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ABSTRACT

Tests 2 and 3 of the Rock Sealing Project comprised
determination of the hydraulic properties of the
disturbed rock around tunnels and drifts and the
possibilities of decreasing the hydraulic conducti-
vity of the disturbed zones by an attempt to seal the
very fine fractures that are causing the increased
conductivity. This report deals with the hydraulic
testing while the grouting procedures and their
effect are described in Volume III.

The BMT drift was used for the experiments which
basically consisted of measuring the flow of water
from an inner pressurized slot and borehole curtain
to an outer curtain with zero water pressure (Macro
Flow Test). The 12 m long drift was sealed from water
inflow by a slurry that filled the entire drift. The
slurry was pressurized by a large water filled
bladder for eliminating leakage along and through the
drift.

The flow tests were primarily evaluated by finite
element modeling in which the rock was considered an
equivalent porous medium. Two possible rock models
were developed that satisfied not only the flow and
water pressure measurements during the Macro Flow
Test but also 3 different flow situations preceding
the test. ;he models imply a shallow blast-disturbed
zone with strongly increased hydraulic conducti-
vity, an t stress disturbed zone with a decreased
radial 1 r-iulic conductivity. The main difference
between c te models is the extension of the blast-
damaged r c-.j e and the axial hydraulic conductivity of
the stré ,s disturbed zone.
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SUMMARY

The purpose of Tests 2 and 3 was to measure the axial
hydraulic conductivity of the zones disturbed by
blasting and stress release around an excavated
tunnel or drift in granite rock and to investigate
the possibility to reduce the hydraulic conductivity
by sealing the very fine fractures in these zones by
cement grouting. The conductivity measurements and
their evaluation are given in this report while the
results of the grouting are reported in Volume III.

The test, called the Macro-Flow Test, was performed
in the innermost part of the drift used for the
Buffer Mass Test and LBL's Macropenneability Experi-
ment. A 70 cm deep slot was cut around the inner end
of the drift and a borehole curtain, consisting of 72
boreholes and extending 6.3 m into the rock from the
slot, was drilled perpendicular to the drift axis. A
similar slot and borehole curtain was made at the
bulk head, 13 m from the inner curtain.

The idea of the Macro Flow Test was to pressurize the
water filled inner curtain and measure the flow of
water to the outer curtain. The surface of the rock
in the drift was sealed by filling the drift with 120
m bentonite slurry, which was pressurized by a 100
m3 water filled bladder. By keeping the slurry pres-
sure higher than the curtain pressure, water was pre-
vented from entering the drift.

The water pressure was measured at about 30 locations
in the surrounding r^ck and the water flow was
measured in 8 sections of the inner curtain and in 4
sections of the outer curtain, before as well as
during the test.

The Macro-Flow Test was conducted in more than 10
steps, with different relations between the slurry
pressure and the curtain pressure, the maximum pres-
sure being just below 1 MPa. These steps showed that
the relation between applied pressure in the inner
curtain and measured flow was linear and independent
of the pressure on the rock surface from the slurry.

The test was primarily evaluated by finite element
calculations of the flow and pressure, at which the
rock was simulated as an eqivalent porous medium. The
following four different tests were simulated:
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- Before drilling of curtains (Macropermeability
Test)

- After drilling of curtains (Curtain Inflow Test)
- After pressurization of the slurry with zero
pressure in the curtains (Slurry Leakage Test)

- Macro-Flow Test

The calculations showed that two different rock
models could be defined, which both fitted the
measured water floj and pressure in the rock. Both
•odels imply a highly permeable zone with a depth of
at least 0.8 m and an average hydraulic conductivity
of 110'8 m/s which is more 100 times higher than the
conductivity of the virgin rock and which mainly
originate from blast damage. The hydraulic conducti-
vity is highest in the floor and lowest in the roof.
Both models also imply a stress-disturbed zone
reaching 3 m into the rock with a decreased radial
hydraulic conductivity by about 4 times.

The main difference between the models concern the
axial hydraulic conductivity of the stress-disturbed
zone and the depth of the blast disturbed zone as
follows:

Model A

Blast disturbed zone extending 0.8 m from surface.
Stress disturbed zone extending 3.0 m from surface
with an increased axial conductivity with a factor
10.

Model B

Blast disturbed zone extending more than 0.8 m from
surface
Stress disturbed zone with an axial conductivity that
may range from that of Model A, i.e. 10 times higher
than the conductivity of virgin rock, to a figure
corresponding to the radial conductivity, i.e. 4
times lower than the virgin rock

Individual measurements in the curtain holes and rock
mechanical calculations support model A but the
matter should be further studied.



SCOPE OF TEST

1.1 BACKGROUND

The question of a possibly existing excavation-
disturbed zone with enhanced axial conductivity
around tunnels arose in the Buffer Mass Test in Phase
1 and the Tunnel Plugging Experiment in Phase 2 of
the Stripa Project. These tests clearly indicated the
existence of a disturbed zone, which will strongly
affect the function of a repository. The depth and
hydraulic conductivity of the zone were concluded to
be of primary importance, a major question being to
what extent they depend on the natural fracture
pattern and the geometry of the drift and on the ex-
cavation technique. A further question of great
importance is naturally if such zones can be sealed.

All these questions cannot be completely answered by
conductivity tests at only one test site, since the
natural variation in rock structure would hardly make
it possible to draw general conclusions. However,
careful measurements in a well characterized rock
mass combined with mathematical modelling would
increase the knowledge significantly.

Since the BMT drift in Stripa was well known from the
previous tests (BMT and before that the LBL ventila-
tion test) and since the drift was already equipped
with some water pressure measuring systems and a
partly intact bulkhead for separating the test area
from the rest of the drift, it was decided to use it
for investigating the disturbed zone. It was assumed
to consist of two parts, one dominated by blasting
effects (disturbed zone by blasting) and the other
dominated by stress release (zone disturbed by stress
release).

The introductory study of the Rock Sealing Project,
concerning "Sealing materials and techniques" was
succeeded by a series of pilot tests in Stage 1,
which resulted in a decision to continue with Stage 2
which was divided into 5 subprojects called Test 1 -
Test 5. Test 2 dealt with the hydraulic properties of
the disturbed zone by blasting and the possibilities
to seal it, while Test 3 concerned the disturbed zone
by stress release.

The final reporting of Tests 2 and 3 will be made in
the following two reports:

- Final report of the rock sealing project - Volume
II: Identification of zones disturbed by blasting and
stress release.



- Final report of the rock sealing project - Volume
III: Grouting of zones disturbed by blasting and
stress release.

This present report (Volume II) deals with the work
done to identify and measure the hydraulic properties
of the disturbed zones, while the other report
(Volume III) deals with the grouting and the hydrau-
lic testing after grouting.

1.2 PURPOSE OF THE TEST

The initially defined purpose of these tests regar-
ding the hydraulic properties was the following:

"to find out whether there is a disturbed zone around
blasted tunnels" (Test 2) and "to check whether the
average conductivity of the rock at larger distance
than 1.5 • from the drift is at all lower than that
of the ungrouted shallow zone and to find out whether
the disturbed zone has a radial extension of »ore
than about 1.5 m" (Test 3)

The intention was primarily to measure the axial con-
ductivity and to find out whether it is continuous
over longer distances. In order to be able to measure
the axial conductivity at a fairly long distance, it
was decided to use the whole 12 m long BMT drift,
equipping it with a 0.7 m deep slot at both ends, for
testing the axial conductivity of the blasting dis-
turbed zone and with 7 m deep borehole curtains at
the ends for testing the axial conductivity of the
stress-disturbed zone.

Fig 1-1 shows a picture of the principles of the
tests. A high water pressure was applied in the inner
slot and borehole curtain and the axial conductivity
measured by collecting the water flowing parallel to
the drift into the outer slot and curtain. This tech-
nique required a lining on the rock surface for pre-
venting water from flowing into and through the
drift.

After the hydraulic tests "hedgehog" drilling and
grouting of the blast-disturbed zone were done and
the hydraulic test then repeated, by which the effect
of the hedgehog grouting was determined. In a third
step an additional borehole curtain was planned to be
drilled and grouted and the result investigated by a
new hydraulic test for determining the possibility of
reducing it by grouting. This third step was never
taken. The hedgehog grouting and their result will be
accounted for in Volume III, while the intended grou-
ting of a new borehole curtain was not performed.



VIRGIN STATE

DB DISTURBED ZONE BY

BLASTING

DS DISTURBED ZONE BY

STRESS RELEASE

'HEDGEHOG' GROUTING

DB-ZONE SEALED

"CURTAIN" GROUTING

DS-ZONE CUT-OFF

Figure l-i Outline of tests 2 and 3. The axial conductivity of
the zone disturbed by blasting DB and the zone
disturbed by stress release DS was measured as
shown in the upper picture and after hedgehog
grouting the resulting conductivity was Measured in
the sane way, as shown in the middle picture. The
grouting and subsequent testing of the DS zone were
not performed.
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Figure 1-2 A vertical section of the BMT drift and the origi-
nally planned arrangements for the tests. A water-
tight lining was to be pressurized with water from
inside.

1.3 OUTLINE OF THE TEST

Fig 1-2 shows a schematic section of the inner part
of the BMT drift and the originally planned arrange-
ments for the tests. The two heater holes, used in
the BMT study were filled with a compacted mixture of
sand and bentonite to minimize the influence of these
holes. The rock surface was sealed with a watertight
lining and the drift filled with water under the
pressure pi. In this way the drift was kept hydrauli-
cally isolated from the surrounding rock. At the
inner end of the drift a concrete wall was built,
covering the pressurized inner slot and forming one
end of the test drift, while the bulkhead and the
outer slot constituted its other end. The borehole
curtains, termed K in Fig. 1-2, were drilled from the
bottom of the two slots. The borehole curtain inten-
ded for grouting the stress disturbed zone but never
actually drilled, is called G. The figure also shows
the HG holes (5 holes) and the R holes (also 5) from
the LBL measurements.



The inner slot and K borehole curtain were filled
with water and pressurized with the water pressure
p2. pz consistently had to be lower than pi in order
to prevent water from entering the drift. By
measuring the inflow of water to the inner slot and
borehole curtain and by also measuring the outflow of
water to the outer slot and borehole curtain, the
axial hydraulic conductivity of the disturbed zones
could be estimated.

As will be described later in the report, it was not
possible to construct a watertight lining. Instead,
the drift was filled with a thick slurry of bentonite
which was pressurized by a large rubber bladder that
was placed in the drift. By the low viscosity of the
stiffened tixotropic bentonite slurry, leakage
through the bulkhead/rock connections was eliminated
and a high slurry pressure maintained in the drift
(Fig. 1-3).

' &'•.• • • •••+•.+'. '•• -.+ • •*:: •

Figure 1-3 The final arrangements for the tests. A bentonite
slurry (B) was pressurized through a bladder filled
with water from inside.



MAIN CHARACTERISTICS OF THE ROCK

2.1 GENERAL

The tests were performed in the inner part of the BMT
drift. The Extensometer drift was also used in the
tests but only for storage of the bentonite slurry
between the two test series. The location of these
drifts in the Stripa Mine is shown in the overview
drawing in Fig 2-1.

The rock in the test area was carefully investigated
during LBL's "Macropermeability Test" as well as
during the Buffer Mass Test. The most important
features will be described in this chapter as well as
a generalized model of the rock structure in the BMT
area.

y850 y900 y950 y1000 yi050
x450

-xAOO

-x350

-x300

-x250

x200

Figure 2-1 Location of the BMT drift, which was used for the
flow tests and the Extensometer drift (Ext.), which
was used for storage of the bentonite slurry.



2.2 FRACTURE AND INFLOW MAPPING

All the walls were carefully mapped by LBL during the
ventilation test. This napping, which is shown in Fig
2-2, included all the fractures, which were numbered
and described on data files. (Rouleau et al, 1981).
The mapping did not specify whether the fractures
were carrying water or not.

During the buffer mass test the distribution of in-
flow of water into the test area was estimated by
identifying the successive moistening of the roof and
the walls after stopping the ordinary ventilation
during one weekend. The result is interesting for the
overall picture of the inflow of water from the rock
in the area although there are difficulties and un-
certainties in evaluating the observations. Fig 2-3
shows the inflow pattern in the roof and in the
walls. The floor could not be mapped in this way.

The figure shows that the eastern wall had the
largest water-bearing zones while the tunnel front
was the driest part. The inflow from the western wall
and the roof were dominated by a few discontinuities.

2.3 GENERALIZED ROCK STRUCTURE IN THE AREA

2.3.1 General

Rock mechanical and conductivity calculations require
definition of the rock structure, which must be gene-
ralized and simplified. The rock structure described
in this chapter was based on identification of major
long-extending, water-bearing fractures, referring to
a generalized rock structure scheme developed for
rationalizing functional analyses of Swedish reposi-
tory concepts. This scheme is described in detail in
Appendix II.

2.3.2 Application of general model

Already the LBL study revealed the existence of a
major steep structure, which is hydraulically very
active and which is termed "RP" in the present study
(Fig.2-4). It is concluded to belong to the set of
3rd order discontinuities that have a spacing of 50-
150 m in the general structure model and is assumed
to be a member of the set of almost parallel struc-
tures termed J,K,M,RP, characterized by an average
spacing of around 75 m. The RP zone is intersected by
the flatlying B zone that passes just below the NW
corner of the drift and which is assumed to be a
major water supplier to the drift (Fig.2-5).
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Figure 2-4 Major long-extending fractures exposed in the BMT
drift. They are 4th order discontinuities while the
RP zone is one of 3rd order.

The total number of major water-bearing long-
extending fractures exposed in the inner 11 m long
part of the BMT drift is around 13, which corresponds
to an average spacing of these major discontinuities
of about 3 m. Applying the rock structure model to
the BMT rock, i.e. approximating the major disconti-
nuities to form conformous orthogonal patterns, one
would get the simplified pattern of continuous long-
extending (4th order) fractures and "activated",
latent fractures (5th order) in the assumed disturbed
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v
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Figure 2-5 Parallel perspective of the BMT drift showing the
steep RP zone intersected by the flatter HB-zone
(the intersection marked by coarse broken line),
the LBL holes Rl, R4, R5, HG3, and DBH2, and the
two heater holes 1 and 2.
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RP
3rd ORDER

Figure 2-6 Rock structure model applied to the BMT drift

zone around the periphery as shown in Fig.2-6. All
the steeply oriented discontinuities shown in this
figure would be more or less parallel or perpendicu-
lar tn the RP plane, i.e. striking WNW/ESE or NNE/-
SSW, meaning that the first-mentioned dip slightly
towards NE, while the other steep set has a dip that
is expected to be in the range of 0-20° towards NW to
0-20° towards SE if the general feature of one major
set being subhorizontal applies.
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Assuming that the rock structure is sufficiently
simple to be characterized by only one orthogonal
system of fractures, one would expect a vertical
cross section fitting the pattern in Fig 2-6 to be
like that shown in Fig. 2-7.

This would have the following implications with
respect to the axial conductivity and to the
possibility of applying grouting for successful
sealing:

The 3 m deep heater holes should be inter-
sected by 1 or 2 flatlying fractures below
1 m depth, and by 2-4 flatlying fractures
above 1 m depth. Above 1 m depth they
should also contain 4-6 steep fractures,
while below this depth there should be
maximum 1 steep fracture. This is in
reasonable agreement with actual observa-
tions

The 7 m long holes drilled radially from
the ir.ner and outer ends of the BMT drift
in conjunction with Test 2 should have an
average number of intersected water-
bearing fractures of 3 per hole. The actual
number of significantly water-bearing
fractures identified by borehole inspection
was found to be around 2 per hole, the dis-
crepancy being due to the fact that the

SECTION A-A

Figure 2-7 Cross sections of the BMT drift. The disturbed zone
with activated 5th order discontinuities normal to
the periphery is taken to be 1 m
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measurements were of short duration,
leaving some less strongly water-bearing
fractures undetected. In principle, the
rock structure model is hence supported by
these observations

3. The orientation of fractures intersecting
the radially drilled holes should be either
steep or subhorizontal with relatively few
fractures in intermediate positions. This
fits well with the borehole inspection
which showed that 35% of all fractures
were flatlying, 57% very steep, and 8%
"erratic". Hence, these observations also
support the applicability of the model

4. The minimum angle between the drift and
that of the steep fractures is sufficiently
high (15-20°) to give only a moderate con-
tribution to the axial conductivity since
the fractures will offer tortuous flow
paths and the degree of continuity may be
small.

Considering the roof and floor, the corre-
sponding angle is critical, however, and a
number of water-bearing fractures would be
expected to contribute considerably to the
axial conductivity of these parts.

5. The expected effects of blasting cannot be
explicitly evaluated, this matter is
treated in chapter 12.

2.3.3 Agreement with actual rock structure

Visual inspection and measurement of the actual major
water-bearing fractures revealed a rock structure
that was not very different from the simple rock
structure that one would expect by applying the
general model. However, it was concluded that there
are three superimposed systems of long-extending
fractures, which are accounted for by the generalized
section in Fig. 2-8. The strike of the individual
sets is not very different, while the dip is clearly
different of the steeply oriented sets. One finds
that the three sets combine to form wedges that are
expected to produce local large fracture widening and
risk of unstable conditions.



15

nr

Figure 2-8 Generalized rock structure of BMT as evaluated from
visual inspection
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FORMER ACTIVITIES AND MEASUREMENTS IN THE TEST AREA

3.1 GENERAL

Three large tests have been conducted in the BMT
drift prior to the described Tests 2 and 3. Since all
these tests have involved heating to different
levels it is most likely that they have affected the
rock in some way. The tests will be roughly described
in this chapter as well as the technique for exca-
vating the drift.

Several measurements in the rock have been nade
during the preceding tests and those which may be of
importance for the evaluation of Tests 2 and 3 will
be described in here.

3.2 ACTIVITIES

3.2.1 Excavation of the test drift

The BMT drift was excavated in 1977 for use in the
Macropermeability test. A new type of smoth blasting
was used for the drift as well as for the entire 400
m tunnel length that was excavated for the LBL/KBS
tests. The technique means that lower charging is
used in the contour holes than in the rest of the
drilled holes.

The drilling and charging pattern is shown in Fig
3-1. The two central large t 89 mm holes and all the
smaller 4 35 nun holes, except the outer ring of holes
Nos. 42-62, were charged with 0.8 kg ANFO per meter
and blasted at first. Then the outer ring was charged
with 0.3 kg Gurit per meter and blasted. By using
this technique it was expected that the fractures
caused by blasting would not go deeper than 0.3*0.5
meters in the walls according to old findings which
imply that the depth of the disturbance by blasting
in meters will be about the same as the charge in
kg/m. Core drilled holes in walls of tunnels blasted
in this fashion were concluded to confirm this rule.

The length of the drilled holes and thus also the
length of each set of blast-holes was about 3.6
meters. The technique is described in SAC-08
(Andersson & Halén, 1978). It is implicite that more
explosives were used in the blast-holes of the floor
in the BMT drift.
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Figure 3-1 The drilling and charging pattern adopted for the
tunnelling at Stripa

3.2.2 Macropermeabillty Experiment (HE)

The first test in the BMT drift (also called the ven-
tilation drift) was LBL:s Macroperneabi1ity Experi-
ment (ME). In this test the average hydraulic conduc-
tivity of a rock mass with a total volume of about 80
000 m was measured. The technique was to measure the
inflow of water into the inner 30 m of the drift and
at the same time measure the drop in pressure in the
surrounding rock. From these values the hydraulic
conductivity could be evaluated.

The inflow into the drift was measured during a
little less than one year by ventilating the drift
inside a bulk head and measuring the amount of water
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ventilated from the drift. Different air temperatures
were used in the drift, the highest temperature being
45°C in a test with a duration of one month. The tem-
perature was measured at different distances from the
drift and the temperature in July 1980 is shown in
Fig 3-2 as a function of the distance from the peri-
phery. The temperature was increased up to 30°C on
the rock surface, moreothan 10°C to the depth 3
meters and more than 1°C to 13 meters depth. The tem-
perature gradient was thus about 10°C per meter over
the first 2 meter distance from the periphery.

3.2.3 Buffer Mass Test (BMT)

The Buffer Mass Test (BMT) was part of the first
phase of the Stripa Project, conducted in the years
1980-1984. The drift inside the new bulk head,
constructed for this test, formed the inner 12 m long
part of the 33 m drift used in the ME experiment. The
lower 3/4 of the drift was backfilled with a mixture
of 10% bentonite and 90% sand of high density while
the upper 1/4 was filled with a mixture of 20% ben-
tonite and 80% sand that was blown in. The swelling
pressure exerted by the backfill was measured at
several spots and formed to be in the range of 10-20
kPa, occasionally as high as 100 kPa.

20
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Radioi distance from drift wall (m)

Figure 3-2 Temperature variation with distance from drift wall
for R04 and temperature hole on July 25, 1980



19

The two heater holes, with a diameter of 76 cm and a
depth of about 3 m, that had been drilled in the
floor, were filled with highly compacted bentonite
that gave a pressure of up to about 10 MPa. The
heaters were powered at 600-1400 W for different
periods of time, which resulted in a maximum tempera-
ture in the rock of 70°C in hole No. 1 and 35°C in
hole No. 2.

3.2.4 Sealing Test 1

In the present third phase of the Stripa Project,
Tests 2 and 3 of the Rock Sealing project were pre-
ceeded by Test 1 which is described in a separate
report. Since Test 1 was also conducted in the BMT
drift, a short description of the activities that may
have affected Tests 2 and 3, will be given below.

In Test 1, the heater holes Nos. 1 and 2 were grouted
with bentonite slurry from inside the holes. A dyna-
mic pressure with an average magniture of between 2
and 3 MPa and 40-120 Hz pressure pulses with an
amplitude of 200-400 kPa was applied during the
injection. After the grouting operations, the holes
were heated at a power of about 2.5 kW during 2-3
months. The heating resulted in a temperature
increase in the floor of up to 90°C 1-2 m below the
surface at the periphery of the holss. At that depth
the temperature rose by 1O°C 2-3 meters from the
holes which means that almost the entire floor in the
drift was heated byomore than 10°C. Heat calculations
also showed that 10°C increased temperature was
reached as deep as 3-4 meters below the surface in
most of the floor.

