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'PREFACE

This report is one of a series documenting the results of the Swedish-American cooperative research
program in which the cooperating scientists explore the geological, geophysical, hydrological, geo-
chemical, and structural effects anticipated from the use of a large crystalline rock mass as a geologic
repository for nuclear waste. This program has been sponsored by the Swedish Nuclear Power Utilities
through the Swedish Nuclear Fuel Supply Company {SKBF), and the U.S. Department of Energy (DOE) through
the Lawrence Berkeley Laboratory.

The principal investigators are L.B. Nilsson and 0. Degerman for SKBF, and N.G.W. Cook,
P.A. Witherspoon, and J.E. Gale for LBL. Other participants will appear as authors of the individual
reports. ‘

Previous technical reports in this series are listed below.

1. Swedish-American Cooperative Program on Radioactive Waste Storage in Mined Caverns by
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ABSTRACT

The behavior of é rock mass subjected to a thermal load from
empiaced_caniéteré with electric heaters simulating high level
nu.clear waste héé been stu.died using a remote sensing seismic
technique in a full-scale drift 340 m below the surface in the
: Striba_mine facility in Sweden. Travel-times and amplitudes of
20-680 kHz ultrasonic P- and S- waves were measured between four
diamond-drilled-bofeholes éround a heater, utilizing a cross-hole
seismic technique over the experiment duration, a period of 750
days. A laboratofy stﬁdy of physical properties of the Stripa
‘quartz monzdnite was performed on 11 specimens from the full- |
scale drift ﬁsing P and S-waves through uniaxially compressed

core specimens.



The P and S-wave velocities (V and V; ) inthe full scale exper-
iment involving a smgle heater were obta1ned by transrmttmg
seismic waves from separate P and S piezoelectric crystals. The
attenuation, @}, was obtained by a spectral ratio technique. The
signals were transmitted in six different directions between four
boreholes situated at different dlstances and at dlﬁ'erent depths
around the heater borehole. Data were collected prlmarﬂy in two
modes. First was the momtor mode, in Whlchb the transducers were
positioned at the heater midplane depth o'»rer a period of time. In
the second, or survey, mode the transducers were moved in 0.25 m
steps between each measurement from the top of the boreholes to
the bottom. Travel time data were measured in the field and
waveforms were recorded also on an AM tape recorder. The
attenuation analysis was made later in the laboratory. Laboratory
tests were performed on both dry and saturated specimens. Two
_of the specimens were. also tested under 12 different saturatlon '
’levels The laboratory values thus obtained of , Vs, @a and Qﬁ as
‘functlons of dlfferent env1ronmental condltlons alded in better

m »understandmg of the field data

o Zones of low apparent velocity observed for both P- a‘nd S-
yva_tv_es correlate well with zones of weak fractures filled with cal-
citve.. When the heater was turned on, the P- and S-wave velocities
increesed rapidly. When the heater was ttirned off after 398 days

ofv.he.ating, the velocities decreased rapidly and ﬁnally reached
| levels well below those observed prior to the he_ating of the rock.
The P-wave velocities along a particular ,proﬁvle were found to

increase linearly with the mean temperature in the profile tested.



In all surveys, the Q-values reveal little of no correlation with tem-
perature or the associated thermal stress. There is, however, a

good correlation of decreasing attenuation with the dewatering of

' ~ the rock mass and the related decrease in the pore pressure.

The most satisfactory model of the observed behavior predicts
~an effect of heating that decreases permeability because of the
thermal expansion of the rock which causes the existing fractures
to close. Q-values increased during the heating experiment in the
1ower, or cooler, end of the cross-section during the dewatering
period. However, across the heater level there is little or no
increase in Q due to the high pore pressures resulting from frac-
ture closure. The inability of the water to drain becomes a major
factor as the thermal.expansion of water is 20 times that of the
'rock, causing hydrofracturing in the heated zone. It was observed
in the laboratory tests that samples which came from the heated
rock mass exhibited much higher Q-valués at high stress than
values measured during the test, indicating that the thermal pro-
cess lowered the fracture average aspect ratio by extending exist-
ing f'ractures! From the experiment on partially-saturated gran-
ité, the maximum atténuation was found at a saturation of 65 %.
It has been shown that a remote seismic technique can givé valu-

able information of the behavior of a rock mass.

7% % Newlle &. . ok,
T.V. McEvilly N.G.W Cook

" Co-Chairman of Committee Co-Chairman of Committee
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INTRODUCTION

The Swedish-U.S. Cooperative Program to ‘investigate radioactive
waste storage in a mined cavern has been conducted at the Stripa mine
(Figure 1.1) in central Sweden, (Figure 1.2) since June 1977. The Stripa

mine is situated in the Bergslagen mining district, and the minirig his-

tory of the area and of the Stripa mine is centuries old. However, iron

ore production at the mine ceased in early 1977. Since then the mine
has been operated as an underground experimental site by the Swedish

Nuclear Fuel Safety Program (Karnbranslesakerhet - KBS) under

-auspices of the parent organization, the Swedish Nuclear Fuel Supply

Company (Svensk Karnbransleforsorjning - SKBF), and the U.S. Depart-
ment of Eﬁergy, through the University of California - Lawrence Berkeley
Laboratory. The program had severai experimental tasks, which have
been described by Witherspoon and Degerman (1978), Witherspoon, Cook
and Gale (1980), and others.

