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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
P.A. Witherspoon and 0. Degerman. (LBL-7049, SAC-0I}.

2. Large Scale Permeability Test of the Granite in the Stripa Mine and Thermal Conductivity Test by
Lars Lundstrom and Haken StiTTe. {LBL-7052, SAC-02).

3. . The Mechanical Properties of the .Stripa Granite by Graham Swan. (LBL-7074, SAC-03).

4. Stress Measurements in the Stripa Granite by Hans Carlsson. (LBL-7078, SAC-04).

5. Borehole Drilling and Related Activities at the Stripa Mine by P.J. Kurfurst, T. Hugo-Persson,
and G. RudoTph. T{LBL-7080, SAC-05).

6. A Pilot Heater Test in the Stripa Granite by Hans Carlsson. (LBL-7086, SAC-06).

7. An Analysis of Measured Values for the State of Stress in the Earth's Crust by Dennis B. Jamison
and NeviTle G.W. Cook. (LBL-7071, SAC-07).

8. Mining Methods Used in the Underground Tunnels and Test Rooms at Stripa by B. Andersson and P.A.
Halen. (LBL-7081, SAC-08).

9. Theoretical Temperature Fields for the Stripa Heater Project by T. Chan, Neville G.W. Cook, and
C.F. Tsang. (LBL-7082, SAC-09). .

10. Mechanical and Thermal Design Considerations for Radioactive Waste Repositories in Hard Rock.
Part T: An Appraisal of Hard Rock for Potential Underground Repositories of Radioactive Waste
by N.G.W. Cook; Part TI: Tn Situ Heating Experiments in Hard Rock: Their Objectives and Design
by N.G.W. Cook and P.A. Witherspoon. (LBL-7073, SAC-10}.

11. Full-Scale and Time-Scale Heating Experiments at Stripa: Preliminary Results by N.G.W. Cook and
M. Hood. ({LBL-7072, SAC-11}.

12. Geochemistry and Isotope Hydrology of Groundwaters in the Stripa Granite: Results and Preliminary
Interpretation by P. Fritz, J.F. Barker, and J.E. Gale. ({LBL-8285, SAC-12).

13. Electrical Heaters for Thermo-Mechanical Tests at the Stripa Mine by R.H. Burleigh, E.P. Binnall,
K.0. DuBois, D.0. Norgren, and A.R. Ortiz.” (LBL-7063, SAC-13).

14. Data Acquisition, Handling, and Display for the Heater Experiments at Stripa by Maurice B. McEvoy.
(LBL-7063, SAC-14}.

15. An Approach to the Fracture Hydrology at Stripa: Preliminary Results by J.E. Gale and P.A. Wither-
spoon. (LBL-7079, SAC-I5).

16. Preliminary Report on Geophysical and Mechanical Borehole Measurements at Stripa by P. Nelson,
B. Paulsson, R. Rachiele, L. Andersson, T. Schrauf, W. Hustrulid, 0. Duran, and K.A. Magnussen.
(LBL-8280, SAC-16).

17. Observations of a Potential Size-Effect in Experimental Determination of the Hydraulic Properties
of Fractures by P.A. Witherspoon, C.H. Amick, J.E. Gale, and K. Iwai. (LBL-8571, SAC-17).

18. Rock Mass Characterization for Storage in Nucler Waste in Granite by P.A. Witherspoon, P. Nelison,
T. Doe, R. Thorpe, B. Paulsson, J.E. Gale, and C. Forster. (LBL-8570, SAC-18).
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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
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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
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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.



20

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



26

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

M7-M9 showing the boreholes, pegma-

338m |-

339 m

Midpoin,t

of heater

M9

us

37

FI7 >

FIl —

ET
F9 .-

Fll
F13 ]

FIS -~
¥ 4

FI9

Fa21 /

F23

3a5m |F2s

ikes and logged and projected fractures.