3.3 MEASUREMENTS

Several hydraulic measurements were made during the
preceding tests. The entire Macropermeability Experi-
ment was aimed at determining the hydraulic proper-
ties of the surrounding rock and much valuable infor-
mation was obtained in this test.

3.3.1 Water pressure in the rock

Piezometric recording was made at fairly large
distances in the surrounding rock in the ME while
such recording took place close to the drift in the
BMT. The pressure was measured in 15 about 30 meter
deep, radically oriented holes around the drift in
the ME as indicated in Fig 3-3, which shows the loca-
tion and orientation of the core drilled holes with
76 mm diameter. The pressure was measured at every
5th meter, which means that there were 60 recording
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- 4 m

BACK OF VENTILATION
DRIFT
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SIDEVIEW

76 mm 0
30m LENGTH

30m

Figure 3-3 Location and numbering of the R and HG holes in the
Macropermeability Experiment. The BMT bulk head
was placed 12 m from the end of the drift.

points altogether. The holes were packed off over a
length of 3 m from the periphery, meaning that no
readings were taken close to the drift.

The measured pressure in the ME can be plotted as a
function of the distance to the centre of the drift
as shown in Fig 3-4. The curve for the weighted
average is a straight line in the semi-logarithmic
diagram and the hydraulic conductivity can be evalua-
ted from the inclination of the line, if the inflow
is known.
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Figure 3-4 Water heads measured in the R holes during ME as a
function of the radial distance from the centre
line of the drift.

The diagram shows that the average water pressure is
about 140 mwh (1,4 MPa) at a radial distance of 40 m
from the centre. The pressure decreases to about 70
mwh at the radial distance 5.5 m, which means that
the inclination of the pressure drop curve must have
been much steeper close to the drift wall where no
pressure measurements were made.

During the BMT, pressure gauges were installed 20-30
cm deep into the rock walls (6 gauges) and about 1,0
m into the rock walls (6 gauges) inside the bulk
head. Pressure gauges were also installed in the
tunnel floor and 1 m below the base of the deposition
holes.
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Despite a high degree of water saturation of the
backfill no high pressures were recorded close to the
rock/backfill interface. Thus, the pressures in the
floor were between 30 and 40 kPa, while those 20-30
cm into the walls varied between 10 and 35 kPa. At
1.0 m depth in the walls the pressure reached 105 to
290 kPa at the end of the test. Pressure contours
from the pressure in the very shallow rock are shown
in Fig 3-5. The two sections through the two deposi-
tion holes are shown. The high pressures 490 and 750
kPa represent the pressure below the base of the
deposition holes.

Figure 3-5 Pressure contours at the rock/backfill interface at
sections through heater holes Nos. 1 and 2 at
before excavation of the backfill in late summer
1984. The full line represents the section through
hole No. 1, while the broken line represents the
section through hole No. 2.
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3.3.2 Hydraulic conductivity

The inclination of the average pressure drop line in
Fig 3-4 can be used for evaluating the hydraulic con-
ductivity which was also the idea of the whole test.
This evaluation gave

K=1.01(flom/s

for all tests (three different air temperatures).

The hydraulic conductivity of the rock was also
measured by single hole tests in the R and HG holes
in altogether 146 sections using water flow tests.
The authors' own compilation of conductivity data
from SAC 46 gave the distribution shown in Fig 3-6.
The geometric average of the values for the R-holes
is fc=1.8-10~ °m/s which agrees very well with the ME
measured value. In the preparative flow modelling
related to Tests 2 and 3, ̂ l.O-lO"1 m/s has been
assumed to be the average hydraulic conductivity of
the undisturbed rock.
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Figure 3-6 Compilation of permeability measurements accounted
for in Figs 3.8-8.21 in SAC 46.
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The axial hydraulic conductivity of the shallow
blast-disturbed zone can be roughly estimated from
Fig 3-5 if all water that entered the inner part of
the BMT drift is assumed to flow out of the drift in
the disturbed, previous zone parallel to the drift,
since the hydraulic gradient is known. With an
average pressure drop of 1.2 mwh along 6m, a flow
rate of 22 1/d and a cross section area of 20 m2

(about 1 m zone), the hydraulic conductivity of the
blast-disturbed zone is found to be:

The average radial hydraulic conductivity of the zone
between 1 and 3 meters from the surface of the drift
can also be roughly estimated by considering Fig 3-4.
Thus, consider the average water head 70 m 3 m from
the drift wall and assuming a very low pressure (0-10
mwh) 1 m from the wall, the radial conductivity will
be about

k=4.010~nm/s

Thus the data from the previous tests indicate that
we have:

- A disturbed zone (mostly from blast damage) 0.5-1.0
m from the drift wall with k«510"8m/s and no
pronounced anisotropy

- A zone reaching from 0.5-1 m to 3-4 m from the
surface with a decreased radial hydraulic conduc-
tivity of fc«4-10 m/s

- A hydraulic conductivity of the surrounding un-
disturbed rock more than 3-4 m from the periphery
of k=1.010~ m/s

3.4 POSSIBLE INFLUENCE OF THE PAST ACTIVITIES ON THE ROCK
STRUCTURE

The activities in the previous tests may have had
some effect on the near field rock around the BMT
drift. Thus, it is possible that the heating, pressu-
rization, and grouting in Test 1 and perhaps also the
hole drilling may have affected the rock and these
matters will be discussed here.

Heating

Above all, the heating of the rock may influence the
fracture system of the rock. As was shown at calcula-
tions in connection with Test 1, the residual effect
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of a heating/cooling cycle may be substantial due to
plastic behaviour of the fractures. A rough estimate
of how large the residual effect of the heat pulses
in the area may have been suggest that the average
change in aperture is about 20% of the change caused
by the tunnel excavation. The result is of course
very much dependent on the fractrure geometry and
properties and it is difficult to give some average
figure especially if the blasting damage is included.

Pressurization

The rock was exposed to pressures in Test 1 and in
the BMT. Only the heater holes were significantly
pressurized, while the swelling pressure of the back-
fill in the BMT was very low. The inside pressure
during BMT was about 10 MPa while it was only about 4
MPa during the grouting in Test 1. No 3D calculation
of this effect has been done but the influence can be
compared to that of an increase in temperature. An
increased temperature by 40-80°C will cause much
higher tangential stresses in the vicinity of the
hole than the internal pressure 10 MPa. The tension
stresses caused by the pressurization will be in the
order of 10 MPa and will only reduce the initial com-
pressive stresses that are higher than 20 MPa. The
tangential stresses from the heating may have been 50
MPa, and it is thus probable that the effect of the
internal pressurization is smaller than the effect of
the heating, except, maybe, for the case when fairly
loose blocks are present in the floor.

Grouting of deposition holes

A local decrease in hydraulic conductivity of the
floor was achieved by the grouting of the deposition
holes which may have affected the results of Test 2
to some extent. The results from Test 1 showed that
the heat pulse destroyed a large part of the sealing
effect, but it is most probable that the initial hyd-
raulic conductivity of the floor was somewhat re-
duced, at least in the upper part where very signifi-
cant grout penetration into flatlying fractures was
observed.

Hole drilling

The two heater holes were core drilled with very
little effect on the surrounding rock. The extent of
percussion drilling before Test 2 was very small and
may not have affected the rock significantly. The
only drilling activity that may have affected the
rock is the comprehensive drilling of the slots and
borehole curtains for Test 2. However, the effect of
those activities is very local and has probably only
improved the function of the borehole curtain.
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PREPARATIVE WORK

4.1 GENERAL

The test was preceded by reconstruction of the bulk
head, drilling of slots and borehole curtains, exca-
vating of concrete for the pump well outside the
bulkhead and casting of the inner wall. These test
preparations will be described in this chapter.

4.2 DRILLING OF SLOTS AND BOREHOLE CURTAINS

The borehole curtains consisted of boreholes with 7 m
depth and a separating drilled angle of 5° in a fan-
shaped pattern as shown in Figs 4-1 and 4-2. They
were numbered by the angle that they form with the

KA HOLES

330
20

25 30

300 60

120

210 150

Figure 4-1 Numbering and location of the boreholes in the
outer KB curtain
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KB HOLES

20
330 30

300 60

210 150

Figure 4-2 Numbering and location of the boreholes in the
outer KB curtain

upper vertical hole, i.e. from 0 to 355, the total
number being 72 in each curtain. The distance between
the axes of neighboring holes was about 20 cm at the
rock surface and 90 cm at the inner end of the holes.
As will be shown in chapter 6 the holes are close
enough to form a hydraulic slot with the depth 7 m.

The holes of the inner curtain are named KA-holes.
They were percussion drilled with the diameter 48 mm.
For practical reasons, the inner borehole curtain was
located about 0.5 m from the end wall.

The holes in the outer slot are termed KB-holes. They
were also percussion-drilled but with 35 mm diamter.
The western buttress of the bulk head and concrete
slab made the drilling of these hole quite difficult.
For practical reasons the borehole curtain was placed
1.2m outside the bulk head. Drilling through the
heavily reinforced slab had to be made by comprehen-
sive core drilling through the slab. For avoiding
particularly difficult parts some of the KB holes had
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to be moved and redirected. The arrangements for flow
measurements in the KA- and KB-holes will be descri-
bed in chapter 6.

After completion of the borehole curtains, the slots
were drilled with percussion technique. The holes had
a diameter of 100 mm and were drilled with a spacing
of about 70 mm. By this överlapp, a continous slot of
sufficient width was created. The depth of the inner
slot was 70 cm while the outer slot was only 40 cm
deep.

4.3 CONSTRUCTION OF THE INNER WALL

In order to separate the inner slot from the drift
and simplify the application of the lining on the end
wall of the drift, the rock at the inner end was
covered by a concrete wall (Fig 4-3). The wall which
was about 75 cm thick and strongly reinforced , was
anchored in the rock by 20 steel rods. The slot was
filled with mineral wool in order to prevent the
concrete from filling the slot. The installations for
measuring the water flow in the slot and in the bore-
hole curtain will be described in chapter 6.

4.4 ARRANGEMENTS AT THE BULK HEAD

The excavation of the backfill in BMT required
partial removal of the bulk head, and the reconstruc-
tion, which comprised extensive repair of the steel
wall and steel buttresses, took several months. Like
in the BMT, the wall was design to withstand a pres-
sure from inside the drift of 3 MPa and it was also
equipped with an 0,5 m opening with a strong lid for
giving access to the test drift.

6300

BOREHOLE
CURTAIN

DRILLED
SLOT
• 100

— 'H

Figure 4-3 The inner concrete wall with the slot and boreholes
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The BMT involved construction of a concrete slab of
1,6 in thickness that covered the floor outside the
bulkhead and part of this slab had to be removed in
order to arrange a well for collecting water in the
floor were no slot could be drilled. This required
additional support of the bulkhead which was made in
the way shown in Fig 4-4.

4.5 REINFORCEMENT OF THE ROCK SURFACE

To prevent rockfall during the hedgehog grouting the
roof and walls in the drift were reinforced by 50
bolts inserted in critical rock blocks. The bolts had
the diameter 20 mm and were anchored 2 m into the
rock in 32 mm boreholes. The bolts were cast into the
holes with the CEMBOLT system, i.e. without pre-
stressing.
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Figure 4-4 The arrangements at the outer bulk head with
exception of the curtain
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PREPARATIVE TESTS AND MEASUREMENTS

5.1 GENERAL

The flow measurements for determining the axial hyd-
raulic conductivity of the rock between the curtains
were preceded by several tests and measurements. The
inflow into the drift before and after drilling the
curtains as well as the inflow into the curtains were
measured. Every 5th borehole in the curtains were
"Lugeon"-tested and 2 holes were very carefully
tested with different methods. Borehole inspection
with fracture mapping was made in about half the
number of holes, and rock stress measurements were
also performed. Finally, additional water pressure
gauges were installed in the rock and readings taken.

5.2 INFLOW MEASUREMENTS

Any measurements of the total inflow into the BMT
drift with the accuracy of a ventilation test were
not made. At the Macropermeability Test the inflow
into the entire drift, which was about 3 times longer
than the BMT drift, was 72 1/d.

Before drilling of borehole curtains

The total inflow of water into the BMT drift was
measured during the Buffer Mass Test and found to be
between 20 and 35 1/d. 20 1/d was measured in the
drift and 15 1/d in holes Nos. 1 and 2. The influence
of the increased temperature during the test may have
affected the inflow somewhat.

After drilling of borehole curtain

Each hole in the inner borehole curtain was equipped
with a small packer before the inner wall was built,
which made it possible to determine the inflow into
each hole, and this was also made in the outer holes
with the exception of the holes in the floor. Fig 5-1
and Fig 5-2 show typical examples of inflow diagrams
for the KA and KB-holes. The figures show that in the
inner KA-holes the inflow was very irregular with
hardly no inflow into the western wall and a very
high inflow into three holes in the eastern wall. In
the outer KB-holes the situation was the opposite,
with a high total inflow into 4 holes in the western
wall and very little into the eastern wall.
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Figure 5-1 Measured inflow into the inner KA hole

Figure 5-2 Measured inflow into the outer KB hole
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The KB-boles in the floor were not individually
treasured. Instead the total inflow was measured by
collecting the water in the pump well and in the BMT
heater hole No 3, which is located a few meters from
the bulk head. Since hole No 3 was very dry with
hardly any recorded inflow at the measurements during
BMT, only the water overflow from the curtain holes
and the pump well would flow into hole No 3. The
inflow into the outer slot was not separated from
that into the boreholes in the floor

Figs 5-1 represent the conditions before the inner
slot was sealed and the inner wall constructed. After
the construction it was only possible to measure the
total inflow into 4 sections of the boreholes and
four sections of the slot (See chapter 6). The inflow
into these 8 sections was continuously recorded before
os well as after application of the lining. Fig 5-3
shows the average measured inflow into the inner and
outer curtain before the start of the systematic flow
testing. The figures in brackets are the average values
measured after application of the lining. A slight
increase in inflow especially in the floor was obser-
ved. Table 5-1 summarizes the measurements.

Table 5-1 Measured inflow into curtains before test start

Occasion Inflow (1/d)
Inner curtain Outer curtain

Before lining
After lining

60
62

24
29

The inflow into the drift was not measured until
after the application of the lining. In order to find
out if the lining was tight, a simple inflow measure-
ment was made by use of an air-drying unit connected
to a condense collector. In this way the approximate
inflow could be measured. It was found that the in-
flow was around 10 1/d in spite of the lining.

5.3 LUGEON TESTING OF CURTAIN BOREHOLES

The hydraulic conductivity of each 5th curtain hole
was determined by "Lugeon" testing. The test procedure
was the following:

A packer with 0.5 m length was placed as close to the
rock surface as possible in the about 6.5 m long
hole. The hole was filled with water and the pressure
in the hole recorded after 15 minutes equilibration
time. Then, an overpressure of 200 kPa was applied



MEASURED INFLOW INTO

OUTER SCREEN I = 2A l /d
(29)

Figure 5-3

MEASURED INFLOW INTO
INNER SCREEN I =60l/d

(62)

Measured inflow into the different sectors of the
borehole curtains and slots before application of
the lining and (within brackets) after.
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for 5 minutes or until the pressure had stabilized
and the flow recorded. After the test, the inflow
valve was closed and the decrease in pressure recorded
for 5 minutes.

In order to avoid influence from the surrounding,
closely located holes (0.2-0.9 m), two holes on each
side of the measured hole were sealed by 6.5 m long
packers. The measurements were made by Swedish Geolo-
gical AB (SGAB).

Hence,the entire holes were at first measured and the
evaluation made by use of the standard formula

where

Q= flow of water (m3/s)
D= diameter of the hole (m)
L= axial length of the measured zone (m)
Ap= applied pressure over the ambient pressure (mwh)

If the hydraulic conductivity was higher than k=10"10

m/s, the hole was measured in three equally long
sections, using double packers. Thus the permeable
holes were studied more in detail. The lowest detect-
able hydraulic conductivity of the full holes was
about 6-10"1 m/s.

The results are summarized in Figs 5-4 and 5-5, which
show the evaluated hydraulic conductivity of the full
holes. The figrres show that the hydraulic conducti-
vity was quite low in most holes. In the inner cur-
tain only 3 holes in the left wall yielded k>10~10 m/s
and in the outer curtain 4 holes (two in each wall)
gave k>10"1 m/s. Probably two highly permeable holes
were missed, i.e. those with the very high inflow
(Figs 5-1 and 5-2). Still, the measured holes seem to
be fairly representative of the entire curtains since
the average inflow into the KA holes was 0.019 1/h in
65 holes, which was equal to the average inflow in
the measured holes. The average inflow into holes KB
was 0.014 1/h of 48 holes while the average inflow
into the measured holes was somewhat smaller, i.e.
0.011 1/h.

Detailed measurements of the holes with k>10'10 m/s
are reported in Table 5-2.
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Table 5-2 Measured hydraulic conductivity in three sections of
certain holes

Hole No
Inner

k (m/s) for section
Middle Outer

KA
KA
KA
KB
KB

230
250
275
75
225

7.0-10
1.910
1-7-10
4.810
1.610

KB 275 9.4-10

-9
-10
-10
-10

-10
I

-10

3.210
3.6-10
1.7-10
2.0-10
1.7-10
2 . 9 1 0

-9

-10

r1 0

-10
-10

i

-10

2.
1.
2.

10
10

3-10
1.7-10
2.9-10
2.5-10

-10
-10

I

-10
-10

rio
-10

INFLOW (l/h)

HYDRAULIC CONDUCTIVITY (m/s)

INNER SCREEN

q = 0.006
-10

k<10

q =0.018
KAO"

JOk<10"

KA 330

-10
k<10

K A 300
q=0002

KA275
q= 0.002

K A 230
q=Q016

q=Q0i2
-10

k<10
KA25°

KA 125V

q=Q002
-10

k<10

K A U5°

K A 200 KA 170°
q= 0.010

Figure 5-4 Measurements of hydraulic conductivity and inflow in
every 5th of the inner KA holes
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INFLOW (l/h)

HYDRAULIC CONDUCTIVITY (m/s)
OUTER SCREEN

-10
k<lO

KB 330°
q= 0.028

q=0.006
KB0°

-10
k<iO

K<1O10

KB 255

q=0001
-10

k<iO

KB 25'

-10
k= 2-10

KB 225°

-10
k<10
KB 50°

KB 160°

-10
k<iO
KB 125°
q =0.001

KB 200°
KB 175

Figure 5-5 Measurements of hydraulic conductivity and inflow in
every 5th of the outer KB holes

Figs 5-4 and 5-5 also show the measured inflow and
they indicate that there was no obvious correlation
between the measured inflow and the evaluated hydrau-
lic conductivity. The reason for this is not clear but
one explanation may be that the hydraulic conductivity
was measured with the four surrounding holes sealed
off, which may have changed the pressure situation
around the measured one. Another explanation may be
that the hydraulic conductivity was measured with an
outer packer of 0.5 m lenghth while the packer used at
the inflow measurements was only about 0.1 m.
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5.4 DETAILED MEASUREMENTS IN 2 BOREHOLES

The two inner holes KA O and KA 75 have been investi-
gated in detail for the following purposes:

- To compare different methods of determining the
hydraulic conductivity in low permeable rock

- To investigate if the simple water injection test
("Lugeon" test) is accurate enough

- To investigate the connectivity between some of the
holes in the curtain

Three different techniques were tested:

- Water injection at constant pressure
- Fall-off test
- Pressure pulse test

The tests were performed over a test section with the
length 54 cm, surrounded by two packers, the equipment
being shown in Figs 5-6 and 5-7. The two packers were

n.-rJf I

JM: IOOOOÖÖQOOOI

(OS

Figure 5-6 Equipment for detailed measuring of the hydraulic
conductivity in holes KA 0 and KA 75. The pump was
only used for filling the hole with water. The GDS
connected to the computer was used for applying and
measuring the pressure and the water flow in the
test zone while the digital pressure meters were
used for pressure measuring in the surrounding
holes.
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Figure 5-7 Detailed description of the test probe

inflated by pressurized water. The test section was
connected to a so called GDS apparatur which is device
for very accurate pressurization and volume change
monitoring with an accuracy of + 1 kPa and + 0.001 ml,
respectively. The inner section i.e. between the inner
packer and the end of the hole and the outer section
between the outer packer and the mechanical packer
were connected to digital pressure meters by steel
tubes. All sections were also equipped with deairing
tubes.

The 8 surrounding holes were also packed off and
connected to pressure gauges as shown in Fig 5-8.
These holes and the test hole were filled with water
deaired and closed. The tests were started when the
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Figure 5-8 Arrangement for pressure measuring in the
surrounding holes.

pressure in the sections and the occessions holes had
reached a stable value. This pressure varied from 508
kPa at 2.2 m from the surface to 715 kPa at 6.9 m from
the surface in hole KA 0. In hole KA 75 it varied from
741 kPa at 2.4 m from the surface to about 900 in the
inner part, i.e. 6-7 m from the surface.

A detailed description of the applied technique for
testing and evaluationand the results obtained are
described in a separate report by Skantz & Åstedt
(1990), the results being compiled in Figs 5-9 and
5-10.

Fig 5-9 shows the hydraulic conductivity plotted as a
function of the distance from the rock surface. The
figure shows that the agreement in good between the
different test methods except for the pressure-pulse
test. Values evaluated from the early part of the
curve were considerably lower than those obtained by
the methods in most sections.

Fig 5-10 shows the same trend. The pressure-pulse
tests, evaluated in an early stage, seem to disagree
from the other results especially at low conductivi-
ties.
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A - Pressure-pulse, early stage of the curve
D - Pressure-pulse, late stage of the curve
• - Pressure-pulse, second measuring
O - Injection at p=l«0 kPa
- - Injection at p=280 kPa
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Figure 5-9 Hydraulic conductivity as a function of depth from
the rock surface measured in hole KA 0.
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A - Pressure-pulse, early stage of the curve
• - Pressure-pulse, late stage of the curve
• - Pressure-pulse, second meassuring
O - Injection at p=140 kPa
A - Fall-off

Figure 5-10 Hydraulic conductivity as a function of the depth
from the rock surface measured in Hole KA 75.
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The average hydraulic conductivity of the rock
surrounding the entire holes is peferably evaluated in
the following way. The geometric average of all
results is calculated for each level with the excep-
tion of those evaluated from the first part of the
pressure-pulse tests. These averages are then used to
calculate the arithmetic average for the entire hole.
The reason for using the geometric average at each
level is to supress the influence from erratic high
values, while the reason for using the arithmetic
average for the entire hole is that the total flow is
the sum of the individual flow conditions (see chapter
11.5).