The main objective at Stripa was to operate three different héater

experiments, two full-scale and one time-scale, and to collect informa-

~ tion on the behavior of a granitic rock mass when the rock was heated

by electric heaters emplaced in large diamete'r boreholes in the floor of
some dfifts, as indicated in Figure 1.3. The fuil-scale electric heaters
were intended to simulate radioactive waste cannister with a heat out-
puts of 3.6 kW (Heatér H9) and 5.0 kW (Heater H10). An important part
of the radioactive waste research program was concerned with the

development and evaluation of geophysical techniques for the investiga-

-tion of rock masses. One of these was a cross-hole high-frequency

seismic technique. This technique was used over a period of two and a

half years to survey and monitor the rock mass around a 5.5 m deep, 406 |
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i mm diameter borehole (H9) in which a 3.6 kW heater simulating high
level nuclear waste had been emplaced. The exnerinlent.%s;eis }z);erforrned
340 m below the ground surface in a drift ‘espe:ciallyﬁ excavated for the
full scale heater test, as shown in Figure 1.4. The full scale drift is6m
wide and 5 m high, and a special smooth-wall biasting tec'hnique rvas
used to minimize the influence of the blast effeet on the experiment,-
Andersson et al. (1979). Figure 1.5 shows the end of‘ the full scale drift
where the H9 heater is placed. The heater is in the right lower center of
the figure; in the lower center the collars of extensometers placed in. a
number of vértical b'ore'holes can be seen. In this figure the smoothne'ss
of the walls and the the floor is apparent.

Four iO' m long and 56 mm diameter vertical horeholes were drilled
in the v1c1n1ty of the heater, Figure 1.6. These holes had two purposes.
first to 1nvest1gate the rock mass before the heater was turned on to‘:
locate such geological features such as fracture zones and, second for:
the cross hole technique to monitor the behavior of the rock mass dur-

ing operation of the 3.8 kW electric heater. |

In Figure 1.8 a cross sectlon of the full-scale heater dr1ft is shown.
along the drift centerline. It shows the boreholes and the detailed geol—
ogy around the H9 heater experiment, ‘with the 406 mm heater borehole
in the middle of the array. The left- hand scale indicates depth below the
surface datum of the mine. In this figure one should note the large’
number of diamond-drilled and cored boreholes as well as the detalled
geologmal mapping. Prominent features include the pegmatlte dike
(which runs from upper right to lower left), and the thrust faults which
have faulted the pegmatite dikes and the quartz veins. Figure 1.7, shows

a Vertieal section perpendicular to the one shown in Figure 1.6, through



3

the heater hole H9. This section shows the scale and the intensity of the
drilling and subsequent instrumentation. The geology has been
described in great detail, Paulsson ef al. (1980); Chan et al. (1980)

describe the thermal and thermo—rnechanical data obtained.

The experiments and extensive logging and mapping provide an
unparalleled opportunity to perform a Well—controlled ééismic field
experiment. Similar experiments have been described by Fehler (1982)
and by Aki (1982). However; the Stripa experiment is on a smaller scale

and is more intensely instrumented. -

In the field, the seismic travel times wevre read from a digital display
of the total delay of the signalvf»rom the trigger for both P aﬁd S waves.
The waveforms were also individually recorded oﬁ Polaroid ﬁim, and by
an instrumentation tape recorder fo.r la';Levr anélysis. ..The four 56 mm
diameter boreholes are 2 ‘to'4 m apart, as ind'icﬂated in Figure 1.6. This

short spacing, together with the detailed investigation of the geology

" (Paulsson ef al. 1981) and temperature and stress (Chan et al. 1980),

provides unique laboratory-type precision and control in an in silu
cross-hole seismic experiment. Because of this detailed knowledge of
the geology, temperature, stress and hydfoldgy, the effectiveness of

ultrasonic waves in characterizing a rock mass in field can be evaluated

for distances two orders of magnitude larger than commonly employed

in a laboratory experiment.

Results from numerous investigations hav"e shown that it is possible
to make a quantita;tive estimate of the quality of a rock from P- and S-
wave velocities and P- and S- wavev amplitude attenuation in the labora-
tory. Anisotropic crack distribution causes elastic anisotropy. an—

hydrostatic stress may cause stress induced anisotropy,‘ due to



4

anisotropic closure of cracks (Nur; 19'?1). Hédley (1976) has shown that
attempts to correlate velocities caiculated from the aspect ratio spéc-
trum, obtained with the help of é scanning electron microsc:olp'e‘z (SEM)
with velocities measured on rock samples show that the SEM éaﬂs to
detect a substantial number of cavities. Nur and‘Simmons (1969) have
shown t.hat'the application of uniaxial stress to a samplé "'oszgra:.nite
causes elastic-wave velocity anisotropy. Compressiohal waves .travel
fastest in the direction of the applied stress. This b'ehavior is associated
with rm'crocracké that exist in granitic rock, as was ofiginally sug'g.ev‘st’ed
by Adams and Williamson (1923). Nur and Simmons (1969) have shown
that at effective .(conﬁning pressure minus pore pressure) stress.ile“vel_ﬂs.
below 100 Mpa, the elastic properties of rocks are controlled mainly by
'th.e properties of mic.rocracks. Walsh (1965) has‘ indicated that crack
’ »rs_}>1rapes in -rock are approximated reasonably well by penny-shaped ellip-
| soids, which .makves it possible to describe the effects of cracks with only
three parameters: the aspect ratio, porosity, and the distribution of
cracks in space. When a non-hydrostatic stress is applied, the effect is
‘that some fractures close while others remain open. The stress neces-
'sary to close a penny-shaped crack is proportional to its aspect ratio,

