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ABSTRACT

This report presents the results from hydraulic tests and
tracer test in a well-defined, fractured, but low conductive
granite in the Stripa mine. The purpose has been to study the
properties of the rock and the fractures regarding hydraulic
conductivity (K) and tracer transport.

The K-value of the rock has been determined by hydraulic
single-hole tests. The heterogeneity of the rock has been
studied by hydraulic cross-hole tests and the transport
mechanisms and fracture properties by non-sorbing tracer test.
The test configuration is cylindrical with injection in the
centre hole and detection in 8 peripheral holes evenly
distributed on the mantle area of a cylinder, radius 1.5 m.

The result from the single-hole tests in 1 m sections show a
K-value between 1 E-9 and 7 E-12 m/s. The cross-hole tests
indicate that the rock cannot be treated as a homogeneous,
anisotropic, porous medium in the scale of this investigation.
However, the method is a valuable help in identifying flow
paths. The tracer test indicates that 3 % of the total number
of fractures are conducting water and that channeling occurs
within the fracture planes. From the tracer test and the
hydraulic tests, hydraulic fracture conductivity, flow porosity
and longitudinal dispersion have been determined for different
flow paths within the same distance from the injection hole.



CONTENTS

SUMMARY

BACKGROUND AND PURPOSE

HYDRAULIC TESTS
2.1 Single-hole tests
2.2 Cross-hole tests

TRACER TEST

3.1 Flow and residence time

3.2 Hydraulic fracture conductivity
3.3 Flow porosity

3.4 Dispersion

3.5 Channeling in low conductive rock

TEST SITE

4.1 General description
4.2 Geology

4.3 Fracture correlation

EQUIPMENT AND PROCEDURES
5.1 Single-hole tests
5.2 Cross-hole tests
5.3 Tracer test

RESULTS OF HYDRAULIC TESTS
6.1 Results of single-hole tests
6.2 Results of cross-hole tests

RESULTS FROM TRACER TEST

7.1 Flow and residence time

7.2 Hydraulic fracture conductivity
7.3 Flow porosity

7.4 Dispersion

7.5 Channeling

Page

o o

12
13
14

16
16
17
18

20
20
20
22

24
24
28

32
32
35
36
37
39



8. DISCUSSION AND CONCLUSIONS
8.1 Experimental design
8.2 Hydraulic tests
8.3 Tracer test

REFERENCES

Appendix A: Nomenclature

LIST OF ILLUSTRATIONS

ILLUSTRATIONS

Page

41
42
42
43

45



SUMMARY

The purpose of this investigation has been to study the proper-
ties of the rock mass and the fractures regarding hydraulic
conductivity and tracer transport in a well-defined, fractured,
but low conductive rock mass in the Stripa mine. The hydraulic
properties of the rock mass have been determined by hydraulic
single-hole tests. The heterogenity of the rock has been stu-
died by hydraulic cross-hole tests and the transport mechanisms
and fracture properties by a non-sorbing tracer test.

The results and conclusions of the tests can be summarized as
follows:

The hydraulic conductivity from single-hole tests (1 m sec-
tions) varies between 1 E-9 - 7 E-12 m/s.

- The cross-hole tests indicate that the rock mass cannot be
treated as a homogeneous, anisotropic, porous medium in the
scale of this investigation.

- Directional hydraulic conductivities have been calculated
from cross-hole tests (0.5 m sections) ranging between
7.1 E-10 - 4.8 E-11 m/s.

- The cross-hole tests have proved to be of valuable help in
indicating possible flow paths or channels.

- The tracer test indicates that flow occurs within a few well
connected fractures and that the channeling within the frac-
ture planes is strong and the flow geometry is affected by
small changes in the hydraulic head distribution.

- The water conducting fractures are on an average 3 % of the
total number of fractures.
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- Instead of fracture width, the hydraulic fracture conductivi-
ty K , has been used to express the hydraulic properties of
a fracture. Ke has been determined in two different ways,
with the residence time, t , and with the flow rate to the
observation holes, g, as basic variable with both radial and
Yinear flow assumptions. The mean values are 2.9 E-7 m/s and
1.1 E-5 m/s, respectively with the radial flow assumption.
The linear flow assumption gives K t. 1.7 E-7 m/s and
Keq = 4.8 E-6 m/s. €

- The ratio Keq/Ket was on an average 50 with the
radial flow assumption and was found to increase with increa-
sing residence time. Available data indicate a linear increa-
se with the logarithm of the residence time. The explanation
for this may be that K t represents the volume of the
fracture while Keq repﬁesents the narrowest pa%hs of the
fracture. The diffusion may also affect Keq/Ke in a
similar way.

- The flow porosity has been calculated as a volumetric ratio
and as a conductivity ratio. The calculated values are 6.7
E-5 and 3.8 E-4 respectively.

- The longitudinal dispersion within individual flow paths is
very low. The dimensionless dispersion parameter n = D/vx <
0.01.

- The longitudinal dispersion parameter for the total flow to
the sampling section, i.e. the macrodispersion, ranges bet-
ween n = 0.03 - 0.08.

- The active area of a fracture plane regarding the flow, defi-
ned as the area of a fracture where transport occurs, has
been estimated to 50 % of the total area of the fracture
plane by probability calculations.



1. BACKGROUND AND PURPOSE

The movement of the groundwater in crystalline bedrock 1s
chiefly dependent upon existing fractures. Knowledge of the
transport mechanisms and the diluting factors for sorbing and
non-sorbing substances is a very important part of the safety
analysis of the problems associated with the storage of nuclear
waste in the Precambrian bedrock.

Within the KBS/SKB program, tracers have previously been used
for studies of the groundwater movement by Landstrom et al
(1978, 1983) and Gustafsson, Klockars (1981, 1984). These tests
have been carried out in highly conductive (K = E-7 - E-6 m/s)
fracture zones and have illuminated transport mechanisms within
distances of 10-30 meters. Transport within shorter distances
in low conductive rock will most probably take place in indivi-
dual fractures. In this investigation, performed in the Stripa
mine, hydraulic tests and tracer tests have been carried out in
a well defined, low conductive (K = E-11 - E-10 m/s) rock mass.

The purpose of this investigation has been to study the proper-
ties of the rock mass and fractures regarding hydraulic conduc-
tivity and tracer transport. The studies can be summarized as
follows:

Comparison of the results from different hydraulic tests to
the tracer test

- Studies of the heterogeneity of the rock mass, including
channeling

- Determinations of flow porosity and dispersivity parameters
in low conductive rock

- Using the result from the non-sorbing tracer test to predict
and design tests with sorbing tracers

- Development of techniques for performing tracer tests



2. HYDRAULIC TESTS
2.1 Single-hole tests

Single-hole tests are especially attractive when a large number
of measurements must be performed e.g. in determining the hyd-
raulic conductivity profile of boreholes. The volume of rock,
sampled by a single-hole test, is often limited to the immedia-
te vicinity of the borehole. Nevertheless, single-hole tests
are valuable, and often necessary for making preliminary stu-
dies of a field site and to establish a data base upon which
further hydraulic tests and tracer tests can be designed.

In this investigation, transient single-hole injection tests
with constant excess pressure have been performed. The method
of interpreting these tests in the transient stage is based on
the assumption that the rock can be treated as a homogeneous,
isotropic, closed aquifer, for which the governing equation
according to Walton (1970) is:
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where h = hydraulic head at the distance r (m)
r = distance from injection hole (m)
rr radius of injection hole (m) t = time (s)
S = storage coefficient of the aquifer
T = transmissivity (m /s)

The boundary conditions at constant pressure H0 can be writ-
ten as:

limh =0 (2)
r - o
h(r,t<0) = 0 (3)

The solution to equation (1) can, according to Uraiet and Rag-



havan (1980) be approximated by:

0.183 (4)
HO'L-A( 1,Q(t))

K =

K = hydraulic conductivity (m/s)

H = excess pressure in the injection section (m)
L = length of injection section (m)

) = change in 1/Q(t) per decade of time (s/m3)

t_ = dimensionless time defined by (5)

where SS= specific storage (m )

The data are plotted in a semilogarithmic diagram with 1/Q(t)
as a function of log t, K is evaluated from the slope of the
straight line according to eq (4).