The resulting hydraulic conductivity according to this
methodology is:

fc=2.8 10~nm/s for hole KA O and

k=1.9 10'lom/s for hole KA 75.

These values cannot be directly compared with the
measurements made over the entire hole length by SGAB
since the measuring accuracy was too low at those
tests, which gave Jc<lO~lom/s. The reason why the
detailed measurements in hole KA 75 yielded a higher
value than the SGAB measurements could be that
the neighboring holes were packed off at SGAB's
measurements but pressurized to the natural pressure
in the precision measurements. Still, the detailed
measurement values are in agreement with the inflow
measurements, which gave a 4 times larger inflow into
hole KA 75 than into hole KA 0.

The measurements of the connectivity were difficult to
evaluate and they only showed a clear connection bet-
ween the "highly permeable zone" from 3.5 to 4.7 m in
hole KA 75 and the adjacent holes. Some further con-
nections were indicated between the test section and
the outer and inner sections at some other levels as
well.

Conclusions

The detailed measurements in holes KA 0 and KA 75
indicate that

- data from the earliest part using evaluation of the
pressure-pulse test seems to give too low hydraulic
conductivities (probably due to skin effects)

- the water injection test ("Lugeon" test) is at least
as good as the pressure-pulse and slug tests
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the water injection test is preferable at short hole
testing due to the simple handling, less sensitivity
to disturbances like air pockets and equipment pro-
perties, and because of the short required testing
time

5.5 WATER PRESSURE MEASUREMENTS

5.5.1 Location and description of the equipment

The water pressure in the rock around the test site
was measured at 45 spots by 3 different systems. The
original number of 6 Glötzl piezometers was increased
to 13. Since the two old ones located below the deposition
holes did not operate, the total number of useful
Glötzl cells was 17, the location of which is shown in
Fig 5-11. The cells are pneumatic and the accuracy
about +10 kPa. The new gauges are of the same type as
the old ones and the same operating equipment was used
as in the BMT test.

2

Figure 5-11 Location and numbering of the Glötzl piezometers
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The BAT piezometers installed in the BMT project were
reactivated. Fig 5-12 shows the location and numbering
of all these gauges, the operation of which being
described in Stripa Project Technical Report 85-11.

The R and HG holes from the ventilation test were
plugged off over 4-5 m from the rock surface after
removal of the old packers. The pressure in the open
part of the holes was recorded by precision mano-
meters. Fig 5-13 shows the location and numbering of
the holes.

A-A

Figure 5-12 Location and numbering of the BAT piezometers
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30 m 30m 30m 30m 30m

II
Figure 5-13

»H61

Location and numbering of the R and HG holes in
the inner part of the BMT drift.

The water pressure (or rather slurry pressure) inside
the drift was measured by 6 GlÖtzl earth pressure
cells applied at the rock surface in the BMT. The
cells were used to check that the slurry pressure was
uniformly distributed. The cells are numbered accor-
ding to Fig 5-14.

All measured piezometric data in this report refer to
the pressure at the measuring level.
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A-A
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B-B
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B

Figure 5-14 Location and numbering of the Glötzl earth
pressure cells.

5.5.2 Water pressure measured before the test

The water pressure was measured during several weeks
before the test start. The following fairly stable
values were recorded (Table 5-3).
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Table 5-3 W?ter pressure measured in the rock before test start
in 1990

BAT
No

BAT5
BAT6
BAT8
BAT9
BAT12
BAT 13
BAT 14
BAT 16
BAT17
BAT18

P
kPa
(26/-

26
8
3

16
17
47
0
10
44
13

Glötzl
No

GL1
GL2
GL3
GL4
CL5
GL6
GL7
GL8
GL9
GL10
GL11
GL12
GL13
GL14
GL15
GL16
GL17

P
kPa
(2/3)

14
35

328
14
7
55
6

121
181

8
40
26
165

6
98
5

185

LBL
No

Rl
R2
R3
R4
R5
HG2
HG3
HG4
HG5

P
kPa
(12/4)

1220
1220
830
410
360

1060
1280
1160
1240

The pressure© in the shallow BAT holes were very low
and only two reached about 50 kPa (BAT12 and BAT17),
nor did the Glötzl piezometers give high values except
for the 3 m deep, freshly installed horizontal gauges
in the walls (GL3, GL8, GL13 and GL17) which together
with gauge GL9, gave pressures higher than 100 kPa.
Most LBL holes showed considerably higher pressures.

5.6 FRACTURE MAPPING OF BOREHOLES

Careful fracture mapping was made by inspection of
about 50% of the holes. The distribution of water-
bearing fractures is given in Table 5-4.

Table 5-4 Distribution of water-bearing fractures in the inner
borehole curtain

Number of fractures Fraction of holes, %

0
1
2
3
4
5
6

25
25
25
5

10
5
5
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5.7 ROCK STRESS MEASUREMENTS

Rock stresses in the vicinity of the test site have
been measured at two locations as shown in Fig 5-15 by
use of overcovering technique. The results of the
measurements made by JAA (Carr, 1988) in 5 spots in a
10 m long horizontal hole in the BMT drift and from
the measurements made by Luft (Carlsson, 1988) in 19
positions in a 20 m long horizontal hole in the KBS
drift formed the basis of the evaluation of the prin-
cipal stresses. They were concluded to be oriented in
the following fashion:

- Major principal stress <n: horizontal and perpendi-
cular to the BMT drift

- Intermediate principal stress en.', horizontal and
parallel to the BMT drift

- Minor principal stress en: vertical

LBL TIME SCALE
HEATERTEST

BMT DRIFT

ROCK STRESS
MEASUREMENTS BY JAA

LBL COMPUTER ROOM

ROCK STRESS
MEASUREMENTS

By LuH

LBL FULL SCALE

HEATERTEST

KBS HEATERTEST

V\

40M

SCALE 1-.800

Figure 5-15 Locations for measuring rock stresses
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The average measured stresses are shown in Table 5-5.

Table 5-5 Average measured principal stresses in the vicinity of
the test site

Stress type Measured stress (MPa)
KBS drift BMT drift

o-j 20 13

a2 1 0 6

°3 4 5
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ARRANGEMENTS FOR PRESSURIZING AND FLOW-MEASURING IN
THE INNER SLOT AND BOREHOLE CURTAIN

6.1 GENERAL

The original philosophy of the flow-measuring in the
inner curtain was only to distinguish between the flow
in the borehole screen and the slot. In order to try
to separate between the flow in the roof, walls and
floor it was decided, in the course of the planning,
to divide the slot and the borehole curtain into four
sections. The principle was to apply the same pressure
in all 8 sections, for avoiding flow between the
sections. It was decided to always keep the pressure
in the curtain lower than the internal pressure in the
drift, in order to prevent water from penetrating the
bentonite slurry in the drift. It was decided to keep
the pressure higher within drift than on the outside
for avoiding destruction of the lining and for
avoiding water from flowing into the drift.

In this chapter we will describe the arrangements for
collecting discharged water in the boreholes, the
arrangements for measuring the flow to or from the 8
sections, and the steps taken to pressurize the 8
sections with a constant pressure.

6.2 SLOT AND BOREHOLE ARRANGEMENTS

Fig 6-1 shows the arrangements in the inner slot. The
four sections were separated by concrete walls and the
floor filled with coarse sand with a thin layer of
mineral wool on top of the sand. The other slot sec-
tions were filled with only mineral wool. Each slot
section was water filled through a tube leading to low
spot and deaired through a tube leading to the highest
spot in the section. These tubes were used during the
tests to pressurize the slot sections. The entire slot
was separated from the drift by the concrete wall.

The boreholes were connected to each other by 1/2"
nylon tubes passing through a mechanical packer placed
at the outer end of each hole. Two tubes led into each
hole, the inflow (filling) tube ending in the lower
part of the hole, and the outflow (deairing) tube
ending in the upper part (Fig 6-2). The filling proce-
dure for each borehole section started by filling the
first hole. When the water level reached the top of
the hole the water began to fill the deairing tube
which in its turn led to the next hole which then
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Deairing of slot

Deairinq of slot

Fill ing of slot

Filling of slot

Filling of slot

Deainnq of slot

Mineral wool

Filling of slot

Deairinq of slot

Coarse sand

Figure 6-1 Arrangements in the inner slot

XL

Figure 6-2 Outline diagram for the arrangement at the filling
and pressurization of the borehole curtain
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became "filling tube". In this way all holes in a
section could be filled and deaired through two tubes.
The pressurization was made using the inflow tube and
it was checked in the outflow tube to ensure that all
holes were completely water filled and equally pressu-
rized.

Fig 6-3 shows two photos taken during the installation
of the tubes before casting of the concrete wall. The
T-shaped tube-fittings leading into the holes through
the packers can be seen as well as the tubes connec-
ting the deairing part of one tube-fitting with the
filling part of the next tube-fitting.

6.3 ARRANGEMENTS FOR PRESSURIZATION AND FLOW MEASUREMENTS
IN THE INNER SLOT AND BOREHOLE SECTIONS

Altogether 16 tubes led to the inner sections 8 of
them for inflow and 8 of them for outflow of water.
The outflow valves were closed during the test but the
connectivity was sometimes checked, especially after
incidents. The inflow tubes were connected to a recor-
ding and pressurising system as shown in Fig 6-4.

The water for pressurizing the drift and inner curtain
was taken from a supply in the Tunnel Plug Drift which
was kept filled with mine water (1). The water was
pumped and pressurized by the three pumps used in the
Tunnel Plug Test (2). The water was transferredto the
test site by a regulating valve (NAF Micro Pac
Masoneilan; serie 29000) by which the pressure inside
the drift was controlled (3). Two tubes led from this
valve, one into the drift and the other to a valve
controlling the pressure in the inner curtain and
borehole sections (5). In this way the pressure in the
inner slot could never be higher than the pressure
inside the drift. The drift and inner curtain were
filled with water from the large mine water supply at
the 260 m level. The valves were closed after the
filling operations (4).

The tube to the drift was connected to an electro-
magnetic flowmeter (Fischer & Porter; Mini-mag) by
which the inflow into the drift could be measured with
an accuracy of + 1% in the flow range 0.07-7 1/min
(6). The pressure was measured with a pressure gauge
(NAF ETP-12-3241)(7) connected to the regulating
valve 3.

The tube leading to the slot and boreholes was connec-
ted to a Schlumberger type Epsy MJ regulating valve
(5): The flow into these sections were measured sepa-
rately by use of an electromagnetic flow meter of the
type Fischer and Porter Copa-XM (8) and the pressure
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Figure 6-3 Photos of the arrangement for filling and
pressurizing the inner curtain holes. The lower
picture shows the end wall before casting with the
reinforcement skeleton and the tubes leading into
the holes. The upper right picture shows a close-up
of the T-shaped tube fittings in the slot



53

t t f f f t r

BOREHOLE
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DRIFT

(16)

Figure 6-4 Circuit diagram of the arrangements for pressuriza-
tion and flow measurements in the inner curtain. The
figures are referred to in the text

was measured by a pressure gauge Satt Control ETP-04
(9) connected to the regulating valve 5. The lowest
measurable flow with this flow meter was 1,2 1/h. The
borehole tube was split into 4 parallel tubes leading
to the respective borehole section (14). The flow into
or from each section was measured with a flowmeter of
type Brooks 1355 M-BR (11) with a measuring range of
0.01-3.2 1/h. An identical system was used for the
slot sections (12). The sections were filled through
separarate tubes, each equipped with a valve (10) (13) .

Fig 6-5 shows the detailed flow recording systems (11
and 12 in Fig 6-4). The flowmeter (1) could be connec-
ted in two directions through a 4-tube valve (2). For
recording, valve 4 was closed and valves 3 opened. The
4-tube valve was turned such that the flow through the
flow meter was always positive. This was necessary
since the flow meter could only measure one-way flow.
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Figure 6-5 Circuit diagram of the arrangements for the flow
measurements (11 and 12 in Fig 6-4)

1. Flow meter
2. 4-tube valve
3. and 4. Valves

Fig 6-6 shows photos of the regulating and measuring
system. The upper picture is taken from the inside of
the drift with the camera pointing outwards. The
Brooks flowtubes are seen in the foreground. The lower
picture is taken in the other direction and it shows
the electrical pressure regulating and flow measuring
system (3-9 in Fig 6-4) in the foreground.

The recording tools hence made it possible to measure
the flow into the drift with a minimum flow rate of
4.2 1/h, while the flow into each of the inner
sections could be measured with a minimum flow rate of
0.01 1/h. The sum of the flow into the borehole
sections and the slot sections was checked with a
minimum flow rate of 1.2 1/h.

Practically all tubes outside the drift were 19 mm
(3/4") water pipes except for the arrangements with
the Brooks flow meters which were connected to 6 mm
nylon tubes. All tubes inside the drift were 13 mm
nylon tubes.
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Figure 6-6 Photos of the pressure regulating and flow
measuring arrangements
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ARRANGEMENTS TO PRESSURIZE AND SURFACE SEAL THE DRIFT

7.1 GENERAL

It was clear at the planning stage that the exchange
of water between the pressurized drift and the tested
rock had to be low enough not to disturb the measure-
ments in the rock and the original idea was to apply a
water-tight lining on the rock surface, to fill the
drift with water, and to pressurize the water. It
turned out, however, that it was impossible to produce
a lining that was sufficiently water-tight and an
alternative technique had to be developed. The diffe-
rent lining tests and the developement of the alter-
native technique will be described in this chapter.

7.2 LINING TECHNIQUE

7.2.1 Pre-testing of different lining techniques

7.2.1.1 General

Before the lining "was applied, a number of lining
materials and techniques were investigated. The aim
was to find a material that fulfilled the following
criteria.

1. The lining material must attach to a damp rock
surface.

2. The adhesion of the lining to the rock surface
should be strong enough to withstand a water pressure
in the rock of 500 kPa when there is no water in the
drift.

3. The lining material must be sufficiently elastic to
allow for rock strain of a few millimeters.

4. The lining material must be chemically stable for
at least two years.

5. The unavoidable damage of the lining caused by the
drilling of holes for the hedgehog grouting, subse-
quent to the flow tests, must be repairable.

The most promising materials were then subjected to
field tests at the Stripa Mine. The tests were per-
formed on a 760 mm granite core, into which a 55 mm
hole for water pressurizing, was drilled. The water
was connected through a packer, making it possible to



57

produce a wet surface during the application of the
lining. The system was also used for adhesion
tests after the hardening process.

7.2.1.2 Aquata Epoxy

Aquata is an epoxy material that can be applied on a
wet surface and stick to it after hardening. Tests on
the 760 mm core confirmed that the adhesion to the
rock was good, and that the material was water tight.
However, the hardened epoxy was brittle and rock move-
ments were assumed to cause cracks in the lining. This
risk and the high cost disqualified the material.

7.2.1.3 Epoxy-Polyurethane

This lining material was suggested by Åke Calminder,
Calminder Development Limited. It consists of an epoxy
primer which ensures good adhesion to the rock sur-
face, and a sealing polyurethane layer. The poly-
urethane was applied by spraying in two steps to a
thickness of 2.0 mm.

Two tests were made on a 760 mm core. In both cases
the polyurethane layer separated from the epoxy
primer. The failure was probably caused by mistakes at
the application but there was no time to wait for a
third test. The relatively low elasticity, leading to
breakage at an elongation of about 400%, was also
considered to be a drawback.

7.2.1.4 Meycopren

Meycopren consists of 80% bitumen and 20% synthetic
latex in a water emulsion. The emulsion is sprayed
together with a nitrite solution, which acts as a
catalyst during the gelling of the lining material.

The Meycopren was sprayed both on a 760 mm core, and
on a test area in the mine. The material showed very
good elastic properties, but the adhesion to the rock
surface was bad. On the test area, small water filled
bubbles were formed from the wet areas of the rock,
indicating that the material was too weak to prevent
the groundwater from penetrating the lining and this
lining material was therefore not considered further.

7.2.1.5 Procoat

Procoat is a mix of bitumen as major component and a
polyurethane base. No solvents are used. An epoxy
primer is used to ensure a good adhesion to the rock.
Procoat should be applied by spraying to a thickness
of 3 to 5 millimeters.
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The Procoat was sprayed both on a 760 mm core and on a
test area in the mine. Both the elastic properties and
adhesion to the rock surface were good and Procoat
seemed to be the only tested material that fulfilled
all the criteria mentioned above. Later it showed that
the test area may probably not has been altogether
representative of the conditions in the BMT drift
since the water inflow was considerably lower in the
test area than in the drift.

7.2.2 Application of Procoat lining

The rock surface in the drift was first quartz-
blasted, cleaned and dried with an air dryer in order
to prepare a suitable surface for adhesion of the
lining. The most water-leaking fractures were covered
with rubber sheets from tires with tubes attached to
the valves for discharging water without causing sig-
nificant water pressure at the application of the
lining.

The rock surface was then coated with epoxy primer and
the Procoat sprayed on the primer in two layers to a
thickness of 3-5 mm. Fig 7-1 shows a picture taken
during the spraying.

Figure 7-1 Picture taken during the spraying operation when the
lining is applied in the BMT drift
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After finishing the application, water leakage was
observed at »ore than a hundred spots. No offorts were
saved trying to repair these spots a last chance being
to apply rubber sheets that were glued to the lining
over the leakage areas, and to spray an additional
layer of rubber on the lining and the sheets. Still
the leakage into the drift could not be decreased to
less than 5-10 1/d.

Two attemps of pressurizing the drift were made with
the expectation that back-valve effects Bight take
place. At the first attempt on March 14, 1990 the
drift was pressurized to 220 kPa. The leakage was
several tens of liters per minute and significant out-
flow of water was observed at the interface of the
bulkhead and the roof. After the first attempt the
water in the drift was pumped out, the repair work
continued and an extra layer of lining finally
applied. A second pressurizing was made on Nay 2, 1990
but only an insignificant reduction in leakage had
taken place.

It vas concluded that this type of lining could never
create a surface seal that vas sufficiently vater-
tight. An alternative technique therefore had to be
developed.

7.3 TECHNIQUE WITH A BLADDER CONBINED WITH A BENTONITE
SLURRY

7.3.1 General

When the lining failed to isolate the inside of the
drift from the surrounding rock it was decided to use
the back-up technique that was part of the technical
planning of the project. This technique takes advan-
tage of the sealing properties of bentonite. With a
properly composed mixture of water and bentonite, i.e.
with a relatively high viscosity of the slurry in com-
bination with its pronounced thixotropic properties
the slurry will be soft enough to be pumped into the
drift. On site, it will stiffen so that it can be
pressurized without penetrating significantly into the
rock. Emptying the drift after the test will partly be
possible since pumping turns the mass into a more
fluid state.

Since the volume of the drift was very large (>200 m3)
and since it was not quite clear that the slurry would
act as a liquid and produce the same pressure every-
where, it was decided to install a rubber bladder in
the center of the drift. By filling the bladder with
water and pressurizing the water it would be possible
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to reduce the slurry volume to about 100 m . An evenly
distributed pressure on the rock surface would also be
achieved by such an arrangement.

A big advantage of using slurry was also that all
through-connections for the cables and tubes going
from measuring pointr -n the rock into the drift and
through the bulk head, would automatically be sealed.
However, it was clear that all the sharp edges of
protruding rock blocks and instruments would endanger
the tightness of the bladder and a large wooden cage
equipped with deformable steel net had to be arranged
in the drift for preventing the bladder from approach-
ing the rock surface (Fig 7.2).

7.3.2 Bladder

The rubber bladder was given a volume of about 100 m .
It was made from a 1.5 mm thick film vulcanized to
form a completely water-tight bladder. The rubber was
of the type Butyl, special quality 72704 manufactured
by Värnamo Isolerduk AB, Sweden.

The bladder had two inlets in the bottom for water
filling and pressurization. It also had some inlets in
the upper part for air filling and deairing. Fig 7-3
shows the bladder inside the cage when it was filled
with air to about 50%.

7.3.3 Cage

The cage consisted of a wooden framework and a steel
net fixed to the inside. The net was chosen to have a
mesh aperture that was sufficient for allotting the
bladder to penetrate a few cm, which would account for
a volume increase of the bladder caused by some minor
slurry leakage or other unforeseen events.

Fig 7-4 shows the cage before the installation of the
bladder. As can be seen from the photos, the inside
of all beams to which the net was nailed was covered
with a smooth plank in order not to damage the
bladder. The bottom of the cage consisted of a bed of
timber. The flexibility of the cage in combination
with the possibilty for the bladder to expand through
the net, allowed for an expansion of the bladder by
several m .
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Figure 7-2 Principle drawing of the water filled bladder, the
cage, and the bentonite slurry
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Figure 7-3 Picture of the bladder inside the cage. The bladder
is partly filled with air

7.3.4 Slurry

The main idea was to use a slurry with a shear
strength high enough to yield penetration of the
slurry o f0.3 m at maximum into a slot with the aper-
ture of about 0.1 mm, or maximum penetration of 0.5
meters into a slot of about 0.3 mm aperture. Back-
calculations of the water leakage at the water pressu-
rizing had indicated that the largest apertures were
in that range (0.1-0.3 mm).
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Figure 7-4 The cage photographed from the inside
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The Bentonite of type Geko Q/I was the major clay sub-
stance used for the preparation of the slurry, has the
following (cone) liquid limit:

I/L=255% if the test is made < 1 day after mixture

I/L=290% if the test is made > 2 days after mixture

If the second value is applied the measured shear
strength of a stirred slurry 2-3 days after mixing has
the X-W/VL relation shown in Fig 7-5. Since the pene-
tration (L) into a fracture can be estimated by using
the simple expression

7:1

where p= slurry pressure
a= slot aperture
T= Shear strength

the required shear strength and thus also the required
water ratio can be estimated. The values shown in
Table 7-1 give L as a function of the water ratio and
slot aperture.