defined by
c
== : 1
a=—, [1.1]
where c is the width and a is the length of the fracture, through
o= E, a [1.2]

where E, is the intrinsic Young's modulus (Walsh; 1965). A rock which

initially has a random distribution of cracks with resulting isotropic



properties will have non- 1sotroplc propertles under b1ax1a1 or triaxial
stress conditions. Seismic velocities, Vo and V for both dry and
saturated rocks decrease with 1ncreas1ng crack dens1ty The ratio Vp /Vs
is a minimum when the cracks in a rock are dry (Hadley, 1976) the ratlo A
increases with increasing saturatlon Further more, a plot of (Vp/Vs)vz'
versus Vs uniquely spec1ﬁes the crack dens1ty, as shown by O Connell'-
and Budiansky (1974). Anderson et al. (1974) found that a preferred
orientation of open cracks resultlng frorn intrinsic properties of the
rock, or caused by stress—induced an1sotropy, has a marked effect on
seismic veloc1t1es with the rna_]or reduction of velocity observed perpen-
dicular to the planes of open fractures Cheng and Toksoz (1979)
1nverted laboratory selsrmc veloc1t1es of varlous rocks as a function of

pressure and saturation to obtam spectra of pore shapes and sizes.

In the fields of geotechnology and minlng, h1gh frequency acoustic
techniques are 1ncreas1ngly be1ng employed for s1te investigation, char-
acterizatlon and evaluatlon The class1ﬁcat1on of rock mass quality and
site evaluation by seisrmc methods have been descr1bed by Cratchley el
al. (19’?2) La Porte et a.l (1973) and S_]ogren et al. (1979). Stephans-
son el al (1979) have d1scussed apphcat1ons of the seismic method to
determine the depth and degree of fracturing of a rock mass near a free

surface.

High-frequency acoustic techniques employed within a bor.ehole
have been described by Geyer and Myung (19'?1) Myung and Baltosser
(1972) and King et al. (19'?5 1978). The appllcat1on of acoust1c borehole
logs in detecting fractures, for rock classification and in determining the
in sifw elastic properties of rock have been discussed by these workers

and by Carroll (1966,1969) and Coon and Merritt (1970).



bTh»e; use of acoustic measurements between boreholes for geotechni-
cal purposes has been described by Price el al. (1970), McCann et al.
(1975) and Auld (1977). Recently, Fehler (1982) discussed the dual-well"
seiemic experiment used to determine mechanical vprop'erties in'a’geoth--
ermal hot, dry rock experiment at Fenton Hill. Price et al. errfi)loyed" the:
work of their results to determine the optimum rock bolt pattern to-sta-
bilize a rock mass. McCann et al. used the between hole technlque to
delineate interfaces between homogeneous media _a_nd'to detect local-
ized, irregular features. They also discussed a fneans' for interpreting
their data to estimate the degree of fi‘actnring in the rock mass.
Auid nas descfibed instrumentation for, and presented field results bof,
between-borehole acoustic measurements which he then nsed to deter-
mine the elastic properties of the rock mass.

. Th"e' heater expet‘iments in the Stripa tnine had a two-fold"obj.ective
I‘he prlmary ob_]ectwe was to make an assessment of the thermal effect
on a rock mass of emplacing electrical heaters simulating cannlsters of
hlgh-level nuelear waste. The second purpose was to develop instru-
rnents and to ifnprove techniquee for monitoring a rock mass when a
l\thermal load is applied. The intention with the ultrasonic cross-hole
Jeiperlment was first, to 1nvest1gate the p0531b111t1es of utilizing a high
frequency seismic technique to survey and monitor the effects of stress
changes and any changes in physical properties between a pair of
boreholes in a rock mass, in conjunction with the heater experiment.
The second intention was to investigate the sensitivity of the technique
for map.ping the physical properties of the rock mass. Cook (1979) has
demonstr.ated'the importance of developing a remote sensing technique,

both in terms of determining the suitability of a rock mass as a potential

~



repository for high level nuclear waste and for monitoring the changes
in the rock mass, both during excavation and commissioning of a reposi-
tory. The seismic technique is appealing insofar that it is non-
destructive and remote; and that measurements of the rock properties

can be performed in boreholes at a suitable distance from the site.
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Fig. 1.1 Surface buildings of the Stripa iron ore mine
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Fig. 1.4 3-dimensional view of the full scale experiments, showing heater

layout and some holes for the horizontal extensometers.
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CBB 790-14274

Fig. 1.5 The end of the full-scale drift showing the top of H9 heater and
the heads of the vertical extensometer through the H9 heater hole and
parallel to the axis of the drift. Also shown are the smooth walls ‘and

floor from careful blasting
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H9 HIO  Heater holes 406 mm
E  Extensometer holes 76 mm
U  US Bureau of Mines guage holes 38 mm
T Thermocouple holes 38 mm
C Colorado School of Mines cell holes 38 mm
M Monitor holes (ultrasonic) 56 mm
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XBL 801-6748

Fig. 1.8 Plan of the drift floor and the boreholes for the H3-heater show-
ing the M8, M7, M8 and M9.
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2. GEOLOGY AND FRACTURE MAPPING.

