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DETERMINATION OF THE PERMEABILITY OF THE FROZEN
FISSURED ROCK MASSIF IN THE VICINITY OF THE KOLYMA HYDROELECTRIC
POWER STATION

M. I. Pogrebiskiy, S. N. Chernyshev  Xolyma, Vol. 39, No. 1
Industrial and Scientific Research (January) 1975, pp. 28-31.
Institute for Engineering Surveys

in Construction, Gosstroy, USSR

The granite foundation of the Kolyma Hydroelectric Power Station
is broken up by fissures of considerable width (up to 10 cm),
suggesting that the rock is highly ger.meable. 1In addition, the
permanently frozen condition of the massif (and the filling of
the fissures with ice) rules out hydrodynamic testing for a
considerable part of it without thawing the rock beforehand.
Experimental pumping and pressurization carried out by Lengidro-
proyekt in the bed of the Kolyma River, where the massif is in

a thawed condition, confirmed theories on the high permeability




of the granite. However, in areas adjoining the site of the
future dam, similar filtration tests were carried out follow-
ing a costly and lengthly process of preliminary thawing of
the massif. The only method of predicting the permeability
of the thawed state of the massif is calculating the filtra-
tion coefficient from the geometry of the fissures. This
makes it possible, incidently, to calculate the filtration
coefficient of the massif in the frozen state.

The determination of the permeability of the rock massif on
the basis of the parameters of the fissures was made possible
by the work of G. M. Lomize [2] and Ye. S. Romm [5], who deter-
mine the characteristics of the movement of water in the fis-
sures and the dependence of the hydraulic resistance upon the
parameters of the individual fissures as well as on the mutual
orientation of the latter. Experience gained in the use of
the relationships obtained by Ye. S. Romm, as they apply to
the actual geological conditions at Nurek and Ust'-Ulimsk
Hydroelectric Power Stations [3, 4, 6] has demonstrated the
promising nature of the method and indicated that it should

be developed further. The same conclusion has been reached
abroad [7, 8, 9, 10]. The authors made changes in Romm's
model which made it possible to take into account the loose
fill present in the fissures [6], the statistical distribu-
tion of the fissures in terms of their orientation, density?*,
width, and so on. As a result, it became possible to deter-
mine the filtration coefficient of granite for various parts
of the foundation as well as the characteristics of the filtra-
tion inhomogeneity and anisotropy of the massif. It should be
pointed out that the dynamics of the thawing process or forma-
tion of ice during filtration are outside the scope of the
present paper.

In conjunction with the approximate method of calculation of

a number of parameters of the network of fissures and the

low accuracy of measurement of the width of the fissures,
these estimates of permeability may be viewed as correct ac-
cording to the modulus within the limits of one order, and the
estimate of anisotropy may be viewed as correct within the
limits of whole values of the coefficient of anisotropy.

The vicinity of the Kolyma Hydroelectric Power Station is
composed of Upper Palezoic granite from the intrusion known

as the Great Threshold of the In'yali-Debinsk synclinorium

of the Kolyma folded zone. At the periphery, this area is

in contact with sandstone and shale of the Verkhoyansk formation.

The parameters of more than 1000 fissures were measured in the
area (orientation, width, density, and length). An analysis of

* The term "density of fissures" refers to the distance between
the cracks in the system.




the results of the measurements carried out primarily in mine
workings, showed that three systems of fissures enjoy perferred
development in this area. Two of them (I and III) are charac-
terized by steep dip angles and have sublatitudinal (along the
river) and submeridional strikes, respectively. Syvstem II con-
sists of shallow fissures with dip angles of no more than 20°
on the average. As indicated by Table I*, in terms of its
orientation the network of fissures is completely uniform for
the entire area. This cannot be said of other parameters: the
same table shows that the subvertical fissures on the left bank
are characterized by average distances which are greater than
on the right bank, in other words, the left bank differs from
the right bank in having a sparser network of fissures.

The fissures were divided into six groups on the basis of the
type of £ill. The authors proceeded on the assumption that the
fissures were completely filled with ice, as well as those
fissures that were filled with ice and some kind of material,

do not filter in the frozen (contemporary) state of the massif.
In the thawed massif the fissures that are filled with ice are
considered open. The following classes of fill were identified
in the thawed massif: (1) open fissures; (2) fissures with
rinds, deposits, and films of ferric hydrate, etc. on the walls;
(3) fissures with filtering sandstone-clay filler. 1In the
frozen massif there were: (1') fissures filled with ice;

(2') the same, as in Class 2, but with ice; (3') fissures with
sand and clay ice-saturated fill. In conjunction with the sys-
tem of computation described below, the fissures were combined
into two groups, those that were open and those that filled with
filtering material. In the thawed massif, the open fissures
made up about 68% of all the fissures measured in the area, while
the amount that were in the frozen state was 92%. It should be
pointed out that in the thawed massif on the left bank there
were a great many more open fissures. In complet ing the char-
acterization of the filling of the fissures, we must provide
information on the ice content of the fissures: on the left
bank, there were considerably more fissures that were filled
with ice and ice-saturated permeable fill than there were on
the right bank.