tite d

~
ERT i

F29

u
0. behind the
crass section

F3I

F37

350 m l—

u
0.13 m behind the
cross section

Ultrasonic profile F

Epidote
Calcite
Chlorite

= Quartz

= Pegmatite

(as,1003 = (@=dip, B =strike)
thickness in mm

TI3 HS M7
Drift floor
L XN UL ———" Theor floor
Tl oY |
L 2 | z
T ==
vl |
‘{ |
e |
| 1
= |
=1
HE |
! |
=l I'm
| 1 o
== 22T~ 3
< [ =
I
=== I /
! |
|
: | ’
I
| | / 2m
| r. .
G | -Z-br7
| o
! .,.I ”;/ 8ma s
1 "I/ Al
N\ A=z
1\ ke
1\ =3t A4 3m
! /
| N 7o
(VA 48 3
/ Vi />
"k
= '
| RN
| O m
| o e
| /
| BT
| Ee
|
|
|
| N
. 5m
q =
I
cross se n, 7
2o
7 s
— -
— 6m
7m
0.18m in front\of
crosy sect
§s 8m
4
A\ AN
5 9m
523 4
.7, o
¥ 4
/
4 : Te——
/ 1I0m

XBL 793-795



38

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.
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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.
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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 ratio technique has been described by McDonal et al.

(1958), Tullos and Reid (1969) and Toksoz et al. (1979).
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Fig. 3.3 Photo of transducers. The left transducer is assembled, except for the top, which appears
to the left of the aluminum housing. In the middle a aluminum housing is shown. To the right the
PZT-crystals are shown with the P-wave crystal on top and below the two halves of the S-wave cry-

ol XBB 820-10695
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4 THERMAL AND THERMOMECHANICAL HISTORY

The Stripa heater experiment was closely monitored by therindéou;
ples, stress gauges and extensometers. The water inflow to the instru-
ment holes was rec.orded when the water was removed on a daily basié
durihg the course of the experiment. The 3.6 kW H9 heater was turned
'oﬁ 28 August, 1978, at 1400 hours for a period of 398 days, until 26 Sep-
tember, 19’79, at 1400 hours. Approximately 50 million measurements
were made with all these instruments,.Chan et al. (1980). The resultis a
detailed knowledge in space and time of the variation of the tempera-
ture, stress and water inflow. In the present chapter, a presentation of
these measured parameters will be made. The da:ta is compiled from the
| Stripa data base and from’reports published in the SAC-report series

qublished by Lawrence Berkeley Laboratory.

De-ﬁatefing -(.)f the rock mass which has been described in detail by
échraﬁf et al. (19;?'9) and Nelson et dl. (1981) f_:ommenced 41 days prior
to‘the the vturn-on of heater H9. The dewatering of the rock mass ﬁas
"pérforn.levd 61’1 av daily basis for a total of 586 days: 545 (iays after the

- turn-on of the heater, and 147 days more after fhe turn-off of the

heater.

There Weré thus two active processes occurring in the rock mass:
henating and dev(fét’ering, which changed the properties of thé rock sur-
roxrlvnd'ing the heater ’hole and the dewatering holes. The change of the
rock mass property due to. heatiné was fairly well understood, and
theoréltical calculatiéns ;of the terhperatures were very close to the those
actually measured. The stresses and displacements calculated prior to

the experiment were less than the observed stresses and the
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displacements, but their general behavior was in accordance w1th the
theoretical model. A likely reason for the measured dlsplacements bemg
smaller than estimated 1s‘tha't the bulk of the thermal expansion was
probably'absorbed by the abundant fracturing of the Strip’a quarta mon-
zonite. There were however no pred1ctlons of the effect of the dewater—
ing, and it will be shown in Chapter 6 that the effect of Wlthdrawmg the
pore fluid as was done in the Stripa experlrne_nt has a profound long—v
terrn effect on the properties, both around the heater and deeper in the

rock mass.

4.1 Temperatures

The theoretical temperature fields have been des.crib,ed by Chan et
al. (1978). The measured temperatures follo_vyed the theoreticai oredic-
tions closely in most cases. In Figure 4.1 the measured ;Lemi)ieraturezis in
the heater midplane at four different radial distances frorn‘ the heater
are shown. The -heater had a radius of 02 m Which should be dedhcted
to obtam the distance from the heater wall to the thermocouple The
four thermocouples are 0.20, O 69, 1.30 and .79 m from the wall of the

heater, respectively.