The geology at the Stripa mine has been described by Olkiewicz ef al.
(1979). The ore extracted in the Stripa mine was mainly a quartz-
banded hematite, with occasional occurrences of magnetite (Sjustjarne
malm). The ore, which has an iron content of 51% and a phosphorus
content which is low, is stratiform with the leptite. Leptite is a general
term for a predominantly high-grade metamorphic volcanic rock, high in
Si0s and with a grain size between 0.5 and 0.05 mm. The oldest rock
type is the series of grey leptites, which is approximately 2000 million
years. The leptite above the main ore is layered, in contrast to the lep-
tite below the main ore which is not layered. The granitic rock in Stripa,
predominantly a quartz monzonite, intruded the leptite. There are a
number of diabase dikes in the mine which are older than the quartz
monzonite in the test area. The age of the quartz monzonite is reported
to as 1.69x10? years, Wollenberg et al. (1981). The quartz monzonite is
associated with a series of pegmatite and aplite dikes. The youngest
dikes are the steeply dipping diabase dikes with a NNE strike. The test
area is dominated by a reddish, medium—gfained massive quartz mon-
zonite, with an average grain size of 3 mm. The composition of the red-
dish quartz monzonite, determined by point counting is indicated in

Table 2.1, Wollenberg et al. (1981).

The Stripa quartz monzonite is classified as serorogenic. It differs
from the pre- or synorogenic granitic rocks because of its apparent
homogeneity and its relative lack of foliation. The rock mass at Stripa
also contains pegmatites and aplites, the former were found in most

boreholes drilled for the full-scale heater experiment. The quartz
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Red Stripa quartz monzonite
Mineral Volume 7%
Quartz 37.1
Partly sericitised plagioclase 32.0
Microcline 22.2
Muscovite 7.4
Chlorite 1.3
Accessory minerals -

Table 2.1

monzonite in the experiment area is less deformed than in other parts of

the mine. In places, the rock is strongly fractured and brecciated.

Wollenberg et al. (1981), emphasize that the high abundance of
fractures extends down to the grain-size scale, stating that "fractures
ranging from well under a mm to several cm or more in width, as well as
wider ones of brecciation, are readily visible in a hand sample, but only
in thin section does the full extent of fracturing and brecciation become
apparent”. The great majority of fractures have been completely sealed,
but in some cases fine openings can be seen in thin sections, and an
example of this is shown in Figure 2.1 a. An example of a normal granite
from a pluton 1 km from the Stripa pluton is shown in Figure 2.1 b, and
here one can see the good contact between the grains. In the thin sec-
tion from the Stripa pluton one can see that the quartz grains are com-
pletely surrounded by fracture infilling material, in this case sericite,

but often calcite or chlorite. Even in relatively unfractured samples,
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fine discontinuous cracks are very common within primary grains or

along grain boundaries.

Although the Stripa quartz monzonite has been severely disrupted
mechanically, displaying abundant fracturing and numerous faults, it is
evident that most if not all of the discontinuities have been filled with
secondary minerals. The majority of the mapped fractures dip steeply to
the north, except in the northern part of the drift close to the experi-

mental area where many south-dipping fractures were observed.

In the H9 heater borehole area a total of 4000 open and closed frac-
tures were logged in core obtained from instrumentation holes for the
heater experiment. Of these 4000 fractures, 1885 are from cores which
were oriented. A total of 224 meters of oriented core was recovered
from the 20 boreholes with diameters of 56 mm and 76 mm. These
boreholes were drilled from the heater and extensometer drifts. The

average distance between these fractures was 0.12 m.

The pole plots of these fractures form two primary clusters, one at
N30E/30W and the second at N1OE/65W. In Figure 2.2, are shown the
plots on a Schmidt lower hemisphere net of the relative distribution of
the 1885 open and closed fractures from oriented core from both verti-
cal and horizontal boreholes. However it should be emphasized that the
mapped and plotted fractures are major fractures which were clearly
visible over the entire circumference of the core; this was necessary in
order to get a good estimate of the orientation of the fractures. The fre-
quency of all the fractures, small and large macroscopic, is probably
between 20 and 30 fractures/m. This is also what Thorpe (1979) found,
(Figure 2.3). The majority of the fractures are filled with chlorite. Epi-

dote also occurs as a fracture-filling mineral and is especially abundant
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at the end of the full-scale drift where the cross-hole experiment
described in this thesis was conducted. Epidote-filled fractures are
associated with faults mapped in the full-scale drift. Calcite, which
probably is the youngest fracture set, also occurs frequently. The
calcite-filled fractures are the most likely conduits for water, and they
have a strong impact on the seismic velocities. In appendix 2 A the pole

plots of fractures with different infilling minerals are shown.

Despite the pervasive fracturing, laboratory and field measurements
have shown that in many respects the rock does not differ much from
other competent igneous rocks. The high values of the attenuation of
seismic waves obtained both from the field work and the laboratory work
reported in this paper suggest that the monzonite is unusually micro-
fractured. Laboratory determinations of porosity are around 0.5-1.0 %,
as indicated by Paulsson and Kin (1980) and Nelson et ael. (1979). In this
thesis a porosity of 0.9 % was observed and it is probably a better value
for the area where the field work was performed, because the samples on
which the measurements were made came from this area. Both field and
laboratory measurements of compressional wave velocity V, at frequen-
cies of the order of 50 kHz yield values of about 5500 to 5700 m/s under
ambient conditions. The velocity of compressional waves for a saturated
rock are not sensitive to the degree of microfracturing. Micro fractures
are much smaller than the wavelength, and are essentially invisible to
the ultrasonic velocities. The attenuation measured in the rock reveals
the nature of the fracturing as shown in Chapters 6 and 7. The unusu-
ally low Q-values found in field are confirmed by the low Q-values