2.2 Cross-hole tests

The greatest advantage of cross-hole tests, in general, is that
a larger volume of the rock mass 1is tested and a more well-
defined test geometry is achived than in the case of single-
hole tests. In this study a new field method, proposed by

Hsieh et al (1983), for determining the three-dimensional an-
jsotropic hydraulic conductivity of a fractured rock, has been
tested. This approach attempts to determine the hydraulic con-
ductivity tensor from two non-parallel or three parallel bore-
holes without knowing the directions of the principal hydraulic
conductivities prior to the test. In addition to hydraulic con-
ductivity, the specific storage of the rock mass can also be
determined.

The test procedure consists of injecting water of a constant
flow rate into a packed-off section in one borehole and moni-
toring the responding pressure increase in packed-off sections



within one or more neighbouring boreholes.

The fractured rock mass is assumed to be a homogeneous,an-
isotropic porous medium. The governing equation of fluid flow

is:

3h

Yo (K¥ h) =5, gf (6)
h = hydraulic head (m)

K = hydraulic conductivity tensor (m/s)

SS = specific storage (m )

v, = divergence operator

v = gradient operator

If the initial
is of infinite
respectively,

h (x,t)
h

(x,t) =

head distribution is uniform and the flow domain
extent, the initial and boundary conditions are,

(7a)
(7b)

at t =0
as x, @
i

= h
0

h

0

The solution for a continuous point source injecting at a cons-

tant volumetric

rate Q at the origin of the x_, x., x

coordinate system is, according to Hsieh et al (1983):

2

Q Kd (n) 1/2 R SS 1/2
ah = ( ) - erfc ( ——) (8)

4n.R D 4Kd(ﬂ)‘t

where R = distance between injection and monitoring

sections (m)

Kq(n) = directional hydraulic conductivity (m/s)
D = determinant of K (m™/s”)
erfc = complementary error function

The directional

hydraulic conductivity is defined as:

-iq1 /(n'vh)



specific discharge (m3/s)

where q =
vh = hydraulic gradient (m/m)
n = unit vector in the direction of g
- .
n = transpose unit vector

Darcy s law together with (9) gives the expression

k() = 1/ K ) (10)

Equation (10) represents an ellipsoid defined by the radius
vectorVK (n).n. The semi-axes of the ellipsoid are the

square rod;s';f the principal hydraulic conductivities and
point in the principal directions of K, see figure 1. Equa-

tion (8) can also be written in dimensionless form as
shop = erfe (1/4ty) /¢ (11)

where h r i
PD and tD are defined by

hPD = (4T7 . R - Ah/Q) . (D"'/Kd<ﬁ)) 1/2 (12)

2 s (13)

Let e be the unit vector pointing from the point source at

the origin of the cartesian axes, xi to a monitoring section
represented by a point at R.e. (figure 2). The test

results can now be analysed by curve-matching if R, h./Q

versus t/R” is plotted on log-log paper and compared with the
type curve prepared from equation (11). From the curve-matching
and equations (12) and (13), the directional diffusivity

K (Ej)/ss and the quantity D/Kd(g_) can be compu-

ted. Also D/SS can be obtained from the product of the above
two quantities.

The validity of treating the fractured rock as a homogeneous
anisotropic, porous medium may be examined on the basis of the



following criteria:

1) The data should fit the type curve

2) The computed values of D/SS from all observation
points should be approximately the same

3) A plot of (Kd(e.)/SS)l/2 versus the directions
Ej should outline an ellipsoid as in figure 1

To determine the six components of the hydraulic conductivity
tensor, at least six observation points are needed, not more
than two observation points along a line or more than three in
a plane.

Replacing n in equation (10) with e., multiplying with
SS and expanding, the following equation can be written for
each observation point j:

2 U 2 2

St 11 T 852 Upp t ey Uy v Zeyy ey, Uy,
(14)
+ 2ej2 €3 Upg + ZeJ.1 ;3 Upg = SS/Kd(gj)
where U is defined by
U= s /K (15)

S

By solving an equation system of six equations where ejl’
ej2’ €3 are known from the location of the points and

S /Kd(g.) is determined from the curve matching, the
inverse diffusivity tensor U can be obtained. Inverting U
gives the diffusivity tensor E/SS and by compgting the
quantity D/Ss , which is the determinant of U 7, Ss

can be obtained from:

1/2

- | (0/s 3 16
S, = [(D/Ss) / (075, )J (16)

where (D/SS) is the average of the D/SS values for all the
tests. Finally, the components of the hydraulic conductivity
tensor K can be calculated by multiplying E/Ss by Ss.



The validity of representing the injection interval and monito-
ring intervals as points has been treated theoretically by
Hsieh et al (1985). They showed that an injection interval of
length L may be represented by a point whenever

ay = (2 R/L) - (Kyley) / Kyle)) VZ 5 5.0 (17)

An observation interval of length B may be represented by a
point whenever

By = (2 R/B) - (Ky(e,) / Ky(e)) 1/2 > 5.0 (18)
gh and e are unit vectors parallel to the injection
and monitoring intervals and e is a unit vector pointing from
the center of the injection interval to the center of the moni-
toring interval.



3. TRACER TEST
3.1 Flow and residence time

The test site can schematically be described as a cylinder. A
tracer solution with concentration C 1is injected in the

centre of the cylinder. The tracer ig detected in 8 peripheral
holes evenly distributed on the mantle area of the cylinder.
Assuming that all of the moving water in the fractures is
exchanged by the tracer solution and that the inflow to the
detection holes equals the outflow i.e. constant volume, and
that complete mixing is established. The equation of continuity
can then be written:

dc
() - 19)
where C(t) = concentration of tracer in the sampling section
at time t 3
Q = tracer flow (m”/s) 3
v = volume of the sampling section (m”)

The solution to eq (19) with the boundary condition

C(t) =0 att=20 (20)
can be written

() = ¢y (1 - e o) (21)
where To = V/Q (22)

Equation (21) is illustrated in figure 3 and can for low values
of t/To, be approximated by a straight line. The straight

line approximation deviates less than 1 % from the theoretical
value after t = 1000 h.

Assuming constant volume V and Co > C(t), the tracer flow Q
can be calculated from the slope of the straight line:

Q= 3z - C; (23)



From the breakthrough curve, several flow channels can be iden-
tified as changes in the slope of the straight line as shown in
figure 4. An increase in the slope means an increase in the
flow to the hole i.e. an additional flow channel is involved in
the tracer transport to the observation hole. The flow rates of
the additional flow channels are calculated as shown in figure
4. The mean residence time to of a flow channel is defined as
the time where the slope is changed in the breakthrough curve.
This is correct as long as the dispersion is negligible.

3.2 Hydraulic fracture conductivity

The most common way to express the hydraulic porperties of
fractures is by means of some kind of fracture width. However,
the term fracture width is not an actual geometric property as
the fracture width may vary considerably across a fracture pla-
ne. In some parts the fractures can be entirely closed while in
others big "lakes” can occur. This is supported by tracer tests
performed by Gustafsson and Klockars (1981) and Albelin et al
(1985) which have shown that the transport of water occurs wit-
hin concentrated flow paths (channels) in a fracture plane.
Thus, the fracture width describing some theoretical equiva-
lent, plane-parallel fracture width, is of less use. In this
investigation, the term hydraulic fracture conductivity, Ke’
has been used instead. Ke can be determined in different ways
depending on the assumptions made. The flow to the observation
holes can either be approximated by a diverging radial flow or
by a linear flow assumption.