The travel times recorded in the heater midplane .during the; conrse
of the experiment depend on 'the average property of the material
between the transmitter and the receiver. The temperature disrrihution
has a steep spatial gradient. There are .howev{er i5 therm.ocouol.es in
the heater mldplane within a radius of five m from the heater Seven of
the therrnocouples are W1th1n one m from the H9 heater where the ther—.
mal gradient is steepest. The thermal da.ta are used in Chapters 5 and 6

to establish the temperature - compressional velocity relationship. The



boreholes, and their position is given in table 4.1.

bore-

1 hole

" T13

| T14
T15
T16
T17
T18
| E6
E7
 E8
E9

?E19'
E19
£19
£19

E10

sensor

number

86
91

96

101

106
111

122

125
26
30
34
48
47
48
45

sensor

label

T13C

- T14C

T15C
T16C
T17C
T18C
TEGF

TE7G

TESB
TE9B

TE10B
TE19A
TE19B
TE19C

TE19D

cylindric;al
coordinates
rho 0 z
40 3576 -.01
89 000.0 .00
68 441 -.01
50 . 186.0 .00
81 2282 .00
682 3147 .00
100 1809 .18
2.00 1804 .01
2.99 180.3 .02
150 2252 .14
251 2250 .01
123 895 .05
2.48 89.8 -.01
347 89.9 -.06
497 899 -.14

Temperature gauges in the heater midplane

depth

[m]

427

- 4.30

4.25
4.15
4.23
4.32
4.03
4.33
4.30
4.10
4.25
8.68
7.44
6.44

4.94

hole

length

[m]

7.64
7.70
7.64
7.57
7.64
7.72
12.95
12.69
12.67
12.58
12.63
8.90
8.90
8.90
8.90

Table 4.1
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For each of the days on which the transit times for jphe_seismic
waves were recorded, the radial distribution of the temperaturé from
the H9 heater was projected onto the 4 lines which constitut-e. fﬁe' heater
midplane monitor lines. Using the recorded temperature from tfhe 15
thermocouples, a standard cubic spline routine was used to }n)’.t_e_r;polate
the temperatures for points at a radial distance between therﬁ_;jqéc?nuples.
One hundred equally spaced points between hhé boreholes ‘in ‘Lhe four
lines, M7-M6, MB8-M9, M8-M6 and M7-M9 were calculated and the radial
distance for each of the points was used to find the corresponding tem-
perature from the cubic spline routine. Héving obtained the tempera-

ture distribution for this particular day a simple average was formed:

1 100
100,2,

Td = Tr,d ‘ [4-1]

This was performed 10‘3 times corresponding to the days when
seismic monitoring data were collected. In Figure 4.2 the averagé tem-
perature in the four lines is shown. Note espe.cially‘the rapid increase of
the mean temperature when the heater was turned on, and the equally

rapid decrease of the mean temperature when the heater was turflfed off.

There are approximately 75 thermoc_ouples in the rock mass around
the H9 heater hole within a radius oj 4.0 m. 'fhese data were used to plot
the temperature distribution in all the six cross sections A-F. Iﬁ Figures
4.3 - 4.8 these temperatu;fe distributions for the the last day of opera-
tion of the 3.6 Kw heater are shown. Alsé .shown on top of eaéh figure is
the particular cross-section’s position relative to the heater hole. The
sharp temperature gradient is apparent, especially in Figures 4.7 and
4.8. The temperature distributions over these cross-sections are impor-

tant in interpreting the survéying data given in chapter 5.
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The direction of the cross-sections with the highest average veloci-
ties, M8-M7 and M8-M6, do correspond with the general direction of the
maximum principal stress determined from the over-coring and hydro-

fracture experiments, as reported by Carlsson (1978) and Doe (1980).

4 2 Thermal stresses

Using the thermally-dependent properties of the Stripa quartz hlon-
zonite, shown in Figure 4.9, Chan et al. (1981) calculated the thermal
stresses around heater H9. The radial, tangential and vertical stresses
- have been calculated for heater day 398 in Figure 4.10 for a finite-length
line-source utilizing ~a finite element techniquq with thermally-
dependent thermal expansion, Young's modulus, Poisson’s ratio and
thermal conductivity. The stresses along the lines M8-M6 and M7-M9 in
t.he heater midplane have been calculated using a transformation of axis
with different angle and different distance from the source for each
point calculated, (Jaeger and Cook, 1976). The distances and the angle
between the radial projection and the lines are shown in Figure 4.11 and
, 4.12.' The thefmal stresses in cylindrical coordinates for the H9 heater

along the lines M8-M6 and M7-M9 are shown in Figure 4.13 and 4.14.

To change the axes so the stresses are expressed in directional and
transversal stresses with respect to the transmission lines, the following
formulas are used (Jaeger and Cook, 1979), using oy and o, as 0, and o,
to conform with a two dimensional rectangular system. In Figure 4.15

the geometry changing the axes is shown.