obtained in the laboratory.
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The pole plots provide a good estimate of the orientation of frac-
tures in the rock mass at large. However, to take full advantage of the
detailed geological mapping, and the temperature and strain measure-
ments around the heater, a 3-dimensional model was found to be very
helpful. This was done with the help of a plexiglas model, Paulsson et al.
(1981). The problem is of course to present such data in report form.
Using the 3-dimensional model six cross-sections were constructed.
Fach of the six cross sections includes two of the M-holes, used for the
cross-hole seismic measurements. Each fracture logged in the core from
the two boreholes was plotted with its apparent dip at the true depth
from the collar of the borehole in the particular cross section. This in
essence means that the fractures are plotted as they appear in the
actual cross-section intersecting the M-boreholes. In Figure 2.4 the drift
floor at the end of the full scale drift is shown. Figure 2.4 A shows all the
fractures as they were mapped. Only fractures longer than 0.3 meter
were mapped, Paulsson et al. (1981). In Figure 2.4 B the major frac-
tures, faults and dikes are shown. The line "A" is the surface expression
of the vertical section shown in Figure 1.6, and the line "E" is the surface
expression of the vertical section shown in Figure 1.7. Figures 2.5 - 2.10
show the six cross-sections used in the ultrasonic between-hole experi-
ment. The fractures shown in these figures have the dip and the strike
in the figure as they would appear to have if the actual cross section
could be observed. The geological strike and dip are provided with each
fracture in each cross section in Appendix 2 B. Despite logging both
open and closed fractures in the core and despite full core recovery, it
proved very difficult to correlate one particular fracture in a borehole

with a fracture in a neighboring borehole only 2-4 meters away, even
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though the surface expressions of most fractures show them to be
planar. The macroscopic fractures were observed to start and stop in a
pseudo-random fashion. It was in some cases possible to perform the
correlation, between the boreholes but the only features recognized in
all the boreholes in which they appeared were the pegmatite dikes and
the epidote faults. The most continuous of the fracture types were the
fractures found which had predominantly epidote as infilling material.
The epidote fractures were also the fractures which were least prone to
break open during the drilling and the core handling process. 80% of the
fractures identified as epidote -filled fractures were still intact at time
of logging the core. In comparison, of the fractures filled with calcite
only 10 % were still intact when the core was logged. This large
difference cannot be explained by the relative ease one identifies calcite
in fractures with the help of acid: it is clearly a property of the fracture.
The calcite fractures belong to a younger set of fractures. This can be
seen in Figure 2.11, where it is shown that an old epidote fracture is
faulted by a younger fracture filled with calcite. There is, furthermore,
a good correlation between low-velocity zones and zones with an abun-

dance of calcite fractures.

In Figure 2.12 the fracture system mapped in the heater midplane is
- shown. This plane is important insofar as most of the seismic data were
collected there. Dominating the picture is the pegmatite dike labeled
PEG A, and the fault zones H9-1 and H9-2. Between boreholes M7-M9,
there are a few steeply-dipping calcite fractures which are cutting the
cross section M7-M9 at an acute angle. These fractures influence the
M7-M9 velocity and attenuation data as will be shown in Chapters 5 and

6. Some of the same fractures also cut across the line M8-M6, but the
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line and the fracture are nearly perpendicular. Not unexpectedly, the
intersection angle between the wave propagation direction and the line

of the geological features is very important.
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Fig. 2.1 a) Thin section from the fullscale drift in the Stripa pluton. The
upper photograph represent 1.32 mm across and the lower 0.66 mm
across the long direction. The extersive micro fracturing between each

grain is apparent.

XBB 838-6115
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Fig. 2.1 b) Thin section from the fullscale drift in the Stripa pluton. The
upper photograph represent 1.32 mm across and the lower 0.66 mm
across the long direction. The extensive micro fracturing between each

grain is apparent. XBB 838-6916
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Fig. 2.1 ¢) Thin section from the fullscale drift in the Stripa pluton. The
upper photograph represent 1.32 mm across and the lower 0.66 mm

across the long direction. The extensgive micro fracturing between each

grain is apparent.
XBB 838-6917
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Fig. 2.1 d) Thin section from the fullscale drift in the Stripa pluton. The
upper photograph represent 1.32 mm across and the lower 0.66 mm
across the long direction. The extensive micro fracturing between each

grain is apparent.
XBB 838-6918



Fig. 2.1 e) Thin section from a granitic pluton adjacent to the Stripa
Mine. The upper photograph represent 1.32 mm across and the lower
0.66 mm across the long direction. The micro-fracturing which was so

abundant in the Stripa pluton isnot found in this granite.

XBB 838-6919
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Fig. 2.1 f) Thin section from a granitic pluton adjacent to the Stripa
Mine. The upper photograph represent 1.32 mm across and the lower
0.68 mm across the long direction. The micro-fracturing which was so

abundant in the Stripa pluton isnot found in this granite.

XBB 836-6920
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Fig 2.2 Pole plots on a Schmidt equal-area stereo net for all the frac-

tures recorded in oriented core in the H9 heater experiment
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Fig. 2.10 Vertical cross-section F
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XBB 805-5923A

Fig. 2.11 Calcite fracture faulting an epidote fracture in a specimen
from the fullscale drift. The faluting of the epidote filled fracture of the
calcite filled give a relative age makin the calcite fracture the younger.