Material: Ceko Q,
bOO

CO
CO
OJ

en

u
cu
c

200

0
1.2 1.4 .6 .8 2

w/w

Figure 7-5 Influence of the relation between the water ratio v
and the liquid limit w\. on the shear strength of the
bentonite slurry
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Table 7-1 Required Geko Q/I bentonite mixture for sealing slots
if the pressure p is 1000 kPa and the slot length L is
0.5 m

a
mm

0.05
0.1
0.2
0.3
0.5

T

Pa

50
100
200
300
500

V/VL

2.0
1.9
1.7
1.5
1.2

V
%

580
550
490
440
350

The table clearly shows that ratio V/VL of 1.4 to 1.9,
corresponding to a water ratio of between 400 and 550,
would be sufficient for resisting 1 MPa slurry pres-
sure if the openings in the lining and rock have an
aperture between 0.1 and 0.4 mm and a depth of about
0.5 m.

In the real test the thixotropic properties of the
slurry should be very pronounced in the sense that the
shear strength should be at maximum after a period of
rest. Thus, in case of leakage of slurry, there would
be a possibility to decrease the pressure, wait for
about a week, and subsequently increase the pressure
again since the tixotropic properties would then
increase the shear strength of the slurry by several
100%.

As a result of these considerations it was determined
to use a slurry of Geko Q/I with a water ratio of
about 500% in the whole drift except for in the upper
10 m3 where 400% was chosen. The reason for using a
lower water ratio in the upper part was that the risk
of leakage was judged to be higher at the interface
between the bulkhead and the roof. The reason for not
using v=400% in the entire drift was a fear of having
a too stiff slurry at the emptying of the drift.

7.4 SLURRY FILLING PROCEDURES

Preparations

The field work started with constructing the cage,
after which the rubber bladder was placed inside.
Problems with having folds in the bladder during the
water filling procedure were avoided by filling it
with air under low pressure. Fig 7-6 shows the bladder
in the cage during the air-filling process. The high
friction of rubber to rubber in the folds made the
filling quite tricky.
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Figure 7-6 Air filling of the bladder prior to the slurry
filling

Slurry filling

The filling of slurry in the drift and the filling of
water in the bladder then started and continued simul-
taneously. The idea was to maintain a water level in
the bladder that was one or two dm above the slurry
level since the two liguids would then be in balance.
The volumes were measured in order to keep control of
the filling process after closing the manhole in the
bulkhead, i.e. after having filled up about 50% of the
space.

In order to avoid air pockets at the roof, about 10
deairing tubes were fixed to the roof and when the
slurry finally appeared in these tubes, the valves at
their ends were closed. A good proof of the sealing
ability of the bentonite slurry was obtained when it
turned out that several hundred kPa bladder pressure
was 'needed to force the slurry through the tubes.
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When the drift was filled about 5 m extra slurry was
pressed into the drift and the corresponding amount of
water let out of the bladder. This was made in order
to further increase the expandability of the bladder
in case of leakage. At the end, a total amount of 126
JO3 slurry and 94 m3 water had been filled into the
drift.

The bentonite was delivered in 1000 kg big-bags and
manually poured into a colloid mixer after filling it
with water. After mixing, the slurry was pumped into
the drift by two high capacity pumps, leading to both
ends of the drift through tubes passing through the
upper end of the bulkhead.

Fig 7-7 shows a big-bag and the mixer as well as one
of the pumps. Before the door was closed, the slurry
in the outer part of the drift was pumped through the
manhole.

Fig 7-8 shows a photo from inside the drift when the
slurry level was about one meter above the floor. The
through-connections of some of the cables and tubes in
the bulk head are seen in the photo as well as the
corner of the cage. The consistency of the slurry is
indicated by the furrows in the surface.

Pressurization

Fig 7-9 shows a phenomenon associated with a first
pressurization of the slurry made by the pumps
directly after closing all deairing valves. Leakage of
small amount of slurry was observed at the interface
between the bulk head and the roof, but it soon
stopped and no further slurry leakage took place
during all the flow tests performed before the grou-
ting. It was obvious that the technique worked well
and that the bentonite efficiently sealed the leaks.
Fig 7-9 also shows the inlet pipes for the slurry and
the tubes leading from some of the holes in the outer
borehole curtain to the water collecters.

The manhole caused some problems during the tests. The
sealing construction turned out to be incorrectly
designed and it leaked at a few instances. This caused
sudden loss of about 1/2 m3 slurry, which caused
expansion of the bladder such that one of the wooden
beams close to the door was broken. The bladder was
not damaged by this, but in order to prevent further
incidents the manhole was sealed by welding.



68

Figure 7-7 Photos taken during the mixing and pumping of slurry
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Figure 7-8 Photo taken inside the drift when the slurry is
filled to the level 1 m above the floor

Figure 7-9 Slurry leaking through the bulkhead close to the
roof at the initial pressurization. The leakage
stopped after a short while and no more leakage
occurred during the entire test
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7.5 EMPTYING PROCEDURES

When the measuring program was finished, the slurry
had to be pumped out and the cage and bladder taken
away to give room for the hedge-hog drilling and
grouting. In order to save work and material a basin
was buijt in the Extensometer Drift to which the
slurry wes pumped. About 80 m3 slurry could be saved
in this way.

The bottom part of the slurry (about 40 m j was too
stiff to be pumped due to the tixotropy and probably
also some sedimentation and consolidation effects. It
had to be softened by water mixing, vibrating and
manual digging, before pumping it, which caused much
problems and considerable delay. The bladder had to be
cut in pieces and a new one ordered for use in the
flow tests after grouting.
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8 PREPARATIVE FLOW MODELLING AND FLOW CALCULATIONS

8.1 GENERAL

A good understanding of the relevance and function of
the test has been achieved by modelling the flow
situation in the different stages of the test. Since
the actual flow in rock is very complicated and takes
place in rather unknown fracture- and channel-systems
the Equivalent Porous Media (EPM) model for flow has
been applied.

Beside modelling the entire flow test the following
two studies of detailed flow were made:

- The relevance of using curtains of boreholes for
simulating slots was investigated by an EPM model of
the flow between two such curtains.

- The relevance of the hydraulic conductivity
measured by the Lugeon test in the short hedgehog
holes were also studied by an EPM model.

All the calculations accounted for in this chapter
were made with the finite element program GEOFEM-G
from the CHALMFEM package at Göteborgs Data Central,
Sweden.

8.2 FEM CALCULATIONS OF THE FLOW TEST BEFORE GROUTING

8.2.1 Element model and basic data

Basically, the same element mesh has been used in all
flow calculations. The mesh and the different zones
are shown in Fig 8-1. The mesh is rotational sym-
metric around the drift axis and the boundaries are
located 31 m from the rock surface. Fig 8-1 shows the
final situation after grouting. The calculations were
made in several steps and the properties of the
disturbed and sealed zones, the curtain holes K, and
the inner part of the BMT shaft were changed but the
boundary conditions were the same in all the prepara-
tive calculations.

Right and lower boundary: Constant water pressure
p=1.5 MPa

Left boundary: Isolated (no flow across)
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Disturbed zone (by blasting) A

Sealed zone A

Disturbed zone (by stress release) B

Sealed zone B

Screen of holes K

Figure 8-1 Element mesh and zones with different hydraulic
properties. The mesh is axi-symmetric around the
upper boundary

The following basic hydraulic conductivities were used
in the calculations:

Undisturbed rock: k =1.0-10"10 m/s

Dist. zone by blasting (A): Kb=1.010*8 m/s

Dist. zone by stress release (B):

- axially

- radially /c"=5.010
r

-11
m/s

m/s

The extension of the different zones was not known
but in these preliminary calculations, zone A was
assumed to reach 1.0 m into the rock and zone B 7.0 m
into the rock. The axial extension of the zones at
the end of the drift is also unknown and was taken as
shown in Fig 8-1.

A constant atmospheric pressure p=0 was assigned to
the rock surface in the drift except after surface
sealing of the BMT drift when an impermeable material
was assumed to occupy the drift. After drilling the
borehole curtains, a constant pressure of zero was
assigned to the nodes of these elements before pres-
surization of the inner curtain.
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The following stages of the test were calculated:

1. Before drilling the borehole curtain.
2. After drilling the borehole curtain.
3. After surface sealing of the BMT drift.
4. After pressurization of the inner curtain.

The possible effects of grouting will be treated in
volume III of the final report. Since the flow tests
were continued until equilibrium was reached all the
calculations refered to steady state conditions.
However, one transient calculation was nade to check
the time required for reaching this state and this
calculation showed that it was reached within much
less than 1 day from the onset of pressurizing the
inner curtain.

8.2.2 Stage 1 (without curtains)

The calculation of the natural situation before start
of any activities resulted in a water pressure situa-
tion shown in Fig 8-2. The pressure in the disturbed
zone A is very low and the pressure 1 m into the rock
is only 0.6 kPa (which is not seen in the figure). In
the disturbed zone B it increases rapidly and at the
outer end of that zone at 7 m depth the pressure is
1.3 NPa. The calculated pressure situation in the
shallow part agrees fairly well with the measured.
The measured pressure was very low close to the sur-
face (0-10 kPa) and then increased rapidly with

30 60 90
20 50 80 110

10 4070 100 120 130 1W

Figure 8-2 Calculated water pressure before drilling of the
curtains. Each line represents an increase in
pressure by 10 mwh
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depth. The average pressure 3 m into the rock was 700
kPa, according to the LBL measurements, while the
calculated figure is 650 kPa. The calculated pressure
at 7 m depth is higher than any of the measured
values, which indicates that the depth of the stress-
affected zone with low radial and high axial hydrau-
lic conductivity is overestimated.

The calculated inflow into the BMT drift is 37 1/d
and the calculated inflow into the entire ventilation
drift (33 m) is 54 1/d. These values can be compared
to the measured inflow which was 20-35 1/d and 72
1/d, respectively. The agreement is thus fairly good.

These calculations refer to the stepwise termination
of zone B at the inner end of the drift. The results
from an identical calculation with zone B reaching
all the way to the end of the drift agree very well
with respect to the pressure situation. However, the
inflow is reduced by 25% to 28 1/d into the 12 m long
BMT drift and 45 1/d in the entire, 33 m long valida-
tion drift.

8.2.3 Stage 2 (with curtains)

After the drilling of the borehole curtains the pres-
sure and inflow situation will be considerably
changed. Fig 3-3 shows the calculated pressure situa-
tion. The change is especially obvious for the pres-
sure around the BMT drift, where it decreases from
around 1 MPa to 1-200 kPa 5-6 m from the rock surface
in the middle of the drift, but also for the pressure
at a far distance from the BMT drift which decreases
by several hundred kPa.

This significant change in pressure between the bore-
hole screens is mainly caused by the draining effect
of the screens but also by the high axial permeabi-
lity of the stress-disturbed zone. The borehole
screens allow for axial drainage, which explains the
low measured pressure in the Glötzl piezometers,
which gave an average pressure of 130 kPa 3 m from
the drift wall. In the calculations the pressure 3 m
from the drift was close to zero, which shows that
the drainage effect is exaggerated in the calcula-
tions, either due to a too high axial conductivity of
the stress disturbed zone or due to an overestimation
of the depth of this zone.

The inflow into the curtains and the drift according
to this calculation is:

Outer curtain 151 1/d
Inner curtain 80 1/d
Drift 3 1/d
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Figure 8-3 Calculated water pressure after drilling of the
curtains. Each line represents an increase in
pressure by 10 mwh

The actually measured inflow into the curtains agreed
very well with the calculated inflow, for the inner
curtain while the outer curtain had a much lower cal-
culated inflow than the measured one (Table 5-2).
These results suggest, in agreement with the water
pressure results, that the axial conductivity of the
disturbed zone by release is overestimated in these
calculations.

8.2.4 Stage 3 (after surface sealing)

The surface seal was simulated as an impermeable
filling in the BMT drift. The calculation was meant
to correspond to the situation after application of
the lining but since the lining was not watertight,
the calculation will instead correspond to the situa-
tion after the filling and pressurizing of the bento-
nite slurry in the drift.

The calculation showed that the surface sealing of
the drift did not affect the pressure and flow situa-
tion very much, which was very logical since the cal-
culated inflow before the surface sealing was applied
was quite low. The pressure situation was practically
identical to the one shown in Fig 8-3.
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8.2.5 Stage 4 (after pressurization of the inner curtain)

A lot of calculations with different rock properties
and applied pressures have been made. The calculated
pressures for the basic case shown in chapter 8.2.1,
i.e. with an applied pressure of 1.5 MPa in the inner
curtain, are shown in Fig 8-4. The calculated water
inflow was:

Inner slot -6.5 1/h =-157 1/d (outflow)

Inner bore hole curtain -6.0 1/h =-144 1/d (outflow)

Outer curtain 19 1/h = 456 1/d (inflow)

Outflow means that the water flows out from the
measuring point to the rock, while inflow means flow
into the measuring point.

The complex flow and pressure situation around the
drift makes the evaluation difficult if the total
flow is considered as in this example. Since statio-
nary solutions in these pressure potential problems
can be superimposed it would be possible to only
study the net effect of the screen pressurization of
which an example is given in Table 8-1. The calula-
tions were made with modified K-values.

s g e g $ f

Figure 8-4 Calculated water pressure after pressurization of
the inner curtain. Each line represents an increase
in pressure by 10 mwh
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Table 8-1 Example of how the net effect of the pressurization
can be separated from the background situation

Undisturbed rock: k» =1.0-10~10 m/s

Dist. zone by stress rel: k* =5.0-10 m/s

k" =5.0-lo"11 m/s
Dist. zone by blasting: k =1.0-10 m/s

Case

A Backgr.
B Pressur.
C Net flow.
B-A Calc.

Applied pressure
(MPa)

Boundary

1.5
1.5
0
0

Inner
screen

0
1.0
1.0
1.0

Calc

Outer
screen

5.24
11.84
6.61
6.60

inflow

Inner
slot

0.28
-4.64
-4.91
-4.93

d/h)

Inner
boreh

3.42
-0.73
-4.16
-4.15

i.e. the difference between flow in Case B and Case A

The evaluation of the flow tests were mainly made
using the B-A type of calculation, where only the net
effect of the pressurization is being considered.

8.3 FEM CALCULATION OF THE FUNCTION OF THE BOREHOLE
CURTAIN

In all calculations and evaluations, the bore hole
curtains were assumed to be continuos slots, instead
of the actual holes with a spacing varying from 0.2 m
close to the drift, to 1.0 m at the end of the holes.
In order to check the relevance of this assumption a
FEM calculation was performed in which the bore hole
curtain was simulated by a 2-dimensional model of 56
mm boreholes with a spacing of 1.0 m in each of the
curtains, which were assumed to be sparated by 15 m.
By applying a pressure of 1 MPa in the bore holes in
one curtain and assuming zero pressure in the other
curtain, the pressure distribution around the curtains
and the flow of water between the curtains could be
calculated.

The corresponding calculation with slot curtains
instead of borehole curtains could easily be made,
the results from the two models being compared in
Table 8-2.
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Table 8-2 Comparison between a borehole curtain and a slot
curtain

Type Pressure in curtain
Lowest Highest
(MPa) (MPa)

Evaluated k
(m/s)

Boreholes
Slot

0.92
1.00

1.00
1.00

0.86-10
1.00-10-1O

Thus, the maximum error in pressure is 8% and the
error in evaluated hydraulic conductivity 14%, using a
distance of 1.0 m between the individual boreholes.
Since the average distance is only 0.6 m, the under-
estimation will be even smaller and the conclusion is
thus that the error is insignificant when the axial
flow is studied.

8.4 FEM CALCULATION OF LUGEON TESTING IN SHALLOW BORE
HOLES

As a complement to the large flow test, the hydraulic
conductivity of the shallow rock within 1 m from the
surface was measured in about 80 of the hedgehog holes
before grouting. The standard "Lugeon" technique, with
a constant applied pressure inside the individual
hole, was used. The evaluation of these tests is
usually made by use of Eqn 4:1 but the short distance
to the free surface made the use of this formula un-
certain and a FEM calculation was therefore performed
in order to check the results.

In this calculation an axisymmetric element mesh was
used with 8 m distance to the isolated rock bounda-
ries. The hole had a length of 1.1 m and a diameter of
56 mm. At the surface, a 0.2 m long packer was simula-
ted by applying a hydraulic conductivity of k=lO~
m/s, while the entire rock had a conductivity of

k=1.0 -10~8 m/s.

A constant pressure of 100 kPa was applied in the hole
while the rock surface had a constant pressure of
zero. Fig 8-5 shows the element mesh and the calcula-
ted overpressure.
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Figure 8-5 Element mesh and calculated net water pressure
around a shallow 1.1 m deep borehole pressurized
with 10 mwh. The element mesh is axi-symmetric
around the left boundary

Eqn 4:1 is based on a symmetric pressure and flow
pattern around a central plane perpendicular to the
hole. As can be seen in Fig 8-5 the low-pressure iso-
bars especially at 10 kPa, are somewhat skewed, which
indicates a deviation from the formula. The calculated
flow was 0.24-10 m /s and the evaluated hydraulic
conductivity of the surrounding rock:

K=1.6 10~8 m/s

Thus, the fc-value will be overestimated by a factor
1.6 and the measured values should be corrected accor-
dingly.
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MACRO PERMEABILITY TEST FOR AXIAL FLOW

9.1 GENERAL

The general idea of the field test was to pressurize
the inner slot and borehole curtain to different pres-
sures and measure the flow from the inner curtain to
the outer. In this way the average hydraulic conducti-
vity could be calculated and the possible influence of
the hydraulic gradient checked. In order to try to
investigate the influence of the internal pressure in
a drift on the hydraulic conductivity of the disturbed
zones, it was also decided to vary the internal pres-
sure up to 2 MPa, while keeping the pressure in the
pressurized curtain lower than the pressure in the
drift.

The difficulties with the lining and the change in
surface sealing technique did not alter these plans
but the delay of the test limited the duration of the
test to about 2 months. The fast stabilization of the
flow, which was found theoretically as well as during
the actual test, showed that 2 months were enough for
reaching relevant results.

9.2 TEST SCHEDULE

The test started on the July 5, 1990, soon after
completing the filling of the bentonite slurry. The
original idea was to increase the slurry pressure
stepwise by 0.5 MPa up to 2 MPa and, for each step, to
perform flow tests at very low curtain pressures (for
checking possible leakage) and at a high curtain pres-
sure i.e. almost up to the slurry pressure (for per-
meability measurements). However, two incidents made
it necessary to change the plan slightly. Hence, the
problem with leakage of the manhole, which finally had
to be welded, caused the decision to use smaller steps
of only 250 kPa. The other problem occurred at the
increase of the slurry pressure to 1 MPa when slurry
suddenly leaked into the inner slot. The leakage was
probably caused by an imperfect contact between the
inner concrete wall and the roof due to the high pres-
sure difference at the "zero" measurement. After this
incident the desicion was taken not -co use a slurry
pressure of more than just below 1 MPa in order not to
jeopardize the entire test.

Immediately after the leakage, the pressure was
released and the upper slot flushed with water, by
which the slot was emptied from the small amount of
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Figure 9-1 The applied water pressure in the inner curtain
(slot) and in the slurry (from the bladder) as a
function of the time from start of the test

bentonite slurry that had entered. In spite of this
leakage the slurry pressure 0.95 MPa could be applied
and the test continued without any difficulties.

The program of pressurization of the slurry by use of
the rubber bladder, and the pressurization of the slot
and borehole curtains is shown in Fig 9-1 as a func-
tion of time from the start of the test. The first 10
days are omitted because of the initial problems. The
time schedule shows that each step was combined with a
"zero" test with no curtain pressure and that each
test lasted for about 3 days.
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9.3 RESULTS

9.3.1 General

Typical data will be presented in this chapter, while
all pressure measurements and evaluated flow measure-
ments will be included in Appendix I. Most of the
evaluation of the data is given in chapter 10.

9.3.2 Transient flow

The time for stationary flow to be established was
between 1 and 2 days as can be seen in Figs 9-2 and
9-3, showing the measured flow at pressure increase in
either the slurry or the inner curtain.

3,0 ̂ ^ N r ^ - * _
61 å o-

Boreholes

} Slot

Increase in slurry pressure

* 2,5 - 5,0 bar
o 5,o - 7,5 bar
* 75 ~ 9,5 bar

0 10 20 30 40 50 60 70 80

Hours after pressure increase

Figure 9-2 Measured inflow into the inner curtain as a function
of the tine after an increase in slurry pressure at
zero curtain pressure
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Figure 9-3 Measured inflow into the inner slot as a function of
the time after a pressure increase in the slot from
0 to 700 kPa at a constant slurry pressure of 750
kPa

Fig 9-2 shows the flow when the slurry pressure was
raised in three steps from 250 to 500, 750 and 950 MPa
while the curtain pressure was kept close to zero. The
inflow into the boreholes and the slot are plotted as
a function of the time after pressure increase. The
figure shows that the flow into the slot increased
considerably just after pressurization and then
decreased slowly until the flow rate became constant
after 1-2 days. This may seem confusing since the
opposite situation, i.e. with a slow increase in in-
flow until equilibrium, would be more logical at a
point some distance away from a pressurized part in a
porous media. The reason for this behavior is given by
the sealing properties of bentonite and leakage frac-
tures between the rock and the concrete wall or in the
rock. Thus, at an increase in slurry pressure it pene-
trates a fracture until it gets stuck by the shear
resistance along the fracture. The high pressure
causes the slurry to consolidate and water proceeds
through the gel into the fracture at an increased
water flow rate into the measuring point. With time,
the density and sealing ability of the gel is increa-
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sed by consolidation and clogging and as a result, the
fracture becomes sealed, still yielding some slight
water flow from the consolidating slurry into the
surrounding rock.