Applying Darcy”s law to an injection of water to a vertical
borehole in a radial flow geometry (figure 5):

- - ap
v© Ke ar (24)
v = mean velocity of water (m/s)
Ke = hydraulic fracture conductivity (m/s)
ap/ar= pressure gradient (m/m)

r = distance from injection hole (m)
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The flow, Q, from a borehole into a fracture with fracture
width e, can be written:

Q=2Tr e v (25)

Combination of eq (24) and eq (25) and integration gives:

. Q - ln(r/rw) (26)
€ onm.e - oah
where r, = radius of injection hole (m)
aAh = difference in hydraulic head between
injection and observation hole (m)

There are two ways of eliminating the fracture width from equa-
tion (26), with the residence time, t , or with the flow

rate, q, as basic variable. In the first case, the flow in a
fracture can be written:

2 2
m- (r T )

‘e
Q = (27)
%
Substitution in eq (26) gives:
¢ (rz—rwz) - 1In (r/rw)
Ke = (28)
2 . ty - Ah

Equation (28) represents the hydraulic fracture conductivity
calculated with the residence time, t , as basic variable.
The fracture width in equation (27) is a volumetric fracture
width which implies that Ke represents the kinematic volu-
me of a fracture.

According to Snow (1968), the hydraulic conductivity for lami-
nar flow between two parallel plates, can be written:

e . g
K = (29)
€ 12 v
where g = acceleration due to gravity (m/52)
. . . . 2
v = kinematic viscosity (m/s)
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Combination of equation (26) and (29) give the hydraulic frac-
ture conductivity as a function of geometry and flow rate:

2/3

- Q -« Inlr/r) - Vg (30)

2N - ah - V 12y

However, The flow, q, to each observation hole at the distance
r from the injection hole can be homogeneously distributed over
the active radius, 1, of the observation hole:

1

q = - Q (31)

2 - r
Substitution of eq (31) into eq (30) gives:

2/3

L a q-r - 1n(r/rw) - Vq (32)

€ 1+ ah -« V 12y

Equation (32) represents the hydraulic fracture conductivity
calculated with the flow rate, q, as basic variable. Along a
flow path in a fracture of variable width, the flow rate will
be determined by the narrowest passage and thus the fracture
width in eq (29) will represent the smallest width along the
flow path. Consequently, the fracture width in eq (29) will be
equal to the volumetric fracture width only in smooth parallel
channels. Thus, Keq and Ket represent different ways of
describing the same hydraulic property of fractures.

Keq and Ket can also be calculated assuming linear flow
conditions. Equation (28) then becomes:

K = (33)
t_ - &h

where L = distance between injection and observation hole (m)

K g can be linearized in the same way to:
€ 2/3

AR s (34)
La g L-Vg
e
1

- pAh ¢V 12V
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3.3 Flow porosity

The porosity of a rock can, according to Norton and Knapp
(1977) be represented by B

6 = (35)
T 8% Y8 e,
where QT = total porosity
Gk = kinematic or flow porosity
Gd = diffusion porosity
Qr = residual porosity

The total porosity includes all fracture openings and pores
within the rock mass, but when studying groundwater movements,
the most interesting property is the volume of pore space in-
volved in fluid transportation. This property is called the
kinematic or flow porosity and in some cases the effective
porosity.

There are also discontinuous fractures or fractures of such
small width that the water cannot move under prevailing hydrau-
lic conditions. These fractures, where the transport of aqueuos
components is governed by diffusion, makes up the diffusion
porosity. The last term, the residual porosity includes all
remaining pore volumes and is more than 90 % of the total poro-
sity according to Norton and Knapp (1977).

The flow porosity can be calculated as the ratio between the
hydraulic fracture conductivity, Ke’ and the conductivity of
the rock mass K, providing Darcy”s law is valid and that the
gradient is equally large over the rock mass and over the frac-
ture.

Sk = K/ K, (36)

Equation (36) implies that flow porosity is a directional pro-
perty, varying in the same way as the hydraulic fracture con-
ductivity in different directions. However, in this work, the
directional dependency has been thoroughly described by the
hydraulic fracture conductivity determinations (chapter 7.2)
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and the flow porosity is here given as a mean value of all
gdirections.

The flow porosity can also be calculated as a volumetric ratio
between the volume of moving water within the rock mass, V ,

w
and the total volume of the rock mass, Vr.

ekv - Vw / Vr (37)

The volume of water in the rock mass 1is calculated from:

- . 38
Vi Qc 4 (38)
where QC = jnjection flow rate (m3/s)

to = mean residence time of water (s)
3.4 Dispersion

A water-soluble substance that is transported with the ground-
water will be spread in time and space. This spreading, dis-
persion, occurs both in the flow direction of the groundwater
and perpendicular to the direction, is called dispersion. The
dispersion is dependent upon two factors:

o the velocity distribution in the medium
o molecular diffusion

The portion of dispersion that is dependent upon the velocity
distribution in the fracture system is termed mechanical dis-
persion and is given by the general dispersion equation for
one-dimensional flow of non-reactive substances:

2

[oB4

¢ _, 2 (39)

9X

O

7T 173
X
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where C = concentration of the non-reactive substance in
the groundwater

D,= Tongitudinal dispersion coefficient (mz/s)

v = average transport velocity of groundwater (m/s)

x = coordinate in flow direction (m)

t = time variable (s)

In the case of continuous injection with constant flow and tra-

cer concentration Co’ equation (39) has the following solu-
tion for one-dimensional flow (Ogata and Banks, 1961):

C 1 1 - t/tO 1/r 1 + t/tO
>~ 22 erf¢c ————— + @ *erfc ——— (40)
o 2 2 Ve t/t, 2 Vn-t/t,
where to = mean residence time of groundwater (s)
n = D]/v~ X = dispersion parameter (dim.less)
1/n = Peclet”s number

Equation (40) is valid only for purely mechanical dispersion
where the dispersivity D/v can be assumed to be constant and
molecular diffusion can be neglected (Zuber, 1974).

3.5 Channeling in low conductive rock

Fracture frequency in drillcores is usually badly correlated to
hydraulic conductivity. This is particularly evident in low
conductive crystalline rock at greater depths. One explanation
can be that only a limited number of the fractures are open and
continuous enough to be conducting water under prevailing gra-
dient conditions.

Tracer tests make it possible to determine the number of frac-
tures involved in the flow. Thus, the percentage of fractures
carrying tracer can be determined if the total fracture fre-
quency is known from drillcore logs or camera inspections of
boreholes.

An attempt has been made to study the active area, regarding
the flow, of a fracture plane. This active area is defined as
the area of a fracture plane that is open and in which the
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transport of groundwater is taking place. The probability of
observing a tracer-carrying fracture is dependent upon the
active area of the fracture. If the observation probability is
p and n is the maximum number of tracer-carrying fractures, the
number of observed tracer carrying fractures is binomially
distributed:

(o)™ (x = 0,1, aeeeu ) (41)

where 2z = stochastic variable
Pr (z=x) = The probability that the stochastic variable
is equal to x
X = number of observed tracer carrying fractures

Assuming that the active area of a fracture is equal to the
observation probability, an estimate of the active area can be
made if, as in Stripa, the probability of observing x tracer-
carrying fractures is known.
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4. TEST SITE
4.1 General description

The SGAB tracer test drift is situated at the 360 m level in
the Stripa mine and has previously been used for large scale
permeability tests and thermal conductivity tests within the
Swedish-American Cooperative Program on Radioactive Waste Sto-
rage in Mined Caverns in Crystalline Rock,(SAC), Lundstrom and
Stille (1978).

Originally, there were two identical test sites in the drift,
each consisting of 16 vertical boreholes evenly distributed on
a circle with a radius of 1.5 metres. The holes were all 10 m
deep with a diameter of 76 mm. In the centre of the circle, a
vertical hole with a diameter of 300 mm was drilled. Two of the
peripheral holes were core drilled all others percussion dril-
led.