The width of the fissures varies within gquite broad limits, from
hundredths of a centimeter to several centimeters, and the fis-
sures containing fill usually have greater widths than open
fissures. An analysis of the width of the fissures indicates
that there is a tendency for them to expand toward the surface,

* Here and in the following, the actual material is presented
in generalized form, since it is impossible to present the pri-
mary material here owing to the limited scope of the work at
the present time. 1In this article; we have used primarily

data from the Lengidroproyekt expedition and the authors' own
material.
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TABLE 1. Key.

a, Coast of Kolyma River

b, Total number of measured fissures

c, Mine workings

d, Fissuring parameters for the following systems of fissures:
e, Orientation of fissures (asymuth and dip angle), degrees
f, Average distance between fissures, cm ;
g, Orientation of fissures (asymuth and dip angle), degrees
h, Average distance between fissures, cm

i, Orientation of fissures (asymuth and dip angle), degrees
j, Average distance between fissures, cm

k, Right

1, Left

m, Adits and test pits

n, Adits and test pits

o, Outcropping

p, Adits, test pits, and outcroppings

and this tendency is intensified primarily as a result of those
fissures that are filled with permeable material and have
developed mostly at the surface of the ground. The open fis-
sures do not expand as they approach the surface (Table 2).

Table 2 presents the actual material with gives some idea of

the relationship between the average values for the widths for
the systems of fissures on both banks of the river. On the

basis of these data, we see that the left bank of the Kolyma
River is characterized by much wider fissures than the right
bank. This situation holds for open and filled fissures in

the thawed and frozen state in the adits. It is only in the

case of filled fissures in the test pits that we see the re-
verse picture, which we feel is due only to the nonrepresentative
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TABLE 2. Key.

a, State of massif

b, Type of filling of fissures
c, Mine workings

d, Average width of fissures, cm
e, Right bank

£, Left bank

g, Systems of fissures

h, Thawed

i, Frozen

j, Open

k, Filled

1, Open

m, Filled

n, Mouths of adits

o, Bottoms of pits

p, Test pits

nature of the actual material as it pertains to the test pits
on the left bank. Since the degree of influence of the width
of the fissures on the permeability of the fissured massif is
quite significant (and is much greater than the influence of
the density), we can expect that the rocks on the left bank
will have greater permeability than the rocks on the right
bank.




The most difficult technical task was the measurement of the

length of the fissures in the towpath on the left bank. They
indicate that the horizontal fissures, which are the longest,
serve as the basic filtration pathways and can also serve as

a connecting link between the fissures of the first and third
systems.

Now let us move on to the discussion of the method of calculat-
ing the filtration coefficient of granite on the basis of the
fissuring parameters. In crder to estimate permeability, the
granite massif was represented as follows. The granite, in
blocks, is assumed to be impermeable and incapable of trans-
mitting hydrostatic pressure. Those fissures that were open
and filled with permeable loose material were considered per-
meable. The consumption of water that could pass through the
massif under these conditions was equal to the sum of the flows
conducted by the fissures.

The expression below [5] makes it possible to estimate the fil-
tration coefficient of a massif for the direction which coin-
cides with the direction of the pressure gradient when there
are fissures in the system:

N —
= lov— g
=]

o :
‘Kou= s_N b { }—isinf, (cosq; Ccusq =+ Sin @, cos?) —
(1)

i fcosblecév?}

where q is the acceleration due to gravity, m/sec?;
v is the kinematic viscosity coefficient, m?/sec;
bj is the width of the cracks, m;
aj is the average distance between fissures, m;
@j, Bj are the asymuth and dip angle of fissures in system i,
degrees;
P, 9, Y are the angles between the direction for which the
flotation coefficient is estimated and the correspond-
ing coordinate axes, degrees.