In Fig 9-3, the water inflow into the inner slot is
plotted as a function of the time after an increase in
slot pressure from 0 to 700 kPa at a constant slurry
pressure of 750 kPa. The measured inflow rate immedia-
tely went from +1.4 1/h to -30 1/h, i.e. a very high
outflow rate. However, the outflow decreased rapidly
to 5 1/h after a few hours and stabilized at 1.9 1/h
after about 1 day. This behavior is logi :1 since the
inflow is measured on the pressurized ' • Je and the
gradients and hence also the flow rat - in the rock
are highest at the start. Still, th. ^me for stabili-
zation was much longer than estiir ned in the calcula-
tions for which the reason is no* quite clear. Some
remaining air traps in the sy-1: ai are probably the
reason for the very high fir iate just after pressure
increase, and air or gas b\'. Les in the rock could
explain the long time an* stationary flow. The tran-
sient calculation was r va on completely saturated
fractures with a comprr edibility of Ev=2.1106 kPa. A
degree of saturation of 90-99% (or 1-10% gas bubbles
in the water) is actually enough to cause the observed
delay.

9.3.3 Stationary flow measurements

The water flow was measured in altogether 12 different
sectors. In the inner curtain the flow was measured in
the floor, the two walls and the roof in the slot,- as
well as in the boreholes. The outer curtain was also
split in four sectors. The bore holes oin the roof
(315°<a<50°), in the western wall (225°<a<320°) and in
the eastern wall (45°<a<135°) were measured indi-
vidually but will be accounted for as the sum of the
inflow to each ofothese three sectors. The bore holes
in the floor (130°<a<230°) were not individually
measured due to recording problems. Instead, they were
filled with water and the inflow of water was,
together with the inflow into the slot, led to the
well in the floor. Thus, the inflow into the slot was
not separated from the inflow into the boreholes in
the floor sector.

The measured inflow into the different sectors stabi-
lized after 1-2 days as demonstrated in the previous
chapter. The flow was also generally very unsteady and
many measurements had to be made before a safe average
value could be obtained. For these reasons only one
evaluated stationary flow will be reported for each
pressure situation. Table 9-1 shows these values
together with the applied pressures in the slurry and
the irner curtain. Table 9-1 is also shown in diagram
form in the appendix.



Table 9-1 Recorded flow data in Macro Flow Test

Time

days

12 to 14
19lo21
21 to 25
26 to 28
28 to 32
33 to 34
34 to 39
42 to 44
45 to 47
48 to 50
52 to 54
55 to 57
58 to 60

Slurry
Pressure

bar

2.5
5
5
5
S

7.5
7J
93
9S
9.5
9.5
5.2
5.2

Curtain
Pressure

bar

2.2
0
2

4.5
0
0
7
0
9

4.6
0
0

4.5

Floor

0.02
0.90
0.00
•0.87
0.93
0.40
•1.20
0.56
-2.10
•0.48
1.06
0.63
-0.72

W.wall

0.02
0.21
0.00
0.00
0.34
0.50
0.00
0.28
0.00
0.00
0.01
0.05
0.00

Slot
E.waU

0.02
0.20
0.00
•0.63
0.13
0.50
-0.72
0.40
1.02

-0.47
0.25
0.25
•0.36

Roof

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.23
0.00
0.00
0.20
0.14
•0.12

Inner curtain

Total

0.06
1.31
0.00
•1.50
1.40
1.40
•1.92
1.47
•3.12
•0.95
1.52
1.07
•1.20

Floor

0.02
0.72
0.90
0.60
0.44
0.42
0.06
1.37
0.06
0.84
1.00
0.85
0.60

Flowl/h

Boreholes
W.wall

0.02
0.82
0.00
0.00
1.08
1.13
0.00
0.23
0.06
0.00
0.80
0.71
0.00

E.wall

0.02
0.84
0.60
0.57
0.87
0.90
0.12
0.93
0.00
0.54
1.02
0.98
0.57

Roof

0.02
0.25
0.00
0.00
0.35
0.40
0.00
0.32
0.00
0.12
0.27
0.31
0.00

Total

0.08
2.63
1.50
1.17
2.74
2.85
0.18
2.85
0.12
1.50
3.09
2.85
1.17

Floor

1.92
2 JO
2.20
3.40
1.10
1.41
4.30

•

7.00
3.55
1.20
0.95
2.40

Outer curtain
Boreholes

W.wall

0.42
0.40
0.40
0.45
0.42
0.42
0.45

•
0.48
045
0.42
0.43
0.43

E.wall

0.06
0.08
0.07
9.10
0.06
0.07
0.12

•
0.15
0.09
0.07
0.05
0.08

Roof

0.20
0.20
0.20
0.22
0.20
0.21
0.23

•
0.25
0.23
0.20
0.20
0.22

Total

2.60
2.98
2.87
4.17
1.78
2.11
5.10

•

7.88
4.32
1.89
1.63
3.13

09
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Altogether 13 stable flow values during different
pressure situations were obtained which, together with
the water pressure measurements, will be enough to
offer a reasonably safe evaluation of the axial
hydraulic conductivity.

9.3.4 Water pressure measurements

Two examples of measured water pressure with the BAT
system are shown in Figs 9-4 and 9-5. In Fig 9-4, the
readings from three piezometers, installed only about
30 cm from the rock surface in the right wall, are
shown. BAT 8 is situated close to the inner curtain
while BAT 9 is situated at heater hole No. 2 and BAT
11 close to the bulk head. The results show three
facts:

Water Pressure Measurements.BAT.

BAT 8
**••»« BAT 9
«•-»•-» BAT 11

20 30 40
TIME, days

Figure 9-4 Measured water pressure in three BAT piezometers
located close to the rock surface at different
distances from the pressurized inner curtain
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Water Pressure Measurements.BAT.

• • • * • BAT 13
- ~ « * BAT 17

TIME, days

Figure 9-5 Measured water pressure in two BAT piezometers
located 1.2 m from the rock surface at different
distances from the pressurized inner curtain

1. The measured pressures reflect fairly well the
applied curtain pressure.

2. An obvious decrease in pressure towards the outer
screen shows that there is a gradient and a flow
axially along the drift.

3. There is some increase in pressure with time at the
"zero11 tests when only the slurry is pressurized
and two of the piezometers show some influence of a
change in slurry pressure although the curtain
pressure is dominating. This indicates some leakage
in water from the slurry.

Fig 9-5 shows the same phenomena for two piezometers
installed 1.2 m deep into the left wall. BAT 13 is
located at heater hole No 1 while BAT 17 is located
about 1 m from the bulk head. The reaction of the
latter one is very vague but the former follows the
curtain pressure very closely.



88

Water Pressure Measurements.GLöTZL.

***** GL 17

10 20
TIME, days

Figure 9-6 Measured water pressure in two Glötzl piezometers
located 3 m from the rock surface at different
distances from the pressurized inner curtain

The water pressure reaction measured with the Glötzl
system was not as good as the BAT measurements, pri-
marily due to problems with water saturation. An
example of a good pressure reaction deep into the rock
is shown in Fig 9-6. GL 8 is located 3 m into the left
wall at heater hole No. 1 and GL 17 is also located 3
m into the left wall but opposite to heater hole No.2.
There is an obvious pressure gradient at this depth as
well.

However, not all pressure reactions were as good as
the ones reported. Into at least two Götzl pietzo-
meters in the roof there was a clear connection to the
slurry inside the drift, the reason probably being
some leakage into the bore hole in which the piezo-
meters were installed.

The water pressure in the LBL holes (HG1-5 and Rl-10)
was continually recorded but since they were sealed
from the surface and 5 m into the rock, and formed an
open, water-filled space from 5 m to 30 m, they will
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Figure 9-7 Measured water pressure in R holes

only represent an average of the pressure beyond the
disturbed zone. R4 and R5 seem to be connected to the
inner bore hole curtain. The measured water pressure
in these holes are shown in Fig 9-7 together with Rl-
R3, while the measurements in the other holes are
shown in Appendix I. As can be seen in Fig 9-7, R4 and
R5 and to some extent also R3, show a much lower
initial value than the other gauges.Since the LBL
measurements showed a much higher pressure, this indi-
cates a connection with the bore hole curtain, which
is supported by the respons from the pressure increa-
ses in the borehole curtain and the lack in response
from the slurry pressure.
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10 PERMEABILITY TESTING OF HEDGEHOG HOLES

10.1 BACKGROUND

The large number of short holes intended for the
"hedgehog" grouting offered good opportunities for
additional measurements of the hydraulic conductivity
of the shallow, "disturbed" rock. A plan was deve-
loped for such measurements and for measuring also
the conductivity in the course of the grouting
process. For this purpose, four test areas were
selected, each one consisting of about 20 boreholes
situated in the floor, the two walls and the roof.

A close description of the measurements associated
with the grouting will be given in volume III of the
Final Report, while this chapter will be focused on
the permeability measurements of the holes in the
test squares. All holes, except for 6 ones in the
western wall, were percussion-drilled.

10.2 MEASUREMENTS

The 1.0-1.2 m deep holes were packed off close to the
surface with a mechanical packer. The entire hole,
from the depth 20 cm to the tip, was then tested with
the standard "Lugeon" technique. Eqn 4:1 was used for
evaluation of the hydraulic conductivity.

10.3 TEST AREAS AND TEST RESULTS

Fig 10-1 shows the unfolded periphery of the drift,
with the numbering and location of all hedgehog
holes. All holes are not marked but only the first
and last in each line, and some additional holes that
are of special interest. The figure also shows the
location of the test areas, which are marked by
dotted lines.

Floor

21 hedgehog holes located between the two deposition
holes were measured in the floor. The holes in the
floor were 1.2 m deep, while all other holes were 1.0
n deep. Fig 10-2 shows the exact location of the
measured holes and the evaluated hydraulic conducti-
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vities. The figure shows that the floor is more
permeable in the central part than close to the
walls. This is logical since the floor and the walls
are plane with high tangential stresses pushing the
fractures together in the corners and opening them in
the central parts. 4 of the 21 holes were very
permeable with h>10
10"8<k<10'9 m/s.

-8 m/s, while 8 holes had

Western vail

26 of the percussion-drilled holes were measured in
the weastern wall. The location and measured values
in the percussion-drilled holes of the test area are
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Figure 10-2 Location and hydraulic conductivity of the
hedgehog holes in the test area in the floor

shown in Fig 10-3. 3 holes had a permeability Jc>10~
m/s, while 4 had 10" <k<lO~ m/s. In the corner
between the floor and the wall the permeability was
quite low as expected.

In the western wall, 6 holes (291-296) were core-
drilled since it was discovered that the area from
the floor to 1.5 m above it was not covered by the
percussion-drilled holes. Three of the core-drilled
holes are shown in Fig 10-3, while the location of
the other 3 were shown in Fig 10-1. The hydraulic
conductivity of these holes was very high as can be
seen in Table 10-1.
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Table 10-1 Measured hydraulic conductivity in the core-drilled
holes in the western wall

Hole No.

291
292
293
294

295

296

Section (m)

0.1-0.8
0.1-0.8
0.1-0.8
0.1-0.8
0.3-0.8
0.1-0.8
0.3-0.8
0.4-0.8
0.1-0.8
0.3-0.8

k (m/s)

6.010"8

<8.0-10"11

1.010'f
5-0-10
2.0-10""
2.0-10
1.0-10
<1.0-10"10

1.0-10'S

6.010"9

Remarks

Leakage

Leakage
Leakage

Leakage

in

in
in

in

fract.

fract.
fract.

fract.
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In holes 295-296 the measured hydraulic conductivity
was high due to an observed leakage from the holes
through a fracture to the tunnel wall. In these holes
the test was repeated with the packer placed further
into the hole and the leakage ceased 3-4 dm into the
holes, where the holes also had a hydraulic conducti-
vity which was more in agreement with the values in
the percussion-drilled holes.

A probable reason for the difference in behavior is
that the packer could not be emplaced as shallow in
the percussion-drilled holes as in the core-drilled
ones, since the former had a much rougher surface
over the outer decimeter length. Hence, the shallow
fractures leading out to the surface were sealed by
the packer in the percussion-drilled holes.

Another reason could be that shallow fractures
parallel to the rock surface were formed by the
disturbance. These fractures were clearly seen at the
excavation of the wall while they were not observed
in the floor.

The possibility that the drilling technique may
affect the measurements, has been considered as well.
Percussion drilling means a higher risk for blocking
fractures with drill cuttings. It is not quite clear
whether there is an influence of the drilling tech-
nique and the matter should be further investigated.

Eastern vail

The 20 holes that were tested in the eastern wall are
shown in Fig 10-4. 3 of the holes had k>10~ m/s
while 3 holes had 10 <fc<10 m/s.

Poof

14 holes were tested in the roof. The location and
measured hydraulic conductivities are shown in Fig
10-5. These holes had a very low permeability, the
highest measured value being k=2.010~10 m/s.
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11 EVALUATION

11.1 METHODOLOGY

The values obtained from the flow and pressure
measurements evolve from several overlapping pressure
situations, the most important ones being:

- The background piezometric pressure in the rock

- Leakage from the slurry

- The applied water pressure in the inner curtain

If the background flow and the leakage from the
slurry can be separated fron the flow caused by the
pressurization of the inner curtain, the axial per-
meability can be calculated on the assumption that
the net flow goes from the inner curtain to the
outer. The basic evaluation of the tests will be made
with these assumptions, resulting in a 1-dimensional
flow calculation. In this way the respective permea-
bility of the floor, walls and roof can be deter-
mined.

However, there is a difference in net outflow from
the inner curtain and net inflow into the outer
curtain, which shows that a 3-dimensional approach is
required and that it may modify the ID results. As
will be seen from some 3D calculations, a minor part
of the net flow will go into the drift and out to the
surrounding rock.

Another circumstance that may modify the ID results
is the actual extension of the disturbed zones. There
are several reasons to believe that the outer stress-
disturbed zone does not extend as far from the drift
as the hole length of the borehole curtains.

A special problem is the deviation that may result
from a varation in permeability of the undisturbed
rock along the drift. If such variations are real,
they may cause problems in the evaluation by the
resulting redistribution of flow, e.g. towards the
blast-disturbed zone. As will be seen there are
reasons to believe that such redistribution actually
took place.
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In this chapter comparison of the evaluated average
permeabilities and the individually measured permea-
bilities in the curtain boreholes and the hedgehog
holes will be made. The problem with such a compari-
son is how to determine the average value of a large
number of individual recordings. Finally, all
measurements and evaluations will be used for evalua-
tion of the permeability distribution around the BMT
drift that is the most probable one.

11.2 SEPARATION OF BACKGROUND AND LEAKAGE FLOW

As was mentioned above, the flow resulting from the
background pressure and the slurry pressure have to
be known for evaluation of the macro-flow test.

Background flov

According to Tables 5-1 the background inflow into
the curtains are:

Inner slot: 18 l/d=0.75 1/h

Inner boreholes: 62 l/d=2.58 1/h

Outer curtain: 29 l/d=1.21 1/h

The inflow into the inner slot after sealing of the
connections to the drift with slurry, was not
measured without slurry pressure. That value had to
be taken from extrapolating the "zero" measurements
with different slurry pressures.

Leakage from the slurry

The flow data in Table 9-1 at zero curtain pressure
can be compiled in one diagram. Fig 11-1 shows these
data plotted as the inflow being a function of the
applied slurry pressure at zero curtain pressure. The
figure shows that the data fit well together, and
that the slurry pressure dependance of the flow in
the three parts can be plotted as a stright line.
Only one value deviates considerably from these
lines, which can only be explained by some measuring
error.

The slot inflow 0.75 1/h for zero slurry pressure is
taken from extrapolating the sum of the inner flow
values and subtracting the inner borehole values.
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Figure 11-1 Measured inflow into the curtains at zero curtain
pressure. The figure shows that there is a leakage
of water from the slurry

Thus, there was a total net leakage of 2.3 1/h from
the slurry when it was pressurized with 10 bars or

- 1.3 1/h, to the inner curtain

- 1.0 1/h, to the outer curtain

This leakage consists only of water emanating from
consolidation of the slurry since no slurry or dis-
coloring of the water collected in the screens could
be seen, except for at the sudden leakc.,. that
occurred at 10 bars slurry pressure.
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11.3 ID EVALUATION OF THE MACRO-FLOW TEST

11.3.1 General

The ID technique for evaluating the hydraulic conduc-
tivity is used with the following simplifying assump-
tions:

1. Only the net flow is considered

2. All net flow goes parallel to the drift

This means that all net water flow from the inner
curtain is assumed to enter the outer curtain. It
also means that the flow should be compensated for
the water leakage from the slurry.

Two evaluations can be made. In the first one, only
the sum of the flow in all four sectors is considered
yielding an average permeability. In the second one,
all four sectors (the floor, the walls and the roof)
are condisidered separated, yielding separate permea-
bilities of each sector.

11.3.2 Average hydraulic conductivity

In this evaluation only the sum of the flow at each
sector given in Table 9-1 will be considered. Fig
11-2 shows the inflow as a function of the curtain
pressure for all four slurry pressures. The figure
shows that the dependance of the curtain pressure is
similar at each slurry pressure which indicates that
there is no large pressure influence.

For simplifying the evaluation, all data are plotted
in one diagram in Fig 11-3 but the flow values are
compensated for the difference in leakage at the
different slurry pressures. The relation at the
slurry pressure 9.5 bar is used as basis and the
other values corrected accordingly. It does not
matter which pressure is used as basis since only the
change in flow or the coefficient of direction of the
pressure-flow relation is used at the evaluation of
the permeability.

Fig 11-3 shows an unambiguous pressure dependance
that can be approximated by a straight line. Only two
values deviate from the straight line relations: the
inner borehole flow at the curtain pressure 2.2 bar
and slurry pressure 2.5 bar, and the outer curtain
flow at the curtain pressure 9.0 bar. The first value
was derived in the very beginning of the test and may
be influenced by initial problems or lack of equi-
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Outer curtain o

Inner boreholes

Inner slot x
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Figure 11-3 Measured inflow into the curtains as a function of
the curtain pressure at all slurry pressures
assembled in one diagram. The slurry leakage is
compensated for. The values refer to the slurry
pressure 9.5 bar

librium. The second value probably suffers from the
difficulties with the inflow measurement in the floor
outside the bulk head although it cannot be excluded
that there is some nonlinear effect in the water
flow. Still, no such effect is seen in the pressu-
rized curtain.
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The results show two facts:

1. The straight line relations make it easy to
evaluate the hydraulic conductivities.

2. There is no detectable effect of the applied
slurry pressure inside the drift on the hydraulic
conductivity.

The hydraulic conductivity k can thus be calculated
according to Eqn 11:1, which is a form of Darcy's
law.

11:1

where Ag=the change in flow caused by i
i =Ah»i/AL=the applied hydralic gradient between

the curtains
A =cross section area

If k is evaluated from the flow from the inner
curtain and the total cross section area of the inner
slot (13 mz) and inner borhole curtain (247 m2) are
used, the results will be:

From rock surface to 0.7 m depth:

5 . 3 5 1 0 -3
-8

3 6 0 0 1 0 0 / 1 3 . 5 1 3 =1.5-10 m/s

From 0.7 to 7.0 m depth:

3 . 3 0 1 0 -3

3600100/13.5-247
=5.010"10 m/s

One concludes that both zones are characterized by a
higher axial conductivity than that of the virgin
rock. The relevance of these values will be discussed
in chapter 11.3.4.

11.3.3 Hydraulic conductivity of the floor, walls and roof

Since the flow in the inner curtain was measured in
four sectors in the boreholes as well as in the slot,
the same diagram as in Fig 11-3 can be plotted for
the individual sectors. Such an evaluation requires
that the flow is not transferred from one sector to
another. Unfortunately, it was not possible to sepa-
rate the slurry leakage for each sector since the
scatter was too large.
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Figure n-4 Measured inflow into the different sectors in the
inner slot and boreholes as a function of the
curtain pressure
x floor
• eastern wall
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o roof

Fig 11-4 shows the flow/pressure relation for the
inner slot and boreholes without correction for
slurry leakage. The measured flow in the western wall
and the roof were too small to be evaluated but the
permeability of the other two sectors were
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0-0.7 m depth:

E-wall k=

Floor

1.50-10
- 3

- 8

3600100/13.513/4

.3.0610"3

3600100/13.513/4

=1.710 m/s

- 8
=3.5-10 m/S

0.7-7.0 m depth;

E-wall k=1.1810
- 3

3600-100/13.5-247/4

- 3

=7.2-10'10 m/s

Floor k—1.26-10
3600-100/13.5-247/4

=7.7-10"10 m/s

11.3.4 Relevance of ID evaluation

The calculations shown in chapters 11.3.2 and 11.3.3,
which are based on the flow data from the inner
curtain, can be checked by studying the inflow into
the outer curtain. A comparison of the sum of the
change in measured flow from the slot and the bore-
holes in the ii...er curtain to the change in measured
flow into the outer curtain shows that only 55%
entered the outer curtain. The slot was not separated
from the boreholes in the floor in the outer curtain
which means that it is difficult to find the reason
for the loss of water. However, in the walls and in
the roof, only the boreholes were measured and the
inflow/pressure relations in these sectors are shown
in Fig 11-5.

The figure shows a clear pressure dependence although
the inclinations of the straight lines are quite
small. If the hydraulic conductivity is evaluated in
the same way as above, the resulting conductivities
of the stress-disturbed zone would be:

W-wall

E-wall

Roof

0.104
3600-

0.120
3600-

0.070

•lo'3

100/13.

•lO"3

100/13.

•lo"3

5-

5-

247/4

247/4

=5.7-10 "nm/s

=7.3-10 ""m/s

3600-100/13.5-247/4
•=4.3- 10 '"m/S
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Figure 11-5 Measured inflow into the different sectors in the
outer borehole curtain

These values which are about 10 times lower than the
values from the inner curtain suggest that most of
the flow was not axial. If the change in flow to the
borehole curtain in the floor is assumed to be the
same as to the eastern wall, the total change in in-
flow into the outer borehole curtain was 0.41 1/h at
an increased curtain pressure of 10 bar. If the total
change in flow into the outer curtain in Fig 11-3 is
reduced by 0.41 1/h, the remaining amount 4.34 1/h
must originate from the flow to the outer slot. This
amount can be compared to the flow to the inner slot
which is 5.2 1/h, which means that 83% of the flow
from the inner slot arrived at the outer slot while
only 10% of the flow from the inner boreholes reached
the outer boreholes. If the averge hydraulic conduc-
tivity of the blast-disturbed zone is evaluated in
the same way using the measurements at the outer
curtain, the result would be
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4 . 3 4 0 1 0 " 3 . _ i n -8
1 3 " 1 0 B / sH 3600100/13.5-13/4 1 ' 3 1 0

which is very close to the value determined from the
inner curtain.