Single hole tests performed within the SAC-project indicated
that the inner test site, showing more anisotropic responses,
would be most suitable for heterogeneity and migration studies.
Location and geometry of the test sites is shown in figures 6
and 7. The preliminary hydraulic tests at the inner test site
indicated considerably lower hydraulic conductivity in the
centre hole than in the peripheral holes and the core drilled
holes showed larger pressure responses than the percussion
holes. This indicated that the percussion holes had been clog-
ged by drilling debris and was not representative for the hyd-
raulic conductivity at the site.

In view of this it was decided to modify the site. This was
done by deepening 8 of the peripheral holes from 10 to 20
meters by diamond core drilling, @ 76 mm, and deepening of
the centre hole to 20 meters with diamond core drilling @
116 mm.

Several advantages were expected from the modification. The
results would be representing undisturbed rock at 370-380 m
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depth and should be uneffected by choosen drilling method.

The drill cores obtained valuable information about fractures,
fracture systems and fracture fillings.

4.2 Geology

The target rock in the excavation is a grey to reddish, medium-
grained granite of Precambrian age called Stripa granite. The
petrology and lithology of the Stripa granite has been closely
studied within the Stripa Project and the SAC-programme by
Olkiewicz et al (1978, 1979), Koark and Lundstrom (1979), Wol-
lenberg et al (1980) and Carlsson et al (1983).

The matrix of the granite consists of approximately 35-45 volu-
me % of quartz, 35-40 % of partly sericitised plagioclase,
15-20 % of microcline and around 5 % of muscovite and biotite
(altered to chlorite). Veins of pegmatite and aplite are common
in the granite.

An elaborate fracture mapping of the drill cores has been made
in order to identify fractures conducting water in an attempt
to refind the fractures in neighbouring boreholes, see chapter
4.3 . The presence of fracture fi1lings has been studied for
each fracture/fracture zone. Chlorite and calcite are the most
dominating fracture filling minerals, occurring in about 80 %
of all fractures, see table 3.1.a.

Table 3.1.a Fracture filling minerals

Mineral Occurence (% of all fractures)
Chlorite 82

Calcite 78

Mica 33

Epidote 18

Pyrite

Fluorite 2

Others 24
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4.3 Fracture correlation

From the core logs, a fracture frequency of 8 fractures/m was
obtained. This relatively high fracture frequency made it dif-
ficult to correlate fractures and fracture zones between the
holes. The 116 rm core from the centre hole was also to a large
extent mechanically crushed during the drilling, which made it
almost impossible to obtain any correlation with the centre
hole.

However, most of the fractures are sealed by hydrothermal
precipitations and very thin (< 1 mm) and are not involved in
the transport of groundwater. It was therefore decided to con-
centrate on the l1-m sections with a hydraulic conductivity

K> 1 E-10 m/s ( see table 6.1.c) in the correlation attempts.
Predictions of water conducting fractures and fracture zones
was also made in these sections, mostly using fracture precipi-
tations, e.g. rust, as indicators.

Table 4.3a shows the correlation attempts and prediction of
water conducting fractures. The predicted water conducting
fracture intervals are in good agreement with the results from
the cross-hole tests and the tracer test, chapter 6.2 and 7.1
respectively.
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Table 4.3.a Fracture correlation between boreholes and pre-
diction of water conducting fracture intervals for
sections with K > 1 E-10 m/s (- = no flow, + =
possible flow, + = probable flow).

Hole Section Predicted intervals Correlated fractures
depth of conducting
(m) fractures
1 14-15 - none
3 11-12 +11.25m "
17-18 + 17.85-18.00 m zone 17.85-18.00 m with
hole 5 16.20-16.35 m
5 11-12 - none
12-13 - !
16-17 +16.20-16.35 m see hole 3, 17-18 m
17-18 :_17.40-17.50 m none
7 11-12 +11.55 m "
12-13 - "
16-17 + 16.95-17.10 "
17-18 + 16.95-17.10 !
9 12-13 - !
13-14 - "
16-17 + 16.05-16.35 "
17-18 + 17.05-17.40 "
11 12-13 - "
14-15 + 14.70-14.80 "
16-17 + 16.45-16.55 .
13 12-13 - "
14-15 + 14,90-15.00 "
15-16 + 15.30-15.50 "
16-17 + 16.60-17.00 "
15 13-14 +13.40 !
15-16 - "
16-17 + 16.55-16.75 "
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5. EQUIPMENT AND PROCEDURES
5.1 Single-hole tests

Equipment suitable both for the hydraulic testing and the tra-
cer test has been designed, see figure 8. The injection of
water is made by pressurizing the water in two pressure tanks,
with nitrogen. The tanks are connected by three-way valves
which makes it possible to refill the tanks without stopping
the injection. The injection flow rate is measured with float
type flow meters, ranging from 4 to 5200 ml/h, and the injec-
tion pressure by a manometer. The down-hole equipment consists
of inflatable packers filled with water. The water is pressuri-
zed through a pressure tank by nitrogen. The centre hole pac-
kers and the peripheral hole packers has a length of 1.0 and
0.3 metres respectively. .

The single-packer tests were performed in all nine holes by
sealing off the boreholes at 11.0 metres depth with inflatable
packers. The injection of water was made with a 20 m constant
excess pressure for three hours. Flow rates and injection pres-
sure were manually registered once a minute during the first 15
minutes and then with gradually increasing time intervals.

The double-packer tests were performed in 1.0 m sections from
10.0 metres to the bottom of the boreholes. The injections were
made between two inflatable packers through a perforated steel
tube. These tests were also made with a 20 m constant excess
pressure, but for 20 minutes due to the large number of measu-
rements to be performed. The registration procedure was the
same as in the single-packer tests.

5.2 Cross-hole tests

The cross-hole tests were performed using the same equipment as
in the single-hole tests (figure 8). The injection and monito-
ring intervals were equipped with pressure transducers situated
immediately above the sealed-off sections and connected to them
by nylon tubing. The transducer readings were recorded on two
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stripchart recorders and also manually on voltmeters. A total
of 9 double-packers with a pressure transducer each was assemb-
led i.e. one for each peripheral hole and one for the injection
hole. The centre hole was chosen for the injection hole as one
of the purposes of this test was to compare it to the tracer
test where the injection was made in the centre hole.

The injection section was selected by performing short injec-
tion tests in the three most responding sections in the cent-
re hole. The section 16-17 metres having fast pressure res-
ponses in some of the peripheral holes, was chosen.The most
high conductive sections in each peripheral hole were selected
as monitoring sections. In order to fulfill the theoretical
assumptions of treating the sections as points, it was decided
to have 0.5 m-sections in the peripheral holes. This would also
give better geometrical interpretations.

The main tests were conducted in the following sequence:

1) Packer inflation 30 minutes
2) Section pressure to equilibrium 12 hours
3) Injection with constant excess

pressure 30.0 m 6 hours
4) Packer deflation and change of

section

A total of 23 sections were monitored using the same injection
section in the centre hole. The configurations are shown in
figure 9. Pressure changes below and above the monitoring sec-
tions were manually registered by checking the water level in
nylon tubes connected to the lower sections and by checking the
open water level in the boreholes respectively.
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5.3 Tracer test

The equipment for the tracer test has been designed for 16
sampling sections, two in each peripheral hole with the packers
at 11.0 and 15.8 metres depth.

The sampling equipment (figure 8) consists of a common time-
step unit which operates 16 separate sampling units, each with
12 solenoid valves. The time-step unit controls the length of
the time interval between sampling and also the opening time
for the solenoid valves. The samples are taken directly in test
tubes used at the analysis.

The water in the sampling sections is circulated during the
test in order to keep homogeneous concentration at each times-
tep. The circulation is obtained by a small circulation pump
connected to a buffer tank. The buffer tank is necessary becau-
se of the very low inflows to the sampling sections i.e. more
water is taken out from the system than the inflow can compen-
sate. The water level in the buffer tanks is used as a check of
the volume in the sampling sections. The circulation capacity
and tubing dimensions have been carefully selected to ensure
that no excess pressure is created.