The specimen is 20 mm long.
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Fig. 2.12\Fracture map of the H9-heater midplane showing faults (H9-
1,2), Pegmatité dikes and fractures. The map was constructed from

directional fracture data logged in core and projected on the midplane.
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3. EXPERIMENTAL PROCEDURES AND DATA PROCESSING

3.1 Drilling, Surveying and Dewatering

The cross-hole experiment was conducted between four efnﬁt'y'; dry
vertical boreholes of ten m depth located in the vicinity of the Verfiéal *
heater borehole H9 shown in Figure 3.1. The four boreholes we‘re.drilled
with a small Diamec 250 drill rig with a 56 mm thin-v?all dduble-barrel
TT-bit which yielded 48 mm core. The drill-rod was also equipped with a
reamer to improve the smoothness of the surface of the borehole wall.
The quality of the ultrasonic signals rece‘ived.str'ongly depended on the
size of thfz contact surface bétween the transducers and the borehole

wall.

The b.oreholes were surveyed at the collar, in the middle, aﬁd at the
bottom of the hole with an accuracy of +£0.5 mm in the X, Y ahd Z direc-
tions. Tﬁe survey result is given in appendix 3 A. Fdrty p_ositions for -
seismic transmission reception were located along the length of each 10
m long M-borehole. The accuracy with which the coordina.tefs for the
positions was established as +1 mm, or 0.05 % for the shortest.line, which
is 2.2 m. The coordinates for these positions are given in appendix 3 B.
The six cross sections are labeled A-F, with data point Al being at the
same absolute depths as B1, Ci, D1, E1 an(i F1. The depth separation'f

between each data point in the boreholes is 0.25 m.

Small amounts of water were found continually to seep into the four

boreholes, but they were blown out regularly to keep the holes dry.

The positions of the pairs of transducers were well defined in each

test so it would be easy to go back to the same position over a long
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period of time. In sections A through D, not all the‘points were used: in
most cases cross-hole data were collected at points which were 0.5 m
apart. For the sections E and F, that is the cross sections M8-M6 and
M7-M9, data were collected at points 0.25 m apart. It was a tedious pro-
cedure to assemble the transducers, position them in the borehole at
~ the right depth and with the right angular direction and to jack the
transducers to the borehole wall. The M8-M6-and the M7-M9 sections
were picked as the main sections for three reasons: the time constraints
mentioned, that they both pass close to the heater, and finally that they

are mutually perpendicular, as shown in Figure 1.7.

- 3.2 Transducers and data acquisition system

The transducers were jacked to the borehole wall by a mechanical
worm-screw jack. The transducers were constructed as two _senﬂ-
- cylinders with the transducers and the jack in the larger of the two

parts. The two parts of the transducer were pushed apart towards the
walls of the borehole with a worm-screw arrangement, operated by a
"long rod from the ground surface. In Figure 3.2 a drawing of the trans- .
ducers is shown and in figure 3.3 a photograph is given of an assembled
iransdﬁcer beside a transducer body ﬁith the piezoelectric crystals on

the right hand side of the photograph.

The transducer hmisings are constructed of aluminum. Aluminum
was chosen because it has a similar acoustic impedance, defined as the
product of velocity and density, to that of the granitic rock. The cry-
stals used to generate and receive the acoustic signals were made from

PZT-5 (Lead-Zirconate-Titanate) piezo-electric material.
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A high-voltage pulse generator supplied electrical pulses to eﬁ(éite
the trénsmitting transducers. It also generated a synchronizing pulse
which coincided with the rise of the high voltage pulse. The synchrdniz-
iné pulse was then used as a trigger for the transmission time Téasure-
ments, on the oscilloscope and on the tape recordingé. The hi’ghi V:olfég‘e
pulse was generated by discharging a capacitor through the priméry ’ovf" a
step-up transformer. A silicon-controlled rectifier (SCR)'ac'téd":a‘s a
switch to initiate current flow. The SCR was triggeréd by an internal
oscillator, the frequency of which controlled.the pulse repetitibn rate.
The pulse repetition rate was set low enough‘frequency to allow tifﬁé for
the ultrasonic signal to dissipate between pulses. The period of the
repetition rate was 30 milliseconds. A blockb diagram of the équipmént is
shown in Figure 3.2. Separate compressional (P) and shear (S) wave

transducers of nominal 220 kHz resonant frequency were used as

transmitters and receivers of pulses of acoustic energy in the borehdles.

.Figure 3.5 shows the field equipment. Note the transducers 1n the
‘haﬁds; both similar looking and made up of two semicylinders. The thin
metal pieces prétruding from the aluminum housings are the rods that
operéte the worm screw forcing the two semi-cylindefs apar}t." The
equipment from left to right consists of the switchbox for the P oi" S
wave receiver; next follows the Hewlett Pacard 1743 A time-interval
oscilloscope, the Hewlett-Packard 3964A AM-tape recorder, the back-up

oscilloscope and finally the pulse generator.

The transmitter and receivers were placed at the appropriate depths
by lowering them down in the boreholes attached to 1/2 inch-diameter

pipe. The pipes were in 1.5 m sections to make them ea‘sy to handle.
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3.3 Data

The total instrument delay was obtained simply by clamping the
transmitter and receiver together, and recording the arrival time for the
P and the S wave respectively. The instrument delay was found to be 62

us for the P-wave pulses and 11.3 us for the S-wave pulses.