These results show

- that the determination of the hydraulic conductiv-
ity in the zone close to the rock surface is reli-
able, yielding a value close to 10~8 m/s

- that the hydraulic conductivity of the surrounding
zone (0.7-7 m) can not be determined by use of ID
technique

-that the hydraulic conductivity is highest in the
floor and probably also in the eastern wall

- the distribution between the different sectors is
uncertain

11.4 3D EVALUATION OF THE MACRO-FLOW TEST

11.4.1 General

The difference in flow of water that leaves the inner
borehole curtain and enters the outer curtain can
have the following reasons:

- The water flows into distant rock e.g. through a
fracture system that has no connection to the drift
or the outer curtain (note that we are dealing with
net flow, which means that no water is physically
moving from the curtain to the distant rock, but the
flow from the pressurized water in the distant rock
into the curtain is reduced!).

- The water flows from the inner borehole curtain
into the blasting disturbed zone either directly
through some fractures (due to e.g. a locally deeper
blast-disturbed zone at the inner curtain) or
(applying the EPM model) due to a decrease in hydrau-
lic conductivity around the outer curtain.

- All water accumulated in the outer curtain is not
measured due to some error in recording.

The second hypothesis would mean that the missing
water (about 4 1/h) must go into the drift (not
physically but the net flow!). However, since the
leakage from the pressurized slurry at 10 bar into
the curtains was only about 2.2 1/h, all 4 1/h would
not appear to go into the drift. Since the average
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pressure in the blast-disturbed zone is 5 bar (due to
the pressure drop from 10 bar to 0 bar) one can con-
clur* that about 1.1 1 /h appear to go into the
drift. This leaves us with about 3 1/h which must
either go into the distant rock or escape detection
in the outer curtain.

In order to try to find the most plausible explana-
tion and a probable value of the permeability in the
stress-disturbed zone, a number of FEM calculation
were made with different assumptions. The following
basic cases were considered:

1. Calculation of the background inflow into the
curtains using a reduced permeability for the
outer curtain that can explain the low basic
inflow. If such a model can be outlined, it
should be used for the macro-flow calculations
to see if the measured flow data can be obtained
theoretically.

2. The model includes a leaking lining. The lining
must have such properties that the slurry pres-
sure dependance in Fig 11-1 is obtained when
pressurization is simulated.

3. The stress-disturbed zone is assumed to be less
deep than the originally assumed 7 m

A logical order of the calculations would be to start
with the slurry leakage simulation for arriving at a
value that can be used as a fictive lining permeabi-
lity. This value will then be used at the inflow
simulation, which will lead to rock permeabilities
that fit the inflow. These values will then be used
for the macro-flow test and if necessary adjusted to
fit also that test, which thus requires recalcula-
tions of the inflow. This iterative process would end
by giving permeability data that fit all measure-
ments, not only from the macro-flow test but at best
also those from the LBL macropermeabiiity test and
also the inflow into the curtain.

11.4.2 Slurry leakage calculations

The slurry leakage can be simulated by assuming a i m
thick lining inside the drift with a low hydraulic
conductivity, and applying also a water pressure of
10 bar in the drift. The leakage should th- n be 1.2
1/h into the inner curtain and 1.0 1/h into the outer
curtain as was actually measured.

Such calculations were made with the same element
mesh and the same presumptions as in chapter 8.2.4,
but with the following changes:
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- A l m thick permeable layer, corresponding to the
slurry was simulated inside the BMT drift.

- The depth of the shallow disturbed zone with k=10~8

m/s is decreased to 0.7 m.

- The depth of the stress disturbed zone with
k*=10~9 m/s and Jt"=10~n m/s is decreased to 4.0 m.

- Only the net flow from the slurry leakage is inclu-
ded in the calculation, which means that the pressure
at the outer rock boundaries is zero and the water
pressure inside the permeable layer in the drift 1
MPa.

The calculations showed that a (fictivej hydraulic
conductivity for the layer of k=5.410~ m/s gives
similar flow values as were measured, as indicated by
Table 11-1.

Table 11-1 Calculated inflow into the curtains compared to the
measured inflow. fc=5.410~ 1 m/s for the layer.

Calc. inflow Meas. inflow

Inner curtain 1.20 1/h 1.2 1/h
Outer curtain 1.02 1/h 1.0 1/h

About 0.26 1/h out of the 1.20 1/h would flow in the
inner borehole curtain according to this calculation,
which can be compared to about 0.5 1/h which was
measured. This yields a somewhat better connection
between the shallow blast-disturbed zone and the
boreholes than implied by the assumed permeability
values.

Another interesting result of the calculations is
that the pressure in the blast-disturbed zone
increased to 80 kPa in the centre of the drift, 0.7 m
into the rock. A similar and even higher increase to
between 50 and 200 kPa was actually measured during
the zero-tests.

The conclusion of these calculations are that the
function of the slurry was similar to a 1 m thick
permeable layer with k=5.410"n m/s.
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11.4.3 Achieved rock model (Model A)

11.4.3.1 Hydraulic conductivies and boundary conditions

After derivation of a model of the slurry behavior
and its leakage, the process of iterative work for
achieving a rock model that agrees with all stages of
measurements was not very difficult. Only two itera-
tions were actually needed to arrive at a functional
rock model, which is shown in Fig 11-6 with the per-
meability data described in Table 11-2.

MODEL A

ko=9l0"" fcr = ?.3

- T l

k = 9 1 0

to"
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kO-iO""
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^ k r = 2 3 l 0

k=l? 10* m *

k = 9 10"

0

Figure 11-6 Element mesh and hydraulic conductivity of the
different rock zones at the final rock model (MODEL
A) . The mesh is axisymntetric around the upper
boundary
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Table 11-2 Final rock model

—Zone

1

2

3

4

5

6

7

Undist.

Undist

Stress

Stress

Blast.

Slurry

. r.

. r.

dist.

dist.

dist.

Bulk head

k

m/s

9.0-10""

3.0-10""

9.0-10"10

3.0-10"10

1.2-10"8

5.0-10""

i.o-io"15

k
r

m/s

9.0-10""

3.0-10""

2.3-10""

7.5-10"12

1.2-10"8

5.0-10""

1.0-10"1S

D

5.4

5.4

3.1

3.1

2.4

1.4

0.0

r
o

m

40.0

40.0

5.4

5.4

3.1

2.4

2.4

1

m

6.0

20.5

6.0

20.5

44.5

12.0

13.0

fc=axial hydraulic conductivity
Jtr=radial hydraulic conductivity
n=inner radius for the described zone
ro=outer radius for the described zone
1 =axial distance from the inner end of the drift to

the end of the described zone

The boundary conditions were

- 1.4 MPa constant pressure 40 m from the centre line
of the drift and 24 m from the end of the drift

- 0.0 MPa constant pressure in the outer curtain and
at the rock surface outside the bulk head

- 0.0-1.0 MPa constant pressure in the inner curtain

- 0.0-1.0 MPa constant pressure inside the slurry

Thus there are some changes compared to the original
model, the most important ones being:

- the far field rock is devided into two parts with
different permeabilities which will also result in
two different parts of the stress disturbed zone

- the depth of the blast-disturbed zone is reduced to
0.7 m

- the depth of the stress disturbed zone is reduced
to 3.0 m

The following four stages will be calculated by use
of this model and the results compared to the
measurements:
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1. The pressure around and the inflow into the BMT
and LBL (macropermeability) drifts before drilling
of the curtains

2. The pressure around and the inflow into the two
curtains

3. The inflow into the curtains after pressurization
of the slurry

4. The pressure and flow situation after pressurizing
the inner curtain (macro-flow test)

Since these tests can be superimposed, they will be
studied separately, assuming that the pressure, con-
trolling water flow that is not relevant, is zero.
Finally a calculation that includes all three pres-
sures, i.e. the far field background pressure, slurry
pressure and curtain pressure will be performed,
simulating the actual situation at some stages of the
macro-flow test.

11.4.3.2 Macropenneability test

This test was simulated without curtains using the
pressure 1.4 MPa at the boundary 40 m from the centre
of the drift, and zero pressure at the periphery of
the drift (radius 2.4 m). All conductivity values
used in this calculation are shown in Table 11-2.

One finds that the calculated inflow into the BMT and
LBL drifts agreed well with the measured as shown in
Table 11-3.

Table 11-3 Calculated and measured inflow before drilling of
curtains

Drift

BMT
LBL

Calc.

1.46
2.59

inflow
1/h

(35
(62

1/d)
1/d)

Meas.

1.46
3.00

inflow
1/h

(35
(72

1/d)
1/d)

The resulting calculated pressure situation around
the drift is shown in Fig 11-7, while Fig 11-8 shows
the calculated pressure as a function of the distance
from the axis of the drift as compared to the
measured values (SAC 49). The calculated pressures at
the position of the R-holes are also shown.
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Macro permeability test

MODEL A

30 60
2050 80 100
104070 90 HO 120 130

Figure 11-7 Calculated pressure situation at the Marcopermea-
bility Experiment (mwh)

One finds that fig 11-8 and Table 11-3 giving the
calculated flow and pressures agree very well with
the values measured during the Macropenneability
test. This test did not comprise pressure measure-
ments made closer than 3 m from the periphery, but
the measurements during the BMT with the BAT cells
located about 1 m from the surface showed that the
pressure was very low and that the pressure drop thus
must take place between about 1 and 3 m from the
surface as an average.

In conclusion, the simulation of the Macropermeabi-
lity test agrees very well with the measurements thus
offering strong support of the proposed rock model.
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Figure 11-8 Comparison of the calculated and measured water
pressures at the Macropermeability Experiment as a
function of the radial distance
x calculated R 1-5
o calculated R 6-10

11.4.3.3 Inflow test after drilling of curtains

The borehole curtains and slots can be simulated by
applying a constant pressure equal to zero in the
nodes in the curtains. Using the same model and boun-
dary conditions as for the Macropermeability test,
supplemented with the two curtains reaching 7.0 m
into the rock, the inflow and pressure situation of
this inflow test can be calculated. Table 11-4 shows
the calculated and measured inflow data.
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Table 11-4 Calculated and measured inflow after drilling of
curtains

Position Calc. inflow Meas. inflow
1/h 1/h

Inner slot
Inner boreholes
£ inner curtain
Z outer curtain

0.18
3.34
3.52
1.26

0.75
2.50
3.25
1.25

The difference between the calculated and measured
sum of inflow (into the inner and outer curtains
resp.) is less than 10%. Also, the distribution is
good for the curtains while there is a discrepancy
for the innner slot and borholes. This observation
agrees with what was mentioned in chapter 11.4.2 and
supports the assumption that there is easy water
transfer between the boreholes and the slot, perhaps
through a deeper blast-disturbed zone in the inner-
most part of the floor.

The calculated pressure situation is shown in Fig
11-9. The figure implies that the pressure in the
rock between the curtains would have dropped consi-
derably due to the drilling of the curtains. This
drop is also seen in Fig 11-10, which shows the cal-
culated water pressure as a function of the radial
distance from the axis. The calculated pressure is
shown in the centre of the drift (axially) and about
3 m from the curtains, i.e. about where the heater
holes were located, corresponding also to the Glötzl
pore pressure gauges 3 m into the rock as describedin
chapter 5.5. Gauge GL9, which is located in the
middle of the drift between the curtains, gave the
pressure 18.1 mwh (181 kPa) while 8 gauges, which
were also located between the curtains but only 3 m
from them, gave pressures between 3.5 and 32.8 mwh
with the average pressure 12.8 mwh (128 kPa). These
two values, which are also plotted in Fig 11-10,
agree quite well with the calculations. The mean
value of the other BAT and Glötzl measurements, all
showing low pressures are plotted as well in the
figure. The measured values originate from Table 5-4
and the location of the piezometers are shown in Figs
5-11 and 5-12.
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Inflow test after drilling of curtains

M03EL A
20 40 60 80 100 120

10 30 50 70 90 110 130

Figure 11-9 Calculated pressure situation after drilling of the
curtains (mwh)

Fig 11-10 also shows the calculated pressures before
the drilling of the curtains and the average measured
pressures during the Macropremeability test and the
Buffer Mass Test.

The calculations and measurements clearly show the
pressure reducing effect of the curtains and the good
agreement between the measurements and the calcula-
tions. The first two inflow tests thus confirm the
applied rock model.
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Figure 11-10 Calculated water pressure as a function of the
radial distance distance after drilling of the
curtains compared to the measured pressure. The
effect of the curtains is illustrated as well

11.4.3.4 Slurry leakage test

The slurry leakage test was simulated by using the
rock permeability data given in Table 11-2 but with
simpler boundary conditions that can be used for
evaluation of the effect of slurry pressurization.
Thus, the far field rock boundary and the curtains
were given a constant pressure equal to zero, while
the water pressure inside the slurry was given the
value 1 MPa. The calculated and measured net flows
are shown in Table 11-5.
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Table 11-5 Calculated and measured net inflow caused by the
slurry pressure 1.0 MPa.

Position Calc. inflow Meas. inflow
1/h 1/h

Inner slot
Inner boreholes
Z inner curtain
£ outer curtain

1.29
0.08
1.37
1.10

0.90
0.50
1.40
1.00

The sum of the calculated inflow into the inner and
outer curtains agree very well with the measurements
but, as in the previous chapter, the distributions
between the inner slot and the inner boreholes do not
agree. Again one finds that this is most probably
explained by an increased depth of the blast-
disturbed zone.

The increase in water pressure in the rock, caused by
the slurry pressure, is low and only reaching slight-
ly more than 1 m into the rock. The highest calcula-
ted pressure, 75 kPa, was reached in the blast-
disturbed zone in the center of the drift. The
measured pressure in the shallow rock when there was
no curtain pressure was somewhat higher, i.e. between
100 and 200 kPa. This discrepancy indicates a lower
hydraulic conductivity in the blast-disturbed zone
than 1.2-10" m/s at the location of the piezometers.
All shallow piezometers were located in the walls or
in the relatively low-permeable "corners" formed by
the walls and the floor, i.e. not in the very perme-
able central part of the floor.

The effect of the hydraulic conductivity on the water
pressure in the blast-disturbed zone is illustrated
by a couple of leakage calculations with different
k-values. Fig 11-11 shows the calculated water pres-
sure in the shallow rock (0-0.7 m) for the following
hydraulic conductivities:

Jc=1.0-10"9 m/s
k=3.010 m/s
fc=1.2 10~8 m/s

The calculations were made for an assumed slurry
pressure of 750 kPa. The measured water pressure at
this slurry pressure and no curtain pressure is also
shown in Fig. 11-11, from which it is obvious that
the measured values yield a hydraulic conductivity of
k=1.010" m/s to /t=3.0-10~ m/s. Another conclusion
that can be drawn from the figure is that the highly
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Figure 11-11 The calculated water pressure in the
blast-disturbed zone with different Jt-values
compared to the measured at the slurry leakage
test. (MODEL A)

permeable zone does not seem to extend as far as 1.0 m
into the rock since the measured pressure is lower at
that distance.

Both the calculations and measurements indicate that
the hydraulic conductivity in the walls is about 10
times lower than the average value of the disturbed
zone. This conclusion is supported by the macro-flow
measurements and the "Lugeon" testing of the hedgehog
holes (see chapter 11.5)

11.4.3.5 Macro-flow test

The calculated flow assuming pressurized curtains was
made in two steps. The net pressure and flow situa-
tion were first calculated after which the total
pressure and flow fields were simulated.

Net flow

The net flow due to the curtain pressurization were
calculated by applying a pressure of 1 MPa in the
inner curtains of the model, and zero pressure in the
far field and slurry boundaries. The pressure field
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around the drift obtained from that calculation is
shown in Fig 11-12. The figure shows that while the
pressure drops almost linearly from the inner curtain
to the outer in the blast-disturbed zone, there is a
clear shift in pressure drop towards the outer
curtain in the stress-disturbed zone. This is due to
the lower permeability in the outer part of the rock
and is confirmed by the measurements as shown later
in the text.

The calculated and measured net inflow are shown in
Table 11-6.

Table 11-6 Calculated and measured net inflow caused by an
applied pressure of 1 MPa in the inner curtain

Position Calc. inflow Meas. inflow
1/h 1/h

Inner slot
Inner boreholes
£ Inner curtain
Outer slot
Outer boreholes
Z Outer curtain
Drift
Far field rock

-4.97
-3.68
-8.65
3.78
0.95
4.73
1.38
2.54

-5
-3
-8

4.

.20

.30

.50

75

The following major conclusions can be drawn from
Table 11-6:

- The calculated and measured values agree very well.

- The measured difference between the outflow from
the inner curtain and inflow into the outer curtain
is achieved and explained by the calculation

- 1.38 1/h or 16% goes into the drift according to
the calculation

- 2.54 1/h or 29% goes into the far field rock accor-
ding to the calculation

- According to the calculation only 0.95 1/h goes
into the outer boreholes which can be compared to the
measured 0.41 1/h. However, the estimated value is
based on the measurements in the walls and in the
roof since the inflow into the slot and the boreholes
were not separated in the floor which means that the
value 0.41 1/h is very uncertain. Anyhow, the cal-
culation agrees with the actual measurements in that
only a small part of the outflow from the inner bore-
hole curtain results in an inflow into the outer
borehole curtain.
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Macro flow test {net flow)

MODEL A
30 20 10

Figure 11-12 Calculated water pressure situation (mwh) at the
Macro-flow test (net flow) with a curtain pres-
sure of 100 mwh

Thus the calculation of the Macro-flow test with the
proposed rock model explains the loss in water bet-
ween the curtains and the low inflow into the outer
boreholes and the good agreement between the measured
and the calculated flow values demonstrates the
applicability of the model.

Total flow

A final calculation of the total flow and pressure
situation was made at the highest applied pressures
in the slurry and the inner curtain. In this calcula-
tion the same rock model was used as in the other
calculations and the following boundary conditions
were applied:
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Far field rock: p=1.40 MPa
Inner curtain: p=0.70 MPa
Slurry: p=0.75 MPa
Outer curtain p=0.00 MPa
Outer drift walls p=0.00 MPa

The calculated pressure situation around the drift is
shown in Fig 11-13 while the measured and calculated
inflow are given in Table 11-7.

Macro flow test (total flow)

MODEL A
80 90 100 110 120 130

Figure 11-13 Calculated water pressure situation at the
Macro-flow test (mwh total pressure) with a
curtain pressure of 70 mwh, slurry pressure of 7 5
mwh, and a rock boundary pressure of 140 mwh
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Table 11-7. Calculated and measured total inflow

Position Calc

Inner slot
Inner boreholes
Z Inner curtain
Outer slot
Outer boreholes
Z Outer curtain
Drift
Far field rock

. inflow
1/h

-2.32
+0.82
-1.50
3.43
1.96
5.39

-0.89
-3.00

Meas. inflow
1/h

-2.30
+0.45
-1.85

5.32

The water pressure is plotted as a function of the
distance from the inner curtain in Figs 11-14 and
11-15 in the same way as the slurry leakage pressure.
Fig 11-14 shows the measured and calculated pressure
3.0 m into the rock and although the number of
measuring points is only 6 it is obvious that the
assumed lower permeability of the rock in the outer
part of the drift, which is the reason for the cal-
culated difference in gradient, was actually recor-
ded. The figure indicates that the change in permea-
bility tends to occur slightly closer to the outer
curtain than assumed. The slurry leakage does not
affect the water pressure at this distance from the
surface.

o
CL
SI
*

•D

jjj
CL
"5

13 10 5 0

Distance from inner curtain m

Figure 11-14 Calculated water pressure 3 m into the rock as a
function of the distance from the inner pressuri-
zed curtain compared to the measured pressure
o measured

calculated
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Distance from inner curtain

Figure 11-15 Calculated water pressure 0.3-0.5 m into the rock
as a function of the distance from the inner
pressurized curtain compared to the measured
pressure
o measured

calculated

Fig 11-15 shows the measured and calculated water
pressure in the shallow zone 0.3-0.5 m from the sur-
face. The measured values are corrected for the
effect of the slurry leakage by subtracting the
measured pressures in Fig 11-11, since, as shown in
chapter 11.4.3.4, these pressures are caused by the
lower permeability of the walls. Since the pressure
in this zone caused by the pressure in the far field
rock is zero and the pressure caused by the slurry
leakage is subtracted, the measured presures in Fig
11-15 can be derived from the curtain pressure. Thus,
the pressure drop should be linear if the permeabilty
of this zone does not change. The figure shows that
this is nearly the case but the higher values 9 m
from the inner curtain (around heater hole No. 2)
indicate some lower permeability in the outer part of
the drift than in the inner part.

The conclusion from the calculated and measured flow
and water pressure in Macro-flow test is that the
validity of the applied rock model is strongly
supported.
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11.4.4 Alternative rock godel (Model B)

The average hydraulic conductivity of two of the
three basic zones, i.e.the virgin rock and the blast-
disturbed zone cannot be very different from the ones
of Model A and still be in good agreement with the
calculations and measurements in all four test situa-
tions. However, the axial conductivity of the stress-
disturbed zone 0.7-3.0 m from the surface can be
altered substantially if the highly permeable zone
0-0.7 m from the surface is expanded radially in the
inner part of the drift.

A possible hypothesis is that the low radial permea-
bility, that is proven to exist in the blast-
disturbed zone, is not caused by high tangential
stresses but by gas bubbles that are formed when the
water pressure is decreased close to the drift, and
that block the fractures. Such bubbles may also
decrease the axial conductivity to the same level.

Although this hypothesis is contradicted by the in-
flow measurements into the inner curtain, which does
not indicate any loss in conductivity close to the
curtain, the axial conductivity can be much lower
than assumed in the rock model and still fit all
data, as will be shown in this chapter. All four test
situations will be simulated using the rock model
shown in Table 11-8 and Fig 11-16.