The injection equipment is identical with the equipment used
for the hydraulic testing (fig 8). The flow is also checked by
measuring the rate at which water level is lowered in the
injection tanks. The section length used for the tracer injec-
tion was 9 metres (11.0-20.1 m depth).

The injection of tracer was preceded by about 7 weeks injection
of water at 30.0 m excess pressure to obtain constant flow and
pressure conditions. When steady state was obtained, a non-sor-
bing tracer, Uranine (sodium flouresceine), was injected. The
Uranine was dissolved in 0.2 m" water from borehole N1 at the
360 m level. The solution was contained in a 0.6 m” tank whe-
re complete mixing was established by a circulation pump. The
tracer solution was pumped out at the bottom of the water fil-
led centre hole and the original, non-labelled water was pres-
sed up in the tank and mixed with the tracer solution. This
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procedure continued for about one hour until a homogeneous
solution was obtained. The circulation then was stopped and
injection started with 31 m excess pressure.

Samples were taken, at 2 hour intervals in the beginning and
then at gradually increasing intervals up to 16 hours, from all
16 sampling sections. All the samples were analysed by spect-
rophotometry. In order to increase the detectability and accu-
racy at low concentrations, the early breakthrough samples were
measured by fluorometry. This method increased the detectabili-
ty about 100 times.
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6. RESULTS OF HYDRAULIC TESTS
6.1 Results of single-hole tests

The hydraulic conductivity, K(m/s), has been determined in all
9 holes by single packer tests in the interval 11.0 - 20.0 m
and by double-packer tests with 1.0 m section length from 10.0
to 20.0 m depth. The hydraulic conductivity of the centre hole
and the sampling sections used at the tracer test were tested
both before and after the tracer test in order to study possib-
le changes with time.

The three hour single packer tests were evaluated using the
transient analysis in equation (4). The results are presented
in table 6.1.a and figure 10.

Table 6.1.a Hydraulic conductivity from single-packer tests,
peripheral holes

Hole Section K

no (m) (m/s)

1 11.0-19.9 5.6E-11
3 11.0-20.0 8.3E-11
5 11.0-20.0 1.4€-10
7 11.0-20.0 2.8£-10
9 11.0-20.0 1.2E-10
11 11.0-20.0 5.5E-11
13 11.0-20.0 4.6€-10
15 11.0-20.0 4,5e-11

The conductivity of the centre hole has been determined at 3
different times. First, immediately after the drilling
(830121), secondly before the tracer test (830420) and third
after the tracer test (84C120). The results in table 6.1.b

show a clear decrease of hydraulic conductivity probably due to
c1ogging effects.
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Table 6.1.b Hydraulic conductivity from single-packer tests,
centre hole section 11.0-20.0 m.

Date K
(m/s)
830121 1.7e-10
830420 8.0E-11
840120 9.0E-12

The measure 1imit of the single-packer equipment was
5 E-12 m/s.

The double-packer tests in 1.0 m-sections were also evaluated
as transient tests by eq (4). The centre hole was sealed off
with a packer at 11.0 m depth and pressure responses below the
packer due to the injection in the peripheral holes could be
monitored by checking the water level in a standpipe. The
results from the double-packer measurements are shown in table
6.1.c and figures 1l1.a and 11.b. Sections marked with R were
responding in the centre hole during the injection.

In order to make comparisons between single- and double-packer

tests the transmissivity, T (m"/s), was calculated for the
interval 11.0-20.0 m in all 9 holes, respectively using:

T = K. "L, (42)

hydraulic conductivity in section i (m/s)
length of section i (m)

where Ki

L.
i

Table 6.1.d shows the calculated values, the mean and standard
deviation of the transmissivity calculated from eq (42).
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Table 6.1.c Double-packer tests

Hole Section K Hole Section K
no (m) (xE-11 m/s) no (m) (xE-11 m/s)
1 10-11 1.8 11 10-11 1.4

11-12 3.7 11-12 1.2
12-13 1.3 12-13 13.9
13-14 3.8 13-14 1.8
14-15 32.5 14-15 14.8
15-16 3.9 15-16 3.9
16-17 2.0 16-17 13.6
17-18 0.9 17-18 1.8
18-19 1.1 18-19 1.5
18.45-19.45 1.2 18.6-19.6 1.6
3 10-11 38.9 13 10-11 38.7
11-12 24.8 11-12 1.1
12-13 1.7 12-13 26.0
13-14 13.4 13-14 2.2
14-15 3.7 14-15 81.0 R
15-16 2.9 15-16 69.3
16-17 1.3 16-17 36.3
17-18 29.1 R 17-18 1.9
18-19 1.3 18-19 1.6
18.6-19.6 1.4 18.67-19.67 0.7
5 10-11 1.8 15 10-11 114.0
11-12 10.7 11-12 1.3
12-13 30.5 12-13 1.0
13-14 0.9 13-14 20.7
14-15 1.0 14-15 9.8
15-16 3.4 15-16 12.1
16-17 39.4 16-17 24.4
17-18 23.1 17-18 4.3
18-19 1.7 18-19 1.0
18.57-19.57 1.6 18.67-19.67 1.0
CENTRE
7 10-11 2.1 11-12 27 .6
11-12 12.8 12-13 3.4
12-13 30.4 13-14 5.7
13-14 1.2 14-15 21.3
14-15 1.1 15-16 49.0
15-16 20.4 16-17 22.8
16-17 53.1 17-18 13.8
17-18 11.6 18-20.1 0.8
18-19 2.6
18.6-19.6 1.8
9 10-11 67.3
11-12 1.4
12-13 16.8
13-14 18.7
14-15 1.4
15-16 1.4
16-17 40.5 R
17-18 20.0
18-19 2.1
18.6-19.6 2.0




Table 6.1.d Transmissivity from single-hole tests with single-
and double-packer equipments

Hole  Section T single T double T double/T single
no (M (x E-10 m’/s)(x E-10 m/s)
1 11.0-19.9 0 5.0 1.00
3 11.0-20.0 .5 8.0 1.07
5 11.0-20.0 12.5 11.2 0.90
7 11.0-20.0 24.8 13.5 0.54
9 11.0-20.0 10.7 10.4 0.97
11 11.0-20.0 5.0 5.4 1.08
13 11.0-20.0 41.6 22.0 0.53
15 11.0-20.0 4.0 7.6 1.90
CENTRE 11.0-20.1 15.3 14.5 0.95
Mean value 14.0 10.8 0.77
Standard dev. 12.2 5.3 0.40

The ratio T double/T single is very close to 1.0 in 7 out of 9
holes, indicating good agreement between the two different
tests. However the two most high conductive holes, 7 and 13,
differ more. This is probably due to the short registration
time in the double-packer tests which tends to underestimate
the hydraulic conductivity in the high conductive sections.

After the tracer test was completed, the hydraulic conductivity
of the sampling sections was determined again to trace clogging
effects in the sections as experienced from the hydraulic con-
ductivity determinations in the centre hole. The tests were
made in the same way as the previous double-packer tests using
a constant head injection, but for 30 minutes this time. The
transient analysis was made using equation (4) and the hydrau-
lic conductivity values were transfered into transmissivity
using equation (42). The results shown in table 6.1.e, indi-
cates a decrease in transmissivity in 7 of the 8 monitoring
holes. As T before, the value from the three hour single-packer
test was used.
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Table 6.1.e Transmissivity before and after tracer injection

Hole T before T after T after/T before
no (x E-10 mz/s) (x E-10 m2/s)

1 5.0 1.6 0.32
3 7.5 5.4 0.72
5 12.5 6.9 0.55
7 24.8 8.1 0.33
9 10.7 6.7 0.63
11 5.0 3.0 0.60
13 41.6 56.4 1.36
15 4.0 3.8 0.95
Mean 13.9 11.5 0.83
Std. dev. 13.1 18.3 0.34
6.2 Results from cross-hole tests

The cross-hole tests were conducted between the section
16.00-17.00 metres in the centre hole and 23 different sections
within the 8 peripheral holes. The locations of the sections
are shown in figure 9. The sections were selected from the
results of the single-hole tests in l1-m sections, the core logs
and the results of the tracer test.

