability, if the orientations,
spacing, openings and homogeneity of fissure sets
are obtained from geological studies, the magnitudes
and directions of principal permeability and hence
degree of anisotropy can be determined using
simple equations and a geometrical method known
as Permeability Circle.

8. REFERENCES

1. Verma, D. V. S., "Flow Through Fissured Rocks", PhD.
Thesis. Kurukshetra University, Kurukshetra, India, (1980).
2. Scheidegger, A., "The Physics of Flow Through Porous

362 - Vol. 17, No. 4, November 2004

10.

11.

Media", University of Toronto Press, Toronto, (1960).
Sharp, J. C., "Fluid Flow through Fissured Media", PhD.
Thesis, University of London, (1970).

Sharp, J. C. and Maini, Y. N. T., "Fundamental
Characteristics of the Hydraulic Characteristics of Joints
in Rocks. Percolation through Fissured Rock",
Symposium, International Society of Rock Mechanics,
Stuttgart, (1972).

Snow, D. T., “The Frequency and Apertures of Fractures
in Rock”, International Journal of Rock Mechanics and
Min. Sci., Vol. 6, (1969), 23-40.

Rocha, M. and Francise, F., "Determination of
Permeability in Anisotropic Rock Masses from Integral
Samples”, Structural or Geotechnical Mechanics Ed. WJ
Hall, Prentice Hall, Inc. Proc. Symp. Urbana, Oct. (1977),
178-203.

Hudson, J. A. and Pointe, P. R., "Printed Circuits for
Studying Rock Mass Permeability”, International
Journal of Rock Mechanics Min. Sci. Geomech. Abstr.,
17, (1980), 297-301.

Long, J. C. S, Remer, J. S, Wilson, C. R. and
Witherspoon, P. A., "Porous Media Equivalents for
Networks of Discontinuous Fractures", Water Resources
Research, 18, No. 3, (1982), 645-658.

Dienes, J. K., "Permeability, Percolation and Statistical
Crack Mechanics”, 23 Symposium on Rock Mechanics,
Berkeley, (1982).

Oda, M., "Permeability Tensor for Discontinuous Rock
Masses", Geotechnique, 35, No. 4, (1985), 483-495.

Oda, M. and Hatsuyama, Y., "Numerical Experiments on
Permeability Tensor and Its Application to Jointed Granite
at Stripa Mine, Sweden", Journal of Geophysical
Research, VVol. 92, No. B8, (1987), 8037-8048.

IJE Transactions A: Basics