Table 11-8 Alternative rock model

Zone

1

2

3

4

5

6

7

Undist.

Undist.

Stress

Stress

Blast.

Blast.

Slurry

. r.

. r.

dist.

dist.

dist.

dist.

Bulk head

k
a

m/s

9.010""

3.0-10'"

2.3-10'"

7.5-10'12

1.1-10'8

1.1-10"8

5.010""

i.o-io'15

k
r

m/s

9.0-10""

3.0-10""

2.3-10""

7.5-10'12

1.1-10"8

1.1- 10"8

5.010""

1.0-10'15

r
i

m

5.4

5.4

3.4

3.2

2.4

2.4

1.4

0.0

r
o

m

40.0

40.0

5.4

5.4

3.4

3.2

2.4

2.4

1

m

6.0

20.5

6.0

20.5

6.0

44.5

12.0

13.0

This model differs from the main model in the
following ways.
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Figure 11-16 Element mesh and hydraulic conductivity of the
different rock zones at the alternative rock
model (MODEL B). The mesh is axisymmetric around
the upper boundary

- The extension of the inner 6 m of the blast-
disturbed zone is increased from 0.7 to 1.0 m.

- The rest of the blast-disturbed zone is 0.8 m.

- The hvdraulic conductivity of the blast-disturbed
zone is decreased to l.iio" m/s.

Since the flow to and from the inner boreholes is
measured from approximately 0.7 m from the periphery
this means that some of the flow in the stress
disturbed zone hits the boreholes. This rock model
would thus mean that the assumed measured hydraulic
conductivity of the stress disturbed zone, is caused
by flow in the highly permeable blast-disturbed zone.

The calculations of the four different tests yielded
results that were very similar to those obtained from
the other rock model, which is logical since the
radial conductivities are almost identical and the
difference in axial conductivity of the stress
disturbed zone compensated by an increased blast-
disturbed zone. The water pressure fields of the two



rock models agree very well the only significant
difference is obtained for the inflow test after
drilling the curtains. Table 11-9 shows the diffe-
rence in pressure evaluated from the calculations and
measurements.

Table 11-9 Calculated and measured water pressure at the
curtain inflow test

Dist. from
surface (m)

Calc. (A)
kPa

Calc. (B)
kPa

Measured
kPa

0.3-0.6
1.1
3.1

0.00
0.00
0.13

0.00
0.02
0.24

0.01
0.04
0.18

The table shows that the difference between the cal-
culations is not sufficiently obvious to make it
possible to decide which model is the most correct
one. The calculated and measured inflow compared for
all four terts using the two rock models are shown in
Table 11-10.

Table 11-10 Calculated and measured inflow at the four tests

Test and position Calc. (A)
1/h

Calc. (B)
1/h

Measured
1/h

Vent./BMT test
Vent, drift
BMT drift
Curt. infl. test
Inner slot
Inner boreholes
Z Inner curtain
Z Outer curtain
Slurry leakage
Inner slot
Inner boreholes
Z Inner curtain
Z Outer curtain
Macro flow test
Inner slot
Inner boreholes
Z Inner curtain
Z Outer curtain
Macro flow test
Inner slot
Inner boreholes
Z Inner curtain
Z Outer curtain

2.59
1.46

0.16
3.34
3.52
1.26

1.29
0.08
1.37
1.10

(net flow)
-4.97
-3.68
-8.65
4.73

(total flow)
-2.32
+0.82
-1.50
5.39

2.67
1.53

0.28
3.25
3.53
1.03

1.28
0.17
1.45
1.04

-5.31
-3.42
-8.73
4.72

-2.48
+0.98
-1.50
5.11

3.00
1.46

0.75
2.50
3.25
1.25

0.90
0.50
1.40
1.00

-5.20
-3.30
-8.50
4.75

-2.30
+0.45
-1.85
5.32
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Table 11-10 shows that both models yield equally good
results. The distribution in flow between the inner
slot and boreholes is still not correct for tests 2
and 3 although it is somewhat improved for model B.
The net inflow into the outer boreholes is 0.34 1/h
for model B, and this is close to the actually
measured 0.41 1/h. This model obviously reflects the
outer curtain flow somewhat better than model B.

One finds from the calculations that more than one
rock model can fit the test data, which are not
sufficient for determining the axial conductivity of
the stress-disturbed zone. Actually, a range of axial
permeabilities are possible by varying the extension
of the highly permeable blast-disturbed zone.

11.5 EVALUATION OF SINGLE HOLE TESTS

11.5.1 General

The hydraulic conductivities determined in the hedge-
hog holes in the test areas and in every 5th curtain
hole could be used for comparison with the macro-flow
tests if a representative average value can be cal-
culated. However, it is not obvious what kind of
average value that is relevant, since it depends on
the direction of flow in relation to the position of
the different areas which have different conductivi-
ties. Fig 11-17 illustrates the problem: If we have
two areas with very different hydraulic conductivi-
ties, kz»ki, the resulting flow will depend on the
direction of the flow. If the flow goes in the y-
direction, all water needs to go through both areas
and the low-conductive area will stop the flow and

L, k 2 > > k 1

Figure 11-17 Illustration of how the resulting hydraulic
conductivity is depending on the flow direction
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thus be dominating, while the value of kz will not
influence the total flow. If, on the other hand, the
flow goes in the x-direction, all water can go in the
highly conductive area, which will thus be dominating
leaving the value of k\ without influence on the
total flow.

It can easily be shown that if we have an area formed
by a number of equally large areas with the hydraulic
conductivities kij, the resulting hydraulic conducti-
vity of the whole area will be as described by Eqn
11:1 if the areas and the flow direction are as shown
in Fig 11-18.

n- 11:1

If n=l, then k will be equal to the arithmetic
average, while if n«m k will be about the same as the
geometric average.

k11

k21

k.
i1

k12 k1j

k..
y

Figure 11-18 Calculation of the resulting hydraulic conducti-
vity (Eqn 11:1)
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11.5.2 Hedgehog holes

Since the four test areas with the hedgehog holes
correspond to n=*m at an axial flow, the geometric
average car. be used for the evaluation of the resul-
ting hydraulic conductivity. These values are shown
in Table 11-11.

Table 11-11 Resulting hydraulic conductivities for the test
areas with the hedgehog holes

Test area h
m/s

Floor 1.7-10~9

W-wall 6.6-10
E-wall 4.2-10
Roof 1.0-10

These values are considerably lower than the values
measured in the large flow tests. If the resulting
axial hydraulic conductivity is calculated from these
four values the arithmetic average should be used
according to Eqn 11:1 which yields

k=7.2-10~10 m/s

If the correction factor derived in chapter 8.4
(caused by the shallow test location) and the depth
of the holes is considered (the test holes are deeper
than 0.7 m), the resulting hydraulic conductivity
that would correspond to the average evaluated from
the Macro-flow tests (to the depth 0.7 m) would be

fc~1.0-10'9 m/s

which is about one order of magnitude lower than the
value evaluated from the Macro-flow test. The expla-
nation of this discrepancy can be one of the
following three:

1. Errors in the macro flow testing.

2. The flow is concentrated to channels that are not
hit by the hedgehog holes.

3. The single hole tests are made at the depth 0.2-
1.2 m instead of 0.0-0.7 m which was the test
depth in the macro flow test.

Errors in the measuring system are not probable since
they could only be caused by the following defects,
which are too minor to yield the discrepancy:
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A) Leakage in the slurry such that water entered
the slurry close to the inner curtain and flowed
out close to the outer curtain. This scenario is
not possible since there vas no hydraulic
gradient in the pressurized slurry. The slurry
pressure was caused by the bladder pressure,
which was the same throughout the entire slurry.

B) Leakage between the lining and the rock sur-
face. The lining was very flexible, and the
space behind the lining was a function of the
pressure against the lining. Since no pressure-
dependence of the flow was measured, such
leakage must have been insignificant.

C) Leakage in the tubes between the inner slot
and the flow meters. This is not possible since
the tube system was tested before the start of
the tests.

The second explanation, i.e. that the flow goes in
channels is possible but not very probable since the
shallow fractures caused by blasting are thought to
be slot-shaped.

The third explanation, i.e. the difference in depth
of testing, is the most probable one since the most
shallow 20 cm part, which is very rich in fractures,
was not tested in the single hole tests. The
fractures produced in the contour blast-holes are
thus not included in these tests, which means that
the shallow rock 10-20 cm from the surface must have
a hydraulic conductivity in the order of

7<=1.0-10"7 m/s

The resulting hydraulic conductivity of two zones,
oriented parallel to the flow direction ($x flow
according to Fig 11-17) is the arithmetic average
(Eqn 11:1) and the weighted arithmetic average of a
10-20 cm deep zone with fr=1.010~ m/s and a 60-70 cm
deep zone with k=l.0-io"9m/s is

k=1.3-2.6-10'8m/s

This is the same conductivity as evaluated from the
large scale flow tests.

11.5.3 Curtain holes

The resulting hydraulic conductivity of the curtains
may be calculated as the arithmetic average according
to Eqn 11:1. The value can only be roughly estimated
since the conductivity of holes with k<l.010"1

could not be determined with greater accuracy. How-
ever, the error will be small if k=5.0-10 **m/s is
used for those holes since the total flow will be



131

dominated by the few holes having high k-values. The
averages will then be:

Inner curtain: K=3.71O~10 m/s (3.3-10'10-4.1-10~10)

Outer curtain: k=l. 1-10'10 m/s (0.8- 10"10-l. 5- lO'10)

The possible upper and lower limits are indicated by
the figures within paranthesis. Since the packers
were 0.5 m long at these measurements, the values
represent the average 1.2-7.0 m from the surface.

The two rock models A and B presented in chapters
11.4.3 and 11.4.4 can be used for evaluation of the
hydraulic conductivity of the rock around the
curtains at the same distance from the rock surface
(between 1.2 and 7.0 m). Such an evaluation reguires
a close look into what kind of conductivities that
are actually measured in the different tests. Not
only the direction of the flow but also the main
direction of the hydraulically active fractures are
of importance.

Fig 11-19 illustrates how three principal fracture
directions and flow directions can be defined in
relation to a tunnel and a radial borehole extending
from the tunnel. The "principal fractures" are:

1. A radial fracture coinciding with the axes of the
tunnel and the borehole (r)

2. A tangential fracture oriented tangentially with
respect to a tunnel perpendicular to the borehole (x)

3. A perpendicular fracture oriented perpendicular to
the tunnel coinciding with the borehole axis (p)

Of course only few fractures are oriented in any of
these modes, but any fracture intersecting the bore-
hole can be projected to be composed of a certain
percentage of each of these fractures (e.g. 30% r,
65% T and 5% p). Each fracture has two principal flow
directions according to the coordinate system with
the following principal directions:

1. z-direction parallel to the tunnel axis

2. y-direction parallel to the borehole axis

3. x-axis perpendicular to the z- and y-directions
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O

Q)

Figure 11-19 The three principal fracture and flow directions
that can be defined in relation to a tunnel and a
radial borehole from the tunnel

The hydraulic conductivity will thus be characterized
by 6 different components, i.e. two in each principal
fracture as shown in the figure. A hydraulic conduc-
tivity measurement can mobilize different combina-
tions of these components and around a pressurized
long borehole, like the curtain holes, the net flow
can go in 4 of these 6 possible paths (no flow is
assumed to go parallel to the borehole) yielding the
hydraulic conductivities

k , k , k and k
r T X p

An idealized macro-flow test with flow parallel to
the tunnel would only involve the two conductivities

kz and k7
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The hydraulic conductivities in the two rock models
would yield the results shown in Table 11-12 from a
single hole test over the length 1.2-7.0 m in a bore-
hole like the curtain holes:

Table 11-12 Different hydraulic conductivities achieved from a
single hole measurement in the borehole curtain over
the length 1.2-7.0 m when the two different rock
models are assumed

Involved
hydraulic
conduct.

Model A

kz (m/s)

kzx (m/s)

K (m/s)
k* (m/s)
p
Model B

k* (m/s)

k\ (m/s)

kl (m/s)

kx (m/s)
p

Inner
1.2-3.0

m

9-10"10

9-10"10

9-10"10

9-10""

2.3-10-"

2. 3- lo'"

2.3-10""

9-IQ'"

curtain
3.0-7.0

m

9-10""

9-10""

9-10'"

9-ID'"

9-lo'"

9-10""

9-lo'"

9-10""

Outer
1.2-3.0

m

3-10-10

3-10'10

3-10"10

3-lo'"

7.5-10"12

7.5 10"12

7.5-10"12

3-10""

curtain
3.0-7.0

m

3-10'"

3-ID'"

3-ID'"

3-10'"

7.5-10"12

7.5-10"12

7.5-10'12

3-10""

The resulting hydraulic conductivity that would
correspond to one single hole measurement can be cal-
culated as the weighted arithmetic average yielding
the following results:

Model A: Inner curtain fc=2.8-10"10 m/s
Outer curtaink=0.9-10"10 m/s

Model B: Inner curtain k=7.4-10~" m/s
Outer curtain k=0.910"" m/s

Thus, model A gives a hydraulic conductivity that
agrees very well with the average measured conducti-
vities while the values calculated from model B
deviate substantially from the measured ones.
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11.6 CONCLUSIONS

The EPM modelling of the different phases of the
Macro-flow test yields considerable understanding of
the water flow processes in the near field and
appears to be the only way of conducting a reliable
evaluation of the test. The different calculations
result in the following conclusions:

- The average hydraulic conductivity of the shallow
blast-disturbed zone 0 to 0.7 m from the surface
around the BMT drift is 1.1-10" m/s.

- The single hole measurements in the shallow hedge-
hog holes agree well with the results from the macro
flow test if the conductivity of the rock surface in
the floor and the walls is 5- 10~8-l- io"7 m/s at the
distance 0-20 cm from the surface.

- k of the blast-disturbed zone is higher in the
floor (2 10~8 m/s) than in the walls (1-3-10 m/s)
and lowest in the roof for which no value could be
determined.

- All four large scale tests (macropenneability,
curtain inflow, slurry leakage and macro-flow tests)
can be accurately modelled, with respect to the flow
and water pressure, using two different rock models.
The difference between them is different assumptions
concerning the combination of the depth of the blast-
disturbed zone and the axial conductivity of the
stress-disturbed zone.

- Rock model A is most relevant since it agrees also
with the single hole tests in the borehole screen,
but the unknown depth of the blast-disturbed zone
makes the determination of the axial conductivity
0.8-3.0 m from the rock uncertain.
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12 ROCK MECHANICAL CONSIDERATIONS

12.1 GENERAL

The flow measurements and flow modelling have both
assumed that the rock behaves as a porous media.
However, the rock mechanical effects of tunnel
excavation and blasting, creating the disturbed
zones, must be studied using more realistic models,
that consider also the fractures in the rock.

12.2 MODELING APPROACH

Distinct element method simulations have been conduc-
ted for the BMT area by use of the 2D code UDEC and
the 3D code 3DEC. Effects of tunnel and borehole ex-
cavation, and of a constant pressure applied to the
tunnel walls as well as of the temperature pulse that
was generated in the Test 1 heater experiment, were
investigated.

The distinct element method was first proposed by
Cundall (1971) and is frequently applied to numerical
simulation problems involving jointed media, e.g.
jointed rock masses. The main feature of the method
is that the problem domain is divided into a system
of solid elements, or blocks. Block-to-block inter-
actions are controlled by edge and corner contacts
for which constitutive conditions, representing the
mechanical properties of the block-to-block inter-
faces, are prescribed. The method also includes con-
tinuum theory representation of the solid blocks.

The UDEC calculations were performed for a vertical
section through the tunnel and for a horizontal
section through the borehole at borehole mid-height.
Dense calculation grids and a complex joint constitu-
tive relation, which closely reproduces stress-strain
relations found experimentally by use of small dia-
meter core samples from the Stripa mine, were used.

The 3DEC calculations were intended as an investiga-
tion of the importance of conditions, regarding for
instance joint orientation, that are implicitly
assumed in 2D. Due to computer memory restrictions
and in order to reduce computer run times, coarser
calculation grids and a simpler joint constitutive
relation were used in the 3DEC calculations than in
the UDEC calculations.

These simulations have been reported in separate
volumes by Hökmark (1991) and by Hökmark and
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Israelsson (1991), a condensed description of the
calculation conditions in general and of the results
from the simulations of the drift excavation and of
the simulations of the drift pressurization is given
in this chapter.

12.3 STRESS DATA

The insitu stresses specified in the models of the
BMT drift were based on values accounted for in
chapter 5.7

The following values were used in the calculations:

a = 15 MPa, horizontal, perpendicular to tunnel

a = 10 MPa, horizontal, parallel to tunnel

a = 6 MPa, vertical.

The cri and <re values were obtained by calibration of
UDEC input to the stress measurement data reported by
Carr (1988). This calibration was made by Rosengren
in a pilot UDEC study (1989).

12.4 MATERIAL MODELS

12.4.1 Intact rock properties

The intact rock material, i.e. the material between
joints, was assumed to be linear-elastic, isotropic
and homogeneous. This assumption is based on labora-
tory tests reported by Swan (1978), which indicate
that the uniaxial compressive strength of Stripa
granite exceeds 200 MPa. The mechanical properties
assumed for the intact rock material are shown in
Table 12-1.

Table 12-1. Intact rock properties

12.4.2

Property

Density
Modulus
Poisson'

Fracture

of elasticity
s ratio

properties,

Parameter value

2623 kg/m3

70 GPa
0.21

UDEC

In the 2D calculations a fracture material model was
used that accounts for the accumulated damage done to
joints under shear, and which includes a non-linear
stress-closure relation. Some code improvements,
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Figure 12-1 Joint constitutive relations
Left: Shear stress vs shear displacement for three
different levels of joint normal stress. The expe-
rimental curves were obtained from Barton and Vik.
Right: Normal stresss vs joint normal displace-
ment. Solid lines represent experimental results,
the dotted line represents relation used in these
calculations

necessary for this joint model to operate properly,
were performed within the project. The stress-strain
relations, shown in Fig 12-1, are results of calibra-
tions of joint model parameter values to experimental
results reported by Vik and Barton (1988). Note that
joint normal and shear stiffness both depend on the
joint normal stress.

12.4.2 Fracture properties, 3DEC

A simpler, ideally elasto-plastic joint model inclu-
ding a linear stress-closure relation and a Mohr-
Coulomb failure criterion for shear displacements,
was assumed for the fractures in the 3DEC models. The
parameter values are shown in Table 12-2.
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Table 12-2. Fracture properties

Joint property Parameter value

Normal stiffness
Shear stiffness
Friction angle
Dilatancy
Tensile strength
Cohesion

300 GPa/m
10 GPa/m

25.6°
2.0°
0
0

12.5 EFFECTS OF TUNNEL EXCAVATION

12.5.1 UDEC calculations

12.5.1.1 Model geometry

The generalized fracture pattern and the dimensions
of the problem domain are shown in Fig 12-2. The cir-
cular joints are artificial structures, added in
order to facilitate the subdivision of the rock
blocks into constant strain finite difference
triangles, and have no influence on the results of
the simulations.
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Figure 12-2 Fracture system used in UDEC calculations. The
circular joints, the borehole and heater contours
are artificial structures and have no influence on
the results of the calculations
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12.5.1.2 In-situ stresses and boundary conditions

The vertical insitu stress was set to 6 MPa and the
horizontal to 15 MPa, according to chapter 12.3.
These stresses were also assumed to be principal
stresses. The far field was modeled by use of boun-
dary elements with elastic moduli that agreed with
the average elastic properties of the jointed rock
mass.

12.5.1.3 Calculated cases

The excavation of the tunnel was simulated for five
different cases:

Case A, "base case". Joint geometry according to
Fig 12-2 and joint mechanical behavior according
to Fig 12-1 for all joints

- Case B, "restricted case". Joint geometry accor-
ding to Fig 12-2 and joint mechanical behavior
according to Fig 12-1 for all joints except for
two small segments of the joint that intersects
the lower right tunnel corner. For these segments,
located just below and just to the right of the
tunnel, mechanical properties, i.e. cohesion and
tensile strength, that prevent slip and separation
were prescribed.

Case C. A pronounced peak shear strength was
assumed for all fractures. All other conditions
were set according to the base case.

- Case D. Global joints, i.e. joints that intersect
the whole model region were assumed to be discon-
tinuous at some distance from the tunnel. All
other conditions according to the base case.

- Case D. A hydraulic pore pressure was assumed in
all fractures. All other conditions according to
the base case.

12.5.1.4 Results

General

It turned out that the joint that intersects the
lower right corner of the tunnel had a significant
influence on the joint behavior in the regions to the
right of the tunnel and below the tunnel floor. In
the base case calculation joint shear displacements
caused by the tunnel excavation amounted to about 3
mm in these regions and joint separations to about
1.5 mm. It was concluded that deformations of these
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magnitudes were not likely to occur unless the 2D
conditions regarding joint orientations were satis-
fied at least approximately , i.e. unless joints were
nearly normal to the modeled section. This conclusion
was also confirmed by the 3DEC simulations. The dis-
placements obtained in the restricted case calcula-
tion were considerably smaller, with shear displace-
ments mainly in the essentially elastic range, i.e.
smaller than 0.8 mm (see Fig 12-1). Cases C - D gave
results that, in general, more agreed with the base
case results, meaning considerable inelastic dis-
placements in the vicinity of the tunnel.

Joint aperture changes in tunnel vicinity

Fig 12-3 (base case) and Fig 12-4 (restricted case)
show joint separations in the vicinity of the tunnel.
These figures do not show separations smaller than
20 nm. The line thicknesses are proportional to the
joint separations. The "glued" segments of the joint
that intersects the lower right corner are indicated
in Fig 12-4.

Joint aperture changes at some distance from tunnel

Fig 12-5 (base case) and Fig 12-6 (restricted case)
show normal displacement data for the individual con-
tact points that control block-to-block interactions
in UDEC. Only contact points at distances larger than
6 m from the center of the tunnel are considered.
Each contact point represents a fracture portion of
0.2 m - 0.6 m. The following conclusions can be drawn
from Figs 12-5 and 12-6:

At distances larger than 6 m from the tunnel
center, i.e. a little more than one half tunnel
diameter from the periphery, no significant aper-
ture changes occurred for the steeply dipping
joints whereas the 15° dipping joints opened
20 Mm (restricted case) and 45 jim (base case) at
some locations. This is probably due to the ini-
tial stress anisotropy and the joint constitutive
relation (the higher the joint normal stress, the
higher the normal stiffness).