The length of the injection and monitoring sections, 1.0 and
0.5 m respectively, were chosen to meet the assumptions that
the sections could be treated as points. The validity of this
assumption could be checked by the equations (17) and (18).
Rough estimates of o and 8, can be made by assuming

d(e ) =K (—b) }e) i.e. small degree of

anisotropy. Then (19) and (18) reduces to R/L > 2.5 and R/B >
2.5, respectively. As the distances between injection and moni-
toring sections are in the order of 1.5-3.5 meters, the crite-
rion is fulfilled for the monitoring sections but in some cases
not for the injection section. However, the flow from the
injection section is probably occuring from a single major
fracture or a small fracture zone within the 1-m section.



Thus, it seems reasonable to represent this interval as a point
source. This is also indicated by the good fit to the type-cur-

ves.

Table 6.2.a shows the results from the type-curve matching for
all sections monitored. Pressure responses were registered in
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11 of the 23 monitoring sections with a range of 0.03-0.63

metres after six hours of injection. A1l the responses were

registered within 5 minutes after start of injection.

Table 6.2.2

Results from cross-hole tests, injection interval

16.00-17.00 m in centre hole

Hole Monitoring Matched Val

ues %

Computed Values **

2
no  Interval = (&h)R,/Q t/Rjz Kd(gj)éD Ky g% /S, 02553
(m) (s/m)  (s/m?)  (sZ/m°) (mé/s)  (m'/s”)
1 14.20-14.70 Fkk Kk
16.50-17.00 *x* ook ok
3 17.00-17.50 *xk *kk
17.50-18.00 1.38 E9 340 3.01 E20 2.94 E-3 9.79 E-24
18.00-18.50 *k Kk * k%
5 16.50-17.00 *kk Fok Kk
17.00-17.50 7.20 E7 3600 8.19 E17 2.78 £-4 3.39 E-22
17.50-18.00 *xk *kk
7 16.30-16.80 4.30 E8 950 2.92 E19 1.05 E-3 3.61 E-23
16.80-17.30 5.00 E8 3750 3.95 E19 2.67 tE-4 6.76 E£-24
17.30-17.80 6.30 E8 960 6.27 E19 1.04 E-3 1.66 E-23
9 16.50-17.00 5.50 E8 1350 4.78 E19 7.41 E-4 1.55 E-23
17.00-17.50 6.00 EB 1120 5.69 E19 8.93 E-4 1.57 E-23
17.50-18.00 8.00 EB 5000 1.01 E20 1.01 E-4 1.98 E-24
11 14.30-14.80 *kk *hk
15.50-16.00 *kk ok k
16.20-16.70 7.80 E8 4750 g.61 E19 2.11 E-4 2.19 £-24
13 15.50-16.00 *k Kk *k ok
16.00-16.50 *kx *k ok
16.50-17.00 *kk *hk
15 13.00-13.50 *k ok *ok ok
16.00-16.50 7.20 E8 2450 8.19 E19 4.08 E-4 4.99 g-24
16.50-17.00 6.40 E8 1830 6.47 E19 5.46 E-4 §5.45 E-24

*

* %
* %k

values matched to

computed by equations

=] and t
PR12) and (1

no response within 6 hours

B

1
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The validity of treating the rock as a homogeneous anisotropic
porous medium could be checked as described in chapter 2.2 by
examing, 1) the fit of the type curves, 2) the range of D/SS

1 . -
and 3) the polar plot of (ﬁj(gﬂ)/ss) versus €,

The fit of the type-curves is shown in figures 12 a-d. The fits
are in general not good for the early time data due to the
injection at constant pressure instead of constant flow rate,
but after about one hour of injection the fit becomes good in
all cases except for hole no 5. The response in hole no 5 is in
the order of cm:s and could also be resulting from non-stabili-
zed background pressure. This value has therefore not been inc-
luded in the calculations. The values of D/Ss from table

6.2.a are all within a factor of 20 except for hole no 5, which
also indicates that the assumption is valid.

The plots of (Kd(_g_.)/Ss)l/2 versus the directions

e. in figures 13.a and 13.b are constructed in two planes

as a three-dimensional plot is difficult to construct. The plot
in figure 13.a is constructed in a horizontal plane. As most of
the responding sections are located within a horizontal plane
(1200), all the values of (Kd(g,)/S )1/2 versus

€. have been plotted in figure 3.a§ A reasonably good fit

can be made to the five points located in the horizontal plane.
However, in holes no 1, 5 and 13 there is no response within
this plane which makes the interpretation questionable. In
figure 13.b a vertical plane between holes no 7 and 15 have
been constructed, but no good fit can be made.

An attempt has also been made to fit the data to an ellipsoid
by an ordinary least square procedure. However this has not
been successful as the solution have failed to become positive
definite. This is probably due to the fact that the responding
sections are located almost in a plane and that the scatter of
the data is too large.

The conclusion of these tests is that the rock cannot be trea-
ted as a homogeneous anisotropic porous medium in this scale.
However, the tests can be used to quantify directional hydrau-
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lic diffusivities within discrete fractures and to indicate the
locations of possible transport paths.

The results presented in figure 14 shows that fractures have
large variations in directional hydraulic diffusivities over
short distances. This is in agreement with preliminary results
from crosshole sinusoidal measurements in Stripa, Black (1985).
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7. RESULTS OF TRACER TEST
7.1 Flow and residence time

The results from the tracer test can be divided into three
categories:

1) Results from the first 500 hours of injection with increa-
sing flow rates in all sampling sections carrying tracer

2) Results from 500-1876 hours of injection with decreasing
flow rates in some of the sections

3) Results from 1876-2535 hours of injection with no conti-
nuous sampling and no circulation of the water in the samp-
ling sections

The reason for this division is that the flow rate distribution
was totally changed when the continuous sampling and circula-
tion was stopped after 1876 hours of injection as could be seen
in Table 7.1.a. During the continuous sampling, all sampling
sections had the same constant hydraulic head created by the
circulation procedure but when the circulation was stopped, the
natural hydraulic head distribution was obtained in the samp-
1ing sections, thus creating a new flow rate distribution.
This, together with results from the hydraulic tests indicates
that the transport takes place in different channels within a
few well-connected fracture planes. Which channels depends on
the hydraulic head distribution in the fracture planes.

The decreasing flow rates after about 500 hours of injection is
probably due to either leakage around the packer in the injec-
tion hole or increasing flow rate in one or several channels
not penetrating the sampling sections.

The injection flow rate was almost constant, 26-28 ml/h, during
the entire experiment and the maximum total flow rate to the
sampling sections was 2.4 ml/h which makes about 8 % recovery
of injected tracer. Sampling was also made in the 10 m deep
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peripheral holes not used at the test and in the open sections

above the sampling sections.

Table 7.1.a

Flow rate distribution at three different times
in the peripheral holes

Borehole Q (500 h) Q (1876 h) Q (2535 h)
section (m1/h) {(ml/h) (ml/h)
1L - - -
1U - - -
3L 0.39 0.22 0.03
3 U - - -
- - 0.68
- - 0.05
7 - - -
7 - - -
9 0.62 0.42 0.18
9 - - -
11 L 0.14 0.10 -
11 U - - .01
13 L 0.33 0.33 -
13 U 0.33 0.07 0.85
15 L 0.59 0.48 -
15 U - - 0.04
TOTAL 2.40 1.62 1.84
L = Lower section

"

Upper section

no flow
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Tracer was detected in holes no 9 and 12 with flow rates of
0.50 and 0.05 ml/h respectively, making up about 2 % of the
injected flow rate. Thus, the total recovery was 10 %.

A1l of the following calculations have been made using the
results from the increasing part of the flow rate curves, i.e.
from the first 500 hours of injection.