For a massif with fissures that are filled with permeable
material [6]
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where K : is the filtration coefficient fbr the filler in the
fissureE: 5

Both expressions are valid for similar conditions when the fis-
sures in the system are strictly parallel, have a constant width
for their entire length, and the distances between them are
assumed constant while the lengths are infinite. These condi-
tions result in a considerable limitation of the area of appli-
cability of formulas (1) and (2), but the authors disregarded
them in estimating the permeability of the granite. 1In writing
the computer program, the filtration coefficient of the massif
was calculated as the sum of (1) and (2). Hence, both the empty
crack and the cracks that were filled with permeable filler were
taken into account simultaneously.

It was arbitrarily assumed that each system was represented by
only one fissure, which made it possible to take into account
not only the distribution of the orientation but also the
changing width of the fissures. The latter is especially im-
portant, since the calculation based on the average values of
the width, as practice has shown, is responsible for lowering
the value of the results several fold. When there is one
fissure in the system, the distance between the fissures in
the system becomes indeterminate and for an unlimited volume
of the massif. Therefore, the authors considered those massifs
that were bounded by the walls of mine workings. The analysis
was conducted on the basis of the following coordinate axes

(X - eastward, Y - northward, Z - toward the zenith) with
dimensions x, y, and z. The linear dimension of the cross
section of the working in a direction perpendicular to the
fissure was used as the arbitrary density of the fissures in
system (A), represented by one fissure. This value, in the
case of a vertical shaft with a slanting location of the fis-
sure, is calculated according to

A, =zcosf,—dsinp; (3)

To determine the rectangular cross section in the general
case

Ai= (x suina, — ).cos a;*) sin B, = z cos B, (4)

where d is the diameter of the shaft.

Note that aj in formula (4) may be considered to be the asymuth
of the dip of the fissure only under the conditions pertaining
in the vicinity of the Kolyma Hydroelectric Power Station, where
the mine workings are oriented latitudinally or meridionally.

S s o




With a different orientation of the workings, the azimuth of
the dip in expression (4) would have to be replaced by angle
ol between the strike of the dip of the fissure and the direc-
tion of the wall of the working, coinciding with axis Y:

i =2, —71, (5)

where § is the azimuth of the wall of the working, coinciding
with axis Y.

Readings measured clockwise from the meridian are considered
positive and those measured counterclockwise are considered
negative. The condition § < 45° is introduced and determines
which of the walls of the adit must coincide with the Y axis.
Equations (3) and (4) are useless for sloping workings.

This method of estimating A can be used for systemic and random
networks of fissures. In the case of systemic networks, when
calculating on the basis of individual values, it is possible
to use the simpler and less accurate method of estimating Aj:

Ay =ara, ' (6)

where aj is the average distance between the fissures in the
system;
nj is the number of fissures in the system.

Computation using formula (6) reguires isolation of the systems
of fissures and calculation of aj, while formulas (3) and (4)
allow this work to be avoided. The use of formulas (3) and (4)
is particularly effective when using a computer. For this
work, the arbitrary density was calculated in two ways (without
any significant differences in the results).

Hence, the filtration coefficient of a fissured massif was cal-
culated separately for each mine working (a total of four adits
and nine test pits, whose total length was about 500 m). The
program written for the BESM-4 computer was the work of V. A.
Pyrchenko. The geological material for each working was viewed
as an individual massif of actual data.

The calculations performed for two opposite states of the massif
fail to take any kind of intermediate situations into account:
for current frozen condition of the massif, when a portion of
the fissures are filled with ice, and for the melted state, when
the ice is completely gone from the fissures.

The calculation were performed according to formula (1) to esti-
mate the filtration coefficient of open and equivalent fissures




(classes of filler were 1, 1', 2 and 2' in the thawed state and
classes 1 and 2 in the frozen state of the massif. According
to formula (2), the coefficient of filtration of the fissures
was calculated when the latter had permeable filler (classes

of filler 3 and 3' in the melted state and class 3 in the
frozen state of the massif). As the filler material for the
fissures in carrying out computations using formula (2), the
following values for the filtration coefficient were used:
rotten stone (debris) - 100 m per day, rotten stone (debris)
and sand - 80 m, sand - 50 m, sandy loam - 1 m, loam, clay, and
mylonite - 0.1 m, mineral filler, calcite, ice and filler with
ice (in the frozen state), 0 m per day.

The estimate of permeability was performed using fractional
values for the fissuring parameters (aj, 8j, Aj, bi) individ-
ually for each fissure in the thawed (Kp) and frozen (Kp)
states.

Then summation was carried out according to the program using
both computational formulas in order to obtain the total per-
meability individually for the rock massif in the melted state
and for the massif in the frozen state. For each fissure, the
filtration coefficient was calculated in three coordinate
planes: the horizontal and two vertical ones (latitudinal and
meridional) and in four directions in each of them, any one

of which is characterized by three ancles -- p, ¢, y. This
makes it possible to obtain characteristics of anisotropy of
permeability.