At distances larger than 8.5 m from the tunnel
center, i.e. a little more than one tunnel dia-
meter from the tunnel periphery, no significant
aperture changes at all occurred.
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Figure 12-7 shows the differences between the base
case and the restricted case results at some distance
from the tunnel. From this figure it appears that the
effects of the large inelastic displacements, found
in the base case calculation, had a limited effect at
distances larger than 6.5 m from the tunnel center.
Only at a few locations did the base case results
regarding aperture changes exceed the restricted case
results by more than 5 - 10 urn.

12.5.2 3DEC calculations

12.5.2.1 Model geometry

The dimensions of the 3DEC models in the vertical
cross section normal to the tunnel was 30 m x 32 m,
i.e. equal to the UDEC models. The length in the
tunnel axis direction was 30 m. The shape and the
size of the tunnel cross section were equal to those
of the UDEC models.

In the vertical cross section of the 3DEC models at
tunnel mid-length the fracture pattern had the same
appearance as the fracture system of the UDEC models,
irrespective of the orientation and persistence of
joints in the tunnel axis direction. Joints that did
not intersect the central parts in the UDEC models
were, however, omitted in the 3DEC models.
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In UDEC models the system of rock blocks behave and
interact as an assembly of infinitely long parallel
bars of differently shaped cross sections. This
implicit 2D condition is met in the 3DEC model only
if all joints are parallel to the tunnel axis and
continuous throughout the model in the tunnel axis
direction. One of the purposes of the 3DEC calcula-
tions was to investigate the importance of these con-
ditions by comparison of results from UDEC calcula-
tions to results from 3DEC calculations in which
these conditions were satisfied completely, approxi-
mately or not at all. Nine different fracture geo-
metries were specified, all with the same appearance
in the vertical mid-section as the UDEC model.

12.5.2.2 Insitu stresses and boundary conditions

The insitu stresses were set according to section
11.3:

<rv = 6 MPa (vertical)

o\ = 10 MPa (horizontal, parallel to tunnel)

<r - 15 MPa (horizontal, perpendicular to tunnel)

These stresses were also assumed to be principal
stresses.

The bottom boundary surface was fixed in the vertical
direction, whereas constant stresses corresponding to
the insitu stresses were applied to the other boun-
dary surfaces.

12.5.2.3 Calculated cases

A detailed description of the geometrical conditions
assumed in the nine different cases investigated with
3DEC is given by Hökmark and Israelsson (1991).
Results from the following runs will be discussed
here:

Run C6: All joints parallel to the tunnel axis
All joints continuous throughout the model
in the tunnel axis direction

Run C13: The horizontal strike angle for the joint
that intersects the lower right corner of
the tunnel was set to 15°. This applied also
to other joints belonging to the same joint
set. All other conditions as for Run C6.

Run C7: As for run C13, but the horizontal strike
angle was set to 30°.
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Run C12: All joints parallel to the tunnel axis. The
persistence of joints was limited to 3 m in
the tunnel axis direction, meaning exten-
sions of +/- 1.5 in from the vertical mid-
section.

Fig 12-8 shows schematically the geometries in run
C6 (upper), C13 and C7, (middle) and C12 (lower).
Note that the vertical mid section has the same
appearance in all models.

12.5.2.4 Results

Fig 12-9 shows joint normal displacements in the ver-
tical mid-section, calculated in run C6. Note that
the order of magnitude and the distribution of joint
separations is in agreement with corresponding
results from the UDEC base case calculation, see Fig
12-3. This should also be expected, since the impli-
cit 2D assumptions were realized in the C6 geometry.
Fig 12-10 shows corresponding results obtained in run
C7. In this case the joint that intersects the lower
right corner was not parallel to the tunnel axis
which prevented large shear displacements, as found
in run C6, along this joint. The joint normal dis-
placements found in run C7 agreed, at least with
respect to order of magnitude, with the results
obtained in the UDEC restricted case calculation, see
Fig 12-4.

Fig 12-11 shows joint normal displacements in the
vertical mid-section, calculated in run C12. Joint
separations were in general one order of magnitude
smaller than those found in run C6.

12.5.3 Importance of fracture orientations

Fig 12-12 shows the maximum rock displacements at the
tunnel periphery as a function of the horizontal
strike of joint set #1, i.e. the set including the
joint that intersects the lower right tunnel corner
in the UDEC models. Results from UDEC calculations
are shown for comparison in the right part of this
figure. The UDEC "equivalent case" was created for
direct comparison with 3DEC results, i.e. boundary
conditions and joint constitutive relations were
specified in accordance with section 12.5.2.2 and
12.4.2.
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Figure 12-8 Schematic image of 3DEC models with different
assumptions regarding joint orientation and joint
persistence. The cut plane represents the vertical
mid-section analyzed in 2-D
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Fig 12-13 shows the maximum joint separations in
different regions around the tunnel

Fig 12-12 and Fig 12-13 show the importance of the
orientation of one specific joint. In all 3DEC runs
in which this joint was parallel to the tunnel axis,
displacements and joint separations were consider-
able. This sensitivity to changes in orientation was
not equally pronounced for other joints.

12.6 EFFECTS OF PRESSURIZATION

The effects of an internal 3 MPa tunnel pressure were
investigated with UDEC for the base case and restric-
ted case conditions. Also the effects of a subsequent
pressure reduction to 0 MPa were investigated. The
states of mechanical equilibrium that prevailed after
excavation of the drift were used as starting points
for these analyses.
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12.6.1 Effects on joint apertures

In the base case calculation the pressurization was
found to give considerable closure for joints that
had been opened during the excavation stage. Aper-
tures were reduced by 30-40 percent for the most ex-
panded joints in the right wall region and by about
15 percent in the tunnel floor region. After comple-
ted pressure cycle, i.e. when the pressure in the
tunnel was reset to zero, residual aperture expan-
sions were found to be about 7 percent, at the
average, in these regions. In the left wall region
the corresponding effect was 2 percent.
In the restricted case calculation the residual
effects on joint apertures of the 3 MPa pressure was
found to be about 1 percent or less in all regions.

12.6.2 Effects on axial conductivity

For the restricted case results, a calculation of the
pressurization effects on the axial conductivity in
different regions immediately adjacent to the tunnel
was made. It was found that the conductivity was
reduced by about 50 percent by the 3 MPa pressuriza-
tion in the closest right wall region. In the other
regions the reduction was a few percent. The residual
effects of the pressure cycle on the axial conducti-
vity were insignificant.

12.7 Effect of blasting

Blasting is known to affect the rock structure prima-
rily through processes in and around the contour
holes. The major effects are 1) creation of one or a
few fractures along part of the holes and of many
randomly grouped fractures around their inner ends,
2) expansion and propagation of natural fractures by
high gas pressure and shock waves, and 3) momentary
increase in hoop stresses at the periphery of the
excavated room that is being formed. The location and
orientation of the blasting-holes with respect to the
natural fractures are of great practical importance
since they determine the influence of gas presssure
and pressure waves on shallow rock blocks.

The influence of the amount of charge and type of
ignition have been known qualitatively for many years
as indicated by Fig 12-14 and recently compiled data
appear to give some quantitative information of
blasting damage as shown in Fig 12-15, from which one
concludes that it may be possible to reduce the
extension of the blasting-disturbed zone to two to
three decimeters.
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Using the experience manifested by the diagram in Fig
12-15, one would expect that the blast-disturbed zone
in the BMT drift extends 0,3-0,5 m from the periphery
in the walls and the roof if the change of the
contour holes controls the damage, while the distur-
bance would be up to about 1 m if the second row of
blast-holes dominates the damaging. Since the blast-
holes in the floor are reported to have had an extra
charge, the disturbance would be expected to be in
the interval 0,5-1,0 in in the central part of the
floor- This is in good agreement with the observa-
tions in Test 1 (Börgesson et al., 1991), from which
one concludes that the average hydraulic conductivity
exceeded 10~ m/s in the upper 0,5 m of the floor and
was in the range of 3-10"9 to 6-10"8 m/s in the
interval 0.5-1.2 m. Considering the fact that trim-
ming implies removal of some of the Zone la frac-
tures, the contribution to the increased axial con-
ductivity may be smaller or at least valid only for a
depth of 1-2 decimeters in the walls and the roof.

Blasting without care
Zone of cracks

Figure 12-14 Schematic picture of the impact of blasting
techniques and shape of tunnel on the disturbance
of the rock (after Andersson & Halen)
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It appears from these considerations and from general
experience that maximum disturbance is always
produced in the floor, the central part of which
represents a continuous hydraulically active zone
with an enhanced conductivity down to at least 1
meter.

Fig 12-16 is a generalized picture of the major types
of new fractures formed by ordinary blasting, i.e.
with contour holes that are drilled at a slight angle
with respect to the tunnel axis and with extra charge
at the tip. Fracture mapping of cores in Stripa mine
has indicated that the typical sets of blasting-
inducec1 plane fractures in Zones la - marked as
rectangles - extend around 0.3 m into the rock for
the rather careful technique that was applied, and
rough estimates of the hydraulic aperture suggest
that it can be in the interval of 10-50 nm (Pusch &
Hökmark, 1991) . Assuming that the more intensily
fractured section around the tip of the holes (Zone
Ib) has a higher conductivity, it is concluded from
preliminary investigations that the blasting-induced
defects in Zones la may control the axial conduc-
tivity.
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Figure 12-16 Major types of damage by tunnel blasting,
la-zones are characterized by regular sets of
plane fractures extending radially from the
central part of the blast-holes. 1-b zones
represent strongly fractured part at the tip of
the holes (after Pusch)

12.8 CONCLUSIONS

12.8.1 Excavation

The effects of the tunnel excavation on the fracture
system in the tunnel vicinity was found to be very
sensitive to the detailed joint structure. For tunnel
cross sections with identical appearances the maximum
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aperture separation caused by excavation ranged bet-
ween 0.1 mm and 1.5 nun, depending on the extension of
joints in the tunnel axis direction and on their
orientation relative to the tunnel axis. The geo-
metries that gave the largest effects included frac-
tures meeting the following conditions:

1) oblique angle with tunnel periphery
2) large persistence
3) parallel to tunnel axis

Condition 1) was met for the joint that intersects
the lower right tunnel corner in the UDEC base case
model and the vertical mid section of the 3DEC
models. If slip and separation along this joint was
prevented, as in the 2D UDEC restricted case calcula-
tion, the effect regarding max aperture increase was
reduced to about 0.3 mm. Note that conditions 2) and
3) are implicitly assumed to be met in 2D.

When condition 2) was not met, i.e. in the case in
which joints had a persistence of only 3 m in the
tunnel axis direction, the effect regarding max aper-
ture increase was reduced to about 0.1 nun.

When condition 3) was not met, i.e. when the joint
meeting conditions 1) and 2) was not parallel to the
tunnel axis the effects regarding max aperture
increase were reduced to about 0.3 - 0.4 mm, for
strike angels between 15° and 30°.

The lower limit of the max joint separation range,
i.e. 0.1 mm, may still represent an overestiroation.
The reasons for this assumption are:

1) The combined restricting effects of limited joint
trace lengths in tunnel axis direction and non-
parallel joints were not investigated.

2) Joint trace lengths were not restricted in the
direction normal to the tunnel.

The conclusion is that, for reasonably probable
fracture geometries without large continuous dis-
continuities aligned with the tunnel but with a
general appearance in the vertical section similar to
the geometries studied here, the maximum effect on
joint apertures of the tunnel excavation would be not
more than a few tens of microns by separation.

12.8.2 Effect of pressurization

The effects of the 3 MPa internal pressure were found
to be small in comparison to the effects of excava-
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tion. Only in the right tunnel wall region were
significant effects found. Also these effects, a
50 percent reduction of the axial conductivity,
represent overestimations due to 2D effects. No
significant residual effect remained after completed
pressure cycle.
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13 CONCLUSIONS

13.1 GENERAL

The reliability of a determined parameter can be
grouped into the following three levels

Level 1. Parameter determined with complete
certainty, i.e. no data or indications that allow for
any other interpretation.

Level 2. Parameter determined with a great deal of
confidence. Various data strongly support the evalua-
ted parameters but there are one or two different
interpretations that make them somewhat uncertain.

Level 3. Best fit parameters. The measurements and
evaluations yield the given parameter values but
there are various other interpretations that are
possible although they are less likely.

The hydraulic parameters of the near field around the
BMT drift which are determined in this project, will
be graded accordingly.

13.2 CONCLUSIVE OBSERVATIONS

Considerable experience has been achieved by the work
and observations made in the field, the major ones
being the following:

- There is no lining technigue available today (using
a flexible lining applied on the rock surface) which
can seal off a drift effectively from inflowing
water, the major problem being that such a lining
needs to harden instantly for preventing the in-
flowing water from destroying the lining. Another
problem is the adherence to the rock surface.

- A properly composed bentonite slurry, i.e. with
v/un. ranging between 1.4 and 1.9 for the present pur-
pose, is an excellent sealing material for this type
of experiment

- A comparison between different methods to determine
the hydraulic conductivity in a short single hole
showed that the injection technique ("Lugeon test"),
using a constant overpressure and measuring the water
flow, is preferable to other techniques for the
following reasons:
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1. It is simpler and less time-consuming.

2. The risk of erroneous results is less since
it is less sensitive to e.g.entrapped air.

3. The results are in agreement with the results
obtained from measurements made with other
techniques.

- A curtain of boreholes with a borehole spacing of
less than 1.0 m is sufficiant to hydraulically simu-
late a plane slot under the conditions that prevailed
in the macro flow test. The draining effect of such a
curtain is very significant.

- There are no observations or results that imply any
influence of limited hydraulic connectivities of the
fractures, although the mechanical calculations imply
that the joint trace length is limited. There is no
contradiction between these observations since e.g. a
zigzag fracture can lead water but not allow any lar-
ge shear deformation.

- The rock mechanical calculations using 2D and 3D
distinct element codes have lead to a greatly in-
creased insight in the interaction of block-
structured rock and to an understanding of major mec-
hanisms in the change in fracture apertures on stress
changes. However, in most cases such changes are con-
cluded to be significantly exaggerated because of
less probable relative block movements resulting from
overestimated persistance and frequency of the
joints.

- The effect of an internal 1 MPa tunnel pressure on
the hydraulic conductivity of the disturbed rock was
found, experimentally as well as theoretically, to be
insignificant.

- Fair agreement is obtained between conductivity
data determined from single-hole testing and evalua-
tion of large-scale flow tests if the averaging is
made with proper respect to actual flow directions.

13.3 DERIVED MODEL OF THE NEAR FIELD ROCK AROUND THE BMT
DRIFT

The project shows that EPM model is well suited for
describing the average or net water flow in the near
field rock if the volume of the studied rock is large
enough. What volume that is required is not investi-
gated but the one involved in the macro-flow test was
apparently enough. A tentative conclusion drawn from
the calculations as well as from the single hole
tests and the macro tests is the following:

- In the blast-disturbed nearfield with high conduc-
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tivity, the required minimum volume is in the order
of 10 m3.

- In the stress-disturbed zone the required minimum
volume is in the order of 100 m .

- In the undisturbed rock outside the stress distur-
bed zone the required minimum volume is in the order
of 10 000 m .

These values are only rough estimations and are not
valid if the rock volume is intersected by a highly
fractured zone of long extension.

The most probable model of the hydraulic properties
of the near field rock is model A according to Table
11-2. However, some parameters in this model may have
to be altered (e.g. to model B according to Table 11-
8), although this model is less probable. The diffe-
rent hydraulic and geometrical parameters can be
grouped accordir.-̂  to the level of reliability as
described earlier in this chapter which yields:

Level 1

- The hydraulic conductivity is in average 1-10" m/s
in the shallow zone 0-0.8 m from the rock surface.
The conductivity in the floor is higher than in the
other sectors, i.e. 2-10" m/s.

- The hydraulic conductivity of the virgin
rock is 3-10'n-l-lo"10 m/s.

- The stress-disturfcid zone extending to about 3 m
from the surface has a decreased radial hydraulic
conductivity with a factor of about 4.

Level 2

- The average axial hydraulic conductivity in the
stress disturbed zone has increased with a factor of
about 10.

Level 3

The average values derived at levels 1 and 2 can,
with somewhat less reliability, be divided into the
following parts:

- The hydraulic conductivity of the most shallow 1-2
dm rock is 5-10~8-l-10~7 m/s.

- In the inner part of the drift the conductivity of
the virgin rock is 9.0-10"11 m/s while the conducti-
vity of the zone extending 0.8-3.0 m from the rock
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surface is

axially 9.0-10~10 m/s

radially 2.3 10"11 m/s

- In the outer part of the drift the conductivity of
the undisturbed rock is 3 1 0 1 m/s and the conducti-
vity of the zone reaching 0.8-3.0 m from the rock
surface is

axially 3.0-10~10 m/s

radially 7.5-10"12 m/s

The possibilities of having a deeper blast-disturbed
zone and a much lower radial conductivity of the
stress disturbed zone (which may be as low as the
radial conductivity) were also investigated. The
disagreement between this model and the average value
measured in the individual curtain holes (which were
investigated over the interval 1.2 - 7.0 meters from
the rock surface) made this model less probable. The
possibility of having a highly permeable blast
disturbed zone that goes even deeper than 1.2 m can
however, not be disregarded. The matter of axial con-
ductivity of the stress disturbed zone should thus be
studied further.

Since the relation between the depth and the axial
conductivity of the different zones can not be
finally determined in the project, it is suggested
that the resulting axial conductivity of the two
disturbed zones is described as k*A (m3/s) where it
is appropriate. This would mean an axial flow of

kayl=2.010'7 m3/s

An alternative is to use the average value (weighted
by the areas) of only k»

ka=2.8-10"9 m/s

extending 3 m into the rock.
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APPENDIX I

Water Pressure and Flow Measurements
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APPENDIX II

Rock Structure Characterization



STRUCTURAL CHARACTERIZATION OF ROCK

A generalized rock structure scheme developed for
rationalizing functional analysis of Swedish reposi-
tory concepts and initiated and based on the views
forwarded by Kaj Ahlbom, Conterra AB (5), can be used
for characterization of the rock structures encount-
ered in Test 4. The major features of the scheme,
which comprises 7 orders of discontinuity, are the
following:

1st order discontinuities

Regional fracture zones with a few km spacing and an
extension of several tens of kilometers. The width
ranges from meters to tens of meters and they contain
closely spaced and interconnected breaks, yielding an
average hydraulic conductivity of around 10 m/s.

1st order structures formed under the same tectonic
conditions appear as regular sets, oriented steeply
as well as well as subhorizontally

2nd order discontinuities

Local fracture zones with a spacing of a few hundred
meters and extending for several kilometers. The cha-
racter is similar to that of 1st order discontinui-
ties although with somewhat less width and fracture
frequency. An average measure of their hydraulic
conductivity is 10 m/s.

Like the 1st order discontinuities the 2nd order
breaks formed under the same tectonic conditions,
i.e. belonging to the same generation, form rather
regular sets, more or less conformable to the 1st
order discontinuities.

3rd order discontinuities

The third order discontinuities have an average spa-
cing of 50-100 m and a width of a few decimeters.
They are characterized by several discrete but not
always interacting fractures.

The 3rd order discontinuities often appear as sub-
systems that are conformable to the 1st and 2nd order
systems belonging to the same generation.



4th order discontinuities

The 4th order discontinuities are the major hydrauli-
cally active small scale members of the fracture
pattern and are often conformable to the low-order
structures. They occur as discrete fractures with an
average spacing of about 5 m and with an extension in
their own planes of at least 5 m. The pervious part
of the fractures are channels distributed over the
fracture plane and often formed at the intersection
of fractures (Fig.I)

THICK UNES
INDICATE INTER-
SECTION OF
ELUPSOtDS AND
DEPOSITION HOLE

Fig.I. Schematic view of 4th order discontinuities. Upper:
general pattern. Lower: Application to KBS3 deposi-
tion hole



5th order discontinuities

5th order discontinuities are discrete fractures
which do not interact but which represent weaknesses,
and mechanically or thermally induced strain can act-
ivate them hydraulically by shear, tension, and pro-
pagation. Generalizing this phylum to form a regular
subsystem conformable to the 4th order discontinui-
ties they have a spacing of about 1/10 of the 4th
order breaks and can be imagined as shown in Fig.II.

5m

Fig.II. Schematic picture of hydraulically inactive system of
"latent" 5th order breaks integrated in 4th order
system

6th and 7th order discontinuities

6th and 7th order discontinuities are local fissure
systems, and incomplete crystal contacts and voids,
respectively. They are responsible for the permeabi-
lity of the crystal matrix and serve as embryos for
growth of discrete fractures or schistosity due to,
for instance, high tangential stresses around tun-
nels.

Table I summarizes in a generalized form, geometrical
and hydraulic data of the 7th orders of discontinui-
ty. Also, the scheme indicates groutability applying
the technique and materials used in Test 4.

in



Table I Generalized scheme of discontinuities

Discontinuity Spacing Bulk conduct.
m m/s

Groutability

1st
2nd
3rd
4 th
5th
6th
7th

order
order
order
order
order

3000
500
50
5
0.
0.
0.

5 <
05
005

10
10
10
10
10
10
10

-6
-7
-8
-11
-11*)
-12
-13

Very good
Good
Possible
None
None
None
None

* Undisturbed rock

MAJOR WATER-CONDUCTING STRUCTURES IN THE 3D AND
SCV AREA

Fig.Ill shows the major structural features of the 3D
and SCV area according to Olsson et al (11). The "RP"
and "C'-zones have been included in the plan view.
Notice that the A and B structures in this figure are
not the identically termed small scale structures in
the 3D area described in the present report.

soo -

450 -

f

W2

300

Fig.Ill Plan view of features contained in the conceptual mo-
del of the SCV-site (11) . The map shows the location
of features at the 385 m level, adding "RP" and "C"
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