The flow rates calculated from the slopes of the breakthrough
curves as described in chapter 3.1, were very low, 0.14-0.62
ml/h, distributed into 2-3 channels within the sampling sec-
tions (table 7.1.b). The corresponding residence times were
between 38 and 420 hours. A1l the breakthrough curves are shown
in figures 15 a-c. Figure 16 shows an enlargement of the break-
through to section 15 L showing the interpretation of the resi-

dence time tO and the flow rate q to the section.

Table 7.1.b Flow rates and residence times of Uranine

Section q Q to to

(ml/h) (m1/h) (h) (h)
3L 0.16 50

0.23 0.39 90 74
9L 0.22 38

0.17 85

0.23 0.62 250 130
11 L 0.09 180

0.05 0.14 380 251
13 L 0.12 150

0.13 230

0.08 0.33 420 250
13 U 0.23 75

0.10 0.33 160 101
15 L 0.23 95

0.16 170

0.20 0.59 310 188

q = channel flow rate, § = total flow rate
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7.2 Hydraulic fracture conductivity

The hydraulic fracture conductivity, Ke’ has been calculated
with both radial and linear flow assumptions and with the flow
rate, q, and residence time, to’ as basic variables. The
results are presented in table 7.1.c for radial and linear flow
respectively.

Table 7.1.c Hydraulic fracture conductivity with radial and
linear flow assumptions.

Section K;f(x E-7 m/s) K A(x E-7m/s) K/ Kot
rad 1in rad 1in rad lin
3L 6.5 3.7 110 49 17 13
3.6 2.1 140 62 38 30
9L 8.6 4.9 136 60 16 12
3.9 2.2 114 51 30 23
1.3 0.7 140 62 107 83
1L 1.8 1.0 75 33 41 32
0.9 0.5 51 22 59 46
13 L 2.2 1.2 91 40 42 32
1.4 0.8 96 42 67 52
0.8 0.4 69 31 89 69
13 U 4.4 2.5 140 62 32 25
2.0 1.2 80 36 39 31
15 L 3.4 2.0 140 62 41 32
1.9 1.1 110 49 57 45
1.1 0.6 127 57 121 94
Mean value 2.9 1.7 108 48 53 41
Stand. dev 2.2 1.3 30 13 31 24

A comparison between radial and linear flow indicates that the
radial flow assumption gives about 2 times higher values than
the linear assumption. However, the difference between Ket
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and Keq, here expressed as the ratio Keq/Ket, is
very similar, a factor 40-50.

The Keq/Ket ratio has been found to increase with inc-
reasing residence time. The data indicate a linear increase
with the logarithm of residence time (figure 17):

t

Radial flow: K /K 80 . log t - 120
e e 0

Linear flow: K q/K t 63 . logt - 94

e e 0
The correlation is 0.81 for both equations. The difference
between Keq and Ket is not surprising as they represent
two different ways of describing the hydraulic property of
fractures as discussed in chapter 3.2. K = represents the
volume of the flow path where the partic?es are delayed in the
"Jakes" of the fracture, resulting in longer residence times.
The delay can also be resulting from diffusion into the rock
matrix and at this stage it is not possible to conclude which
process is dominating. The Keq—va1ues are determined only
from the flow rates to the sampling sections thus representing
the most narrow paths of the fracture.

7.3 Flow porosity

The flow porosity, Qk, has been calculated in the two dif-
ferent ways described in chapter 3.3.

The hydraulic conductivity ratio, 8  , in equation (36)

was calculated using the hydraulic $5acture conductivity

K t from equation (30) and the rock mass hydraulic con-
ductivity K, was determined as the mean value of the conduc-
tivities in the sampling sections and the centre hole.

The volumetric based flow porosity, 8 , in equation

kv
(37) was calculated with to as a weighted mean value:
_ 9 In (43)
tO = — tO1 Foaeeas + tOn
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where  Q., .... q = channel flow rates
= total flow rate
Qpop ~ totel ThoW . _
t t = channel residence times

ol” *°° “on

The results are:

3.8 £-4
6.7 E-5

e
ekk
kv

These values are one order of magnitude lower than reported by
Gustafsson and Klockars (1981) in a high conductive fracture
zone (Ke = 3 E-3 m/s) in Finnsjon. Gale and Rouleau (1983)
calculated flow porosities from laboratory data on apertures in
Stripa granite from the same area as this investigation. Their
results indicated flow porosities in the order of 1 E-5.

7.4 Dispersion

The scale factor is of great importance when the dispersion
parameter is determined. In a small scale, the dispersion wit-
hin individual flow paths can be studied and in larger scales
the dispersion within fracture networks. In the scale of this
investigation it was difficult to calculate the dispersivity
within individual flow paths due to insufficient resolution in
the breakthrough data. However, it can be conpluded from the
breakthrough curves that the dimensionless dispersion parameter
n < 0.01 for individual flow paths i.e. very low dispersivity
within the distance of 1.5 metres. Instead, the mean residence
time, t , and n was determined by fitting equation (40) to

the experimental data for the total flow to the sampling sec-
tions. This dispersion is caused by the different hydraulic
properties in the different flow paths and is termed macrodis-
persion.

In a larger scale, like the tracer tests in Finnsjon, Gustafs-
son and Klockars (1981), where the distance is 30 meters bet-

ween injection and sampling section and the hydraulic conducti-
vity is much higher, the macro dispersion could be interpreted
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as dispersion within individual flow paths. Thus, it is of
great importance to specify in which scale the dispersion para-
meter has been determined when comparisons are made.

The results of the calculations are shown in table 7.4.a. The
fit to the theoretical curves was made by transforming the
breakthrough curves to relative concentration C/C versus

time from equation (23). However, this calculation could not be
made for sections 3 L and 9 L due to the scatter in the early
breakthrough data. The results from sections 11 L, 13 L, 13 U
and 15 L shown in table 7.4.a and figure 18 indicate good
agreement with the to determinations by weighted mean values
presented in table 7.1.b.

Table 7.4.a Mean residence time, to’ and dimensionless dis-
persion parameter, n

Section to n no of flow
(h) paths

3L * * 2

9 L * * 3

11 L 240 0.03 2

13 L 300 0.08 3

13U 90 0.05 2

15 L 130 0.08 3

* no fit possible

The n values are very low and increasing with increasing number
of flow paths as expected. The scale dependency could be iden-
tified by comparing the results from Finnsjon, where n = 0.03 -
0.05 for individual flow paths, to the values in table 7.4.a
for several flow paths. The macro dispersion parameter in Finn-
sjon was calculated to n = 0.3 i.e. 10 times higher than in
Stripa.
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7.5 Channeling

The channeling effect has been clearly shown by the tracer
test, where a change in hydraulic head distribution gave rise
to a completely different flow distribution. The tracer test
and the cross hole tests indicate that the flow occurs within a
few well connected fracture planes. However, at this stage it
can not be concluded whether the channeling occurs within a
single fracture or if it is a result of flow through several
fractures.

Assuming that each flow channel, interpreted from the break-
through curves, is an individual fracture, an estimate of the
percentage water conducting fractures can be made. In table
7.5.a, the total number of water conducting fractures inter-
secting each hole is presented. The sections which responded
after the completion of the continuous sampling (1876 h) are
also included. Occurrence of tracer in these sections has been
assumed to represent one water conducting fracture.

Table 7.5.a Number of water conducting fractures in the peri-
pheral holes

Hole no No. of water conducting fractures
1 0
3 2
5 2
7 0
9 3
11 3
13 5
15 4

Thus, a total number of 19 water conducting fractures was
found, distributed within the 8 peripheral holes making up 0.26
water conducting fractures/m, i.e. a spacing of approximately
3.9 metres between the conducting fractures.
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From the fracture mapping, a fracture frequency of 8
fractures/m was found. This means that the water conducting
fractures are on an average 3 % of the total number of fractu-
res.

With the assumption that the maximum number of 5 fractures
(hole no 13) are involved in the transport of water from the
injection hole, the active area, regarding the flow, can be
estimated as described in chapter 3.5.