The directions used for calculating the filtration coefficient
coincide with the strikes of the principal fissure systems and,
supposedly, with the axes of anisotropy of the massif. 1Inas-
much as the individual directions coincide in different coor-
dinate planes, Table 3 shows the values obtained for the fil-
tration coefficients (in meters per day) for nine different
directions. Table 3 shows the results, but not for all work-
ings. The lines in the table indicate that the values for the
filtration coefficient in the frozen massif are equal to zero,
since all of the fissures are filled with ice. The results
are given individually by adit for the weathering zone (mouth)
and massif itself (bottom).

The values obtained for the filtration coefficient vary within
wide limits -- from thousandths to 22 m/dav. The filtration
test which was performed by the Lengidroproyekt expedition in
the river bed yielded filtration coefficients that were much
greater than those obtained by the authors (on the basis of the
data from the expedition, the filtration coefficient varies
from 0.005 to more than 1200 m/day). It is obvious that in the
river bed the fissures are filled with loose material to a
lesser degree, although other reasons for the difference are
possible.
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TABLE 3.

a,
b,
<,
d,
e,
£,
g
h,
i,
3,

curine. o

Key.
Plane
Direction, angle to horizontal

Coefficient of filtration of rock, K

Mine working
Adit 99

Adit 100

Adit 763

Adit 777
Mouth

Bottom

Test pit 770
Test pit 731
Horizontal
Vertical
Vertical meridional
East, 0°
North, 0°
Northeast, 0°
Southeast, 0°
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Table 3, key, continued.

t,
u,
v,
w,
X,
Y,
2,

Zenith, 90°

West, 45°

East, 45°

North, 45°

South, 45°

Degree of anisotropy
Note:

the numerator gives the values of the coefficient

of filtration of frozen soil, while the denominator gives

the values for thawed soil.

The values of the filtration

coefficients are rounded off to the first decimal place.

The degree of anisotropy is determined on the basis of the

most fractional values of the filtration coefficients.
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TABLE 4. Key.
a, Plane
b, Direction, angle to horizontal
c, Mine workings
d, Adit 99
e, Adit 100
£, Adit 763
£, adit 777
h, Mouth
i, Bottom
j, Test pit 731
k, Horizontal ¥
1, Vertical, latitudinal
m, Vertical, meridional
n, East, 0°
o, North, 0°
P, Northeast, 0°
q, Southeast, 0°
r, Zenith, 90°
s, West, 45°
t, South, 45°
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The filtration coefficients in the current frozen state of the
massif are less than they will be after the ice thaws. Table

4 shows the relationship between the coefficients of filtration
of thawed and frozen massifs. In some places, the increase in
permeability following thawing of the ice will be insignificant
(adits 99 and 100, outside the weathering zone). In individual
areas, we can expect an increase in the filtration coefficient
by a factor of 100 or more. Evidently, as a result of the in-
creased filling of the fissures with ice in the weathering zone,
the differences between the K¢ of the thawed and frozen massifs
will be more significant.

In the thawed massif, the filtration coefficients reach particu-
larly high values for the deep parts of the massif. Evidently,
this indicates the presence of wide fissures, currently filled
with ice. In the parts of the adits near the mouths of the
tunnels, there are fissures which are as large if not larger,
but they are filled with loose material, and this markedly re-
duces the permeability of the upver parts of the massif.

Contrary to expectations, the granite on the right bank, which
looks "more fissured" to the naked eye, is actually less per-
meable than the "less fissured" granite on the left bank. As
mentioned earlier, the width of the cracks plays the most im-
portant role in the formation of the filtration characteristics
of the granite, and it is greater on the left bank. However,

it is possible to estimate visually the degree of fissuring on
the basis of the size of the blocks and the density of the fis-
sures. These parameters are of secondary importance in estimat-
ing Kg¢. -

The anisotropy of the fissure permeability is very significant;
in the frozen massif, it is greater than in the thawed part.

In some workings, the filtration coefficient differs in differ-
ent directions by the factor of 20 or more. The maximum fil-
tration coefficients usually are associated with the YZ plane
in the selected system of coordinates, i.e., the one which is
directed along the river at various angles to the horizon and
vertically. The only exception in this recard is adit No. 763,
where the permeability in a direction perpendicular to the
river is higher than in other directions. The degree of aniso-
tropy in the frozen state is usually greater than in the thawed.

The results we obtained must be viewed as rough estimates of

the actual coefficients of filtration, since some of the parameters

of fissuring were assigned arbitrarily in the computations.

12
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