A test of the transmission pattern and signal delays for diﬁerent
directions of transmission and receiving was made. It was found that the
P-wave transmitter generated strong S-wave pulses 45 degrees from the
transmission direction, but the arrival of the P-wave was not delayed in

that direction.

A line between boreholes M6 and M9 at a depth of 1 m from the sur-
face of the drift, which is 3.2 m above the heater midplane, was chosen
- as a reference line. This line is shown in Figure 3.1. Although small per-
turbations of the travel times and the wave characteristics were
expected when the H9 heater was turned on, the disturbance was
expected to be small. Indeed, the velocity change in the reference‘line
turned out to be very small. The velocity changed about 20 m/s (0.3 %)
over the 750 day long experiment. The amplitude spectra changed con-
siderably more. In the reference line the Q-values for the P-waves
- . changed from 14 to 25 (80 %). This was of the same order as the change
in other 1'1nes which are in the heater midplane. The refefence line
proved to be very helpful for detecting bad transducers or other prob-
lems. The equipment used was a prototype with so.me flaws. The alumi-
num transducer housings were not rigid enough; they flexed slightlsl dur-
ing each jAacking process. This meant that the piezoelectric crystals,
which were cemented to the aluminum loosened after a number of meas-

urements. To make sure that the data were collected with good
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transducers, the instrument system was checked using the reference
line before and after work each day. P and S arrival times and
waveforms were recorded. If the transducers were found faulty ,th'ey

were repaired and the experiment was repeated. - Co i Drie

The possible effect of heat on the characteristics of the transdilcérs
was investigated by placing cool transducers at the midplane in bore
holes M7 and M6 for 6 hours, and monitdrlng the travel times. It:was
concluded that in the temperature range experienced in the-Stripa
eXperiment, from 10 — 110° C, temperature changés did not alter the

transducer performance significantly.
]

A reverse profile was also run, and it was found that reversing the
transmission direction did not alter the results. -

Th.é-P- and S- wave received sigvnals were displayed on an oscillo-
| sc'opé"‘sc'reverll and recorded in arialog form on an instrumentation AM
";'L;pé-reéc:)rder for later analysis in the laboratory. The arrival time was
"o“i:)taih'e.(ll by delaying the signai to the zero time line and recording the
Adigital :display of the delayed time. Typical oscilloscope traces for
boreholes 2.8 m apart are illustrated in Figure 3.6." It will be observed
that Both P- and S-wave arrivals are sharp and may be picked precisely.
The resolution of the arrival time is estimated to be +0.1 us, based on
picking the arrival time for the same wave several times. This
cérrespohds td a prédision of 1 part in 7000 or 0.014 %. Together with
the uncertainty in the coordinates for each data poiﬁt one obtains a
total aécuracy of better than 0.1 % of the travel times calculated. In the
cése vof M8-M6 were the P-wave velocity was approximately 6000 m/s,

resulting in a velocity resolution of +3 m/s.



45

The field data are divided into several different modes according to
sampling technique and density. The monitoring mode consisted of sam-
pling the arrival-times for four lines in the heater midplane. Because
thel"e were only.a few lines this could be done often and one obtained
good control over transient events. The survey mode consisted of sam-
pling the six cross-sections a few times to obtain data on velocity versus
geology and thermal stresses outside the midplane. The,third mode is
the tomography mode. This involved so much data collection that it
could bnly be performed twice. This part of the cross hole experiment
will not be further discussed in this report because there were
insufficient funds to analyze data. The fou}"th mode is the down-hole
Sufvey. This was performed only a few times because 1'1mitedvava'11_abﬂity

of personnel to make the measurements.

The lines utilized for the monitoring mode are shown in Figure 3.1.
The first transmitter was placed in borehole M8 and-directed towards
borehole MB. The second transmitter was placed in borehole M7 and
directed towards borehble M9. While the two lines M8-M6 and M7-M§ are
considered to be the main monitoring lines, data were also collected by
~ utilizing the line M7-M6 and M8-M9. However, the transducers were not
turned to face each other for the latter two lines, so in effect both the
transmitter and the receiver were directed approximately 45 degrees
from the line connecting the boreholes, as shown in Figure 3.1. This did
not affect the transmission time, but the waveforms were considerably
-altered. There are-e‘lpproximately 100 recordingé of both P- and S- waves
from each of the four monitoring lines. Because of time constraints
before the turn-on of the H9 heater it was not posisible to collect as

much data before heating of the rock started as one would have desired.



46

When‘t;-he heater experiment was turned on, there were some opera-
tional problems with the ultrasonic instruments. Because of these prob-
lems very little data was collected during the initial phases of the heatér
experiment. During the "steady state” part of the heater experimenf,
seismic data were collected on a biweekly schedule. Finally, whern the H9
heater was turned off, data were collected twice a day in the heater mid-

plane for a period of two weeks.

The sec_ond method by which data were acquired was in the s.ur‘vley
_modét The principle of this mode is shown in Figure 3.5. Only the
;transmissi‘on lines of the surveys of the profiles M8-M6 and M7-M9 a.‘.‘re
shown Sur-veys were made over all six profiles. Emphasis was ‘p'la.ced on
‘thehtv‘vo.main pfoﬁles, over which survey data were collected rnoét fre-
quently both in space and in time. Ten surveys were'mad'e\z 6ve.r'théise
two profiles during the course of the experiment. For .th'_e remaining
four profiles, five surveys with less dense sampling verticdllyiﬁvé”rei p'ér-
formed. 'It will be clear from the plotted curves how frequ‘entl"y-in't'he

Vertical direction the data were collected.