From table 7.5.a we conclude that 4 of the 8 peripheral holes
have three or more water conducting fractures i.e. Pr(x>3) =
0.5. Thus, the probability of observing three or more flow
channels is 50 %. Assuming that the number of observed water
carrying fractures are binomially distributed and substituting
the observation probability p, from equation (41), results in p
0.5, i.e. the active area of a fracture plane is about 50 % of
the total area.

The maximum number of water conducting fractures, n, of equa-
tion (41) is an uncertain parameter in our data. Increasing n
to 8 and 12 respectively, instead of 5, then Pr(x>3) is found
to be 0.3 and 0.2, respectively. It is seen that the probabili-
ty and hence the active area of the fracture plane is still
within the same order of magnitude.

The statistical representativity of the pheripheral holes as
sampling points could be checked by comparing the recovery of
tracer to the sampling area. The 8 peripheral holes with a dia-
meter of 76 mm, together make up 6.5 % of the total mantle area
of the cylindrical test arrangement and the total recovery in
the sampling sections was 8 %. In combination this suggests
that the peripheral holes together are statistically represen-
tative samples of the mantle area. However, it should also be
pointed out that the statistical material is small.
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8. DISCUSSION AND CONCLUSIONS
8.1 Experimental design

The cylindrical geometry of the test site with the injection
hole in the centre offers several advantages:

- The heterogeneity of the rock can be studied by cross-hole
tests in several directions.

- A valuable statistical material on fracture frequencies,
fracture fillings and percentage water conducting fractures
can be obtained.

- Tracer breakthrough can be monitored in several directions at
the same distance from the injection point, giving informa-
tion of heterogeneities, fracture geometry, statistical mate-
rial on hydraulic fracture conductivity, flow porosity and
dispersivity.

Injection of tracer with constant excess pressure is easier to
perform than injection with constant flow. If steady state con-
ditions prevail when tracer is introduced, the flow will be
constant. Thus it is important to maintain steady state condi-
tions by injecting water prior to the tracer injection.

There are also some difficulties with the performance of tracer
tests in low conductive rock. The thin fractures with very low
flow rates (0.01-1.0 ml/n) are sensitive to clogging especially
at long injection times. Thus, it is important to use water
from the same aquifer and to keep it pressurized under reducing
conditions to prevent chemical clogging. The hydraulic head in
the sampling sections should be kept constant as the flow geo-
metry is governed by small variations in the head distribution
along a fracture plane.
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8.2 Hydraulic tests

The small scale of the test site made it possible to perform a
detailed hydraulic test programme.

The single hole tests with constant excess pressure give
valuable information about possible water conducting sections
and is the first natural step when tracer tests are designed.
The short injection period (20 minutes) makes the constant head
tests especially attractive when a large number of tests are
made.,

The crosshole test is a useful tool to determine flow paths
between boreholes and to quantify directional hydraulic diffu-
sivities. However in the conductivity range and the scale of
this experiment, it is not possible to assume a homogeneous,
porous, anisotropic medium.

The results from the hydraulic tests can be summarized as fol-
lows:

- The hydraulic conductivity, K, from single hole tests ( 1 m-
sections) varies between 1 E-9 - 7 E-12 m/s.

- A comparison between three hour single packer tests and 20
minutes double-packer tests shows very good agreement for the
Tow conductive sections. However, the short time double-pac-
ker tests seem to under-estimate the hydraulic conductivity
for highly conductive sections resulting in differences of a
factor 2 in the transmissivity calculations.

- Clogging effects, resulting in decreasing hydraulic conduc-
tivity has been clearly shown by single-hole tests before and
after the tracer test. The decrease is a factor of 20 in the
injection hole and a factor of 1.1 - 3 in 7 of the 8 monito-
ring holes. Hole no 13 has an increased hydraulic conductivi-
ty which is probably due to an uncertain evaluation of the
most conductive zone (8.1 E-10 m/s).
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- The type curve fit to the cross-hole test was very good,
however no hydraulic conductivity tensor could be determined
due to lack of responses in different directions. This indi-
cates that the rock cannot be treated as a homogeneous, ani-
sotropic, porous medium in this scale and conductivity range.

- Directional hydraulic diffusivities, K /S , has been cal-
S
culated. A1l directions are near hor1zonta1 (+20 ) and
Kd/S ranges between 2.9 E-3 - 1.0 E-4 m /s

- The cross-hole tests have proved to be of valuable help in
indicating possible flow paths or channels.

8.3 Tracer test

Tracer breakthrough was monitored in a total of 10 sections.
Six of the sections were continuously sampled and could be eva-
luated with respect to hydraulic fracture conductivity, Ke’
flow porosity, @, and dispersion parameter, n. From the

other four sections only the flow rate could be calculated.

The flow distribution in the cylinder was very heterogeneous
and changed markedly during the injection when the continuous
sampling and mixing was stopped. This indicates good hydraulic
connection between the sampling sections and that the flow rate
distribution is affected by small variations in the hydraulic
head. In summary, the results indicate that the transport of
water takes place within a few fractures. These fracture planes
probably intersect all sampling holes but they are more or less
open resulting in very different flow rates and residence

times in each borehole. In some cases there was no flow at all,
i.e. channeling occured.

The results from the tracer test can be summarized as follows:

- A total tracer recovery of 10 % was monitored within 10 samp-
1ing sections.
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The flow rates were very low, 0.14-0.62 ml/h, distributed
into 2-3 channels within the sampling sections.

The residence times for different channels varies between
38-420 hours.

The hydraulic fracture conductivity, Ke’ was calculated in
two different ways, with the residence time, to’ and the
flow rate, g, as basic variable respectively, for both radial
and linear flow. The mean values for linear flow are:

K -17E7m/sanqu-48E6m/s.Therad1a1

flow assumption gives about 2 times higher values for both
calculation ways.

The ratio, Keq/K t was found to be time dependent

This probably results from the fact that K represents
the volume of the fracture while Keq represents the most
narrow paths of the fracture. The diffusion may also give
similar effects on the calculations.

The flow porosity, © , was calculated in two different
ways, as a volumetric ratio, ka, and as a conductivi-
ty ratio, gkk' The results are gkk = 3.8 £E-4
and 8 = 6.7 E-5.
kv
The dimensionless longitudinal dispersion parameter, n = 0.03
- 0.08 for the total flow to the sampling sections. For indi-
vidual fractures n < 0.01.

The water conducting fractures are on an average 3 % of the
total number of fractures.

Channeling has been observed.
The "active area", defined as the area of a fracture where

transport takes place, has been estimated to 50 % of the
total area from calculations of probability.
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APPENDIX A NOMENCLATURE

A (m2) area

C concentration

CO initial concentration

C(t) concentration at time t

D, (m2/s) longitudinal dispersion coefficient

D (m3/s3) determinant of hydraulic conductivity
tensor K

e (m) mean fracture width

e unit vector

gj unit vec?or in.the direction of j-th
observation point

& unit vector parallel to injection interval

& unit vector parallel to monitoring interval

g (m/sz) acceleration due to gravity

Ho (m) excess pressure

h (m) hydraulic head

h (m/m) hydraulic gradient v

hop dim. less hydraulic head defined by eq (12)

hj (m) hydraulic head at j-th observation point

K (m/s) hydraulic conductivity

K (m/s) hydraulic conductivity tensor

Kd(g) (m/s) directional hydraulic conductivity

Kd(gj) (m/s) directional hydraulic conductivity

Kq (m/s) hydraulic fracture conductivity

Ny unit vector

n transpose unit vector

n = D/vx dimensionless dispersion parameter

Q(t) (m3/s) flow at time t

QC (m3/s) injection flow rate

q (m3/s) specific discharge

q (m3/s) channel flow rate

Rj (m) distance.betwegn point source and j-th
observation point

R (m) distance between injection and monitoring
interval

r (m) radius

r (m) well radius
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volume of water
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gradient operator
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