From the cross-hole surveys one can, first, correlate the low veloéity
zones with geological features and second, see the different responsé of
the rock as a function of vertical and horizontal dist'ahce' from the

heater during the course of the experiment.

The down-hole experiment was performed with an instrument lend
by the University of Saskatchewan. King (1972) has d_escribed the equip-
ment shown in Figures 3.8 and Figure 3.9. Two survéys were performed
with the down-hole instrument. The first was performed in May,‘ 1978,
before the heaters had been turned on. This was also beforeide-w.atvéring

of the rock mass had been started. The second survey was performed in
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July, 1980, immediately after de-watering the rock around H9 had
stopped. The main reason for the sparsity of down-hole data was again

the time constraint.

The first step in the processing was to transfer the data, over 20000
entries and 4000 waveforms to a minicomputer memory: This made it
possible to handle the data in a rational fashion. For harmonic analysis
of the.waveforms, it was simply necessary. In Figure 3.4 block diagram
of the laboratory data analysis system is shown. The AM tape recorder is
;(.he séme tape recorder used in field, thus providing the connecting link
bétween the field work and the analysis of the data. All the waveforms
gnd amplitude spectra were generated on the minicomputer and

transferred to paper via the hard copy unit.

.‘ "To obtain the velocity data, the length of each of the 240 cross-hole

lines were computed from the XY and 7 coordinates by,

= V@) W) (2,20

The travel-times minus the instrument delay were then used with the
‘path distances to obtain the apparent mean P- and S-wave velocities
between the two boreholes. At all times it has been assumed that the
“waves travel along straight paths between the boreholes. This is only
t"rlie if the velocity distribution is uniform between the two boreholes;
‘this is of course not necessarily the case. The velocity anisotropy is not
considered sufficient to cause any noticeable difference in travel path.
Assuming the'rock mass between the transmitter and the receiver to be
elaétic, homogeneous and isoiropic, the Poisson’'s ratio, Young's
Modulus, bulk modulus and the shear modulus have been calculated

using the P and the S-wave velocities and the mean rock density
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reported by Swan (1978). In the laboratory experiment described 1n this
report it is shown that there is a good correlation between dynamic and
static moduli calculated for dry specimens of the Stripa quartz monzon-
ite.

The analog signals recorded on a tape recorder in the field were
played back in the laboratory and digitized. The procedﬁreé t.o"'{ calculate
the Q-values is a rather involved and requires several steps.’ The Ii.ﬁitial
step is of course to record the signals in a fashion such that the Fourier
amplitude épectra can be calculated. The ultrasonic signalé 'X;vere
recorded on the instrumentation tape recorder at a speed of 15 ips in
order for the tape recorder to have the necessary bandwidth. Each sig-
nal was recorded for at least 15 seconds to make it possible to digitize a
_ signgl several time without replay the tape. The tapes were then
Arépléyéd in the laboratory and digitized utilizing a Tektronix Digital Pro-
cessing Oscilloscope (DPO). The DPO is connected to a DEC 11-34 com-
puter and the software and data is stored on floppy discs via two floppy
disc drives. The system is marketed with a software package for
waveform processing. Using this processing package the signals ‘were
replayed énd digitized. The signals were averaged at least 4 times to
improve the signal/noise ratio. In Figure 3.10 is shown the difference
between a signal only digitized once and the same repetitive signal digi-
tized and averaged 4 times. This was the maximum number of times one
could digitize a 15-second record. The noise appears to be random, and
conséquently the signal/noise ratio should improve as VN. By taking
thel ratio of the amplitude at 50 kHz and 150 kHz one gets a ratio of 6 for
the first waveform. For the waveform which was averaged one obtains an

approximate ratio of 30. This is much better than VN but by
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integrating the signal/noise ratio from 125 kHz to 1.25 MHz one would
probably get a value close to VN. During digitization the delay function
of the Digital Processing Oscilloscope (DPO) was used to be able to digi-
tize only the arrived wavelet. The digitization window is 200
microseconds wide and the signals were digitized with 512 points. The
DPO digitizes a waveform by sampling one of the 512 "buckets” in a
pseudo-random fashion every 6.5 us. That means that the minimum
time to sample one waveform is 3.3 x 1073 seconds. In reality it takes 1 -
3 seconds or 103 times as long. The bulk of this is composed of th'e

transfer time from the DPO to computer.

Following digitization, the signal was windowed with a 70 us wide
half-cosine window (Figure 3.11). The signal was then normalized so the
‘peak' amplitude is unity. The resulting wavelet was then Fourier
transformed. The reason for normalization is that there is no control
~over absolute amplitude of the signal. The amplification of the incoming
signal to the tape recorder was adjusted for each record to minimize dis-
tortion. The amplitude of the signal proved to be a function of the age
of the bond between the crystal and the aluminum housing. The ampli-
tude also varied as a function of the smoothness of the borehole wall.
- So the field system used in this case did not lend itself to absolute ampli-
tude control of the signals. The lack of absolute amplitude does not
alter the slope of the natural logarithm of the spectral ratio versus the
frequency, which is used in the calculation of the Q-values. This stan-
dard spectral rati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>