0, = 0;C08%Y + 27, sindcosV + oysin®9 [4.2]



66

Thermal stresses from thermally dependent coefficients.

Distance
[m]
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90

2.00

as [function of distance from center of H9

Or Oy
[MPa] [MPa]

23.5
35.0
37.0
35.5
33.2
31.0
29.2
27.2
25.5

24.2

22.0
20.7
19.5
18.5
17.5
16.5
15.5

15.0

49.0 -

39.0
30.'0
23.5
20.5
17.5
15.3
13.5
12.5
10.5
9.5
8.5
8.0
7.5
7.0
6.5

6.0,

UZ
[MPa]

54.0
43.0
35.0
29.5
25.0

21.5

18.0
16.5
14.5
12.3
11.0
9.5
9.0
8.0
7.5
8.5
6.0

Distance

[m]

2.10
2.20
2.30
2.40
2.50
2.60
2.70
2.80
2.90
3.00
3.10
3.20

3.30

3.40°

©3.50

Oy
[MPa]

14.2

13.0

125 -

12.0

11.2

10.9

10.2
9.6
8.4
9.0 -
84
8.3
7.9
7.5
7.20

s 0,
[MPa] = [MPa]

9.5

5.0
47
44

3.9
3.6

.54

3.2

3.0

2.9

2.8

2.7
2.6

C 401

2.5

a5
4.0
-39
36
;34"
- 32
- 30

2.8

5.5

4.8

29

2.7
2.6
2.5

Table 4.3
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0, = 0;8in®9 — 27, sindcos? + oy cos®y [4.3]

and

T =

Ty (o0, — 0z)sin2V + 7, cos2d S [4.4]

N|H

by adding the first two equations one finds:

0,40, = 0,403 : [4.5]
and from that follows that
Tey 7 0 ' [4.6]
because
tan29 # Ui‘r_‘tzﬂ’ . [4.7]

In Table 4.4 the thermal stresses for the line M8-M6 are given. The stress

U 1s the stress which is parallel to the lime M8-M6, and o; is the stress

P
which is transverse to the line. In Table 4.5 the stresses for the line M7-

M9 are given. 'In Figure 4.16 and 4.17 these stresses are plotted.

The analytic solution for the thermal stresses for an infinite hollow
cylinder should provide a reasonable approximation in the heater mid-
piane. Formulae for the radial displacement u, and the radial, tangen-
tial, and axial stressesl o,, Uy, and o, are derived from the equations
given by Timoshenko and Goodier (1951) for an infinitely long hollow
cylinder with an internal radius, a, and an external radius, b, subjected
to a radial temperature distribution T(r):

[

b T
_1+v |a (1—2v)rf+a?
Ur = T b2oa? {T(T)Tdr + {T(r)rcir [4.8]




M8-M6
Thermal Stresses
Distance 8 o, Os Op Ot T
[m] [deg] [MPa] [MPa] [MPa] [MPa] [MPa]
2.07 14.0 14.0 - 8.0 13.5 6.5 -1.88
1.88 15.0 155 6.5 14.9 7.1 . -2.25
1.70 17.5 17.5 7.5 16.6 8.40 -2.87
1.50 19.5 19.5 8.5 18.3 9.7 -3.46
1.31 22.0 22.0 10.5 20.4 12.1 -4.0
1.13 26.0 25.5 13.5 23.2 15.8 -4.7
0.95 31.5 28.5 16.0 25.1 19.4 -5.6
0.78 39.0 31.0 20.5 26.8 247 = -5.1
0.64 50.5 34.0 25.0 28.6 30.4 -4.4
0.53 67.0 355 32.0 32.5 35.0 -1.3
0.49 88.5 37.0 39.0 39.0 37.0 0.1
0.53 69.0 35.5 32.0 324 35.1 -1.2
0.63 51.0 34.0 25.0 28.6 30.4 -4.4.
0.77 39.8 31.0 20.5 R6.7 24.8 -5.2
0.94 31.5 28.5. 16.0 256.1 194 -5.6
1.11 26.3 25.5 13.56 23.1 15.9 -4.8
1.29 22.5 2e.0 10.5 20.3 12.2 -4.1
. 1.48 19.5 19.5 8.5 18.3 9.7 -3.5
1.66 17.5 17.5 7.5 16.8 84  -2.9
1.86 155 15.5 6.5 14.9 7.1 -2.3 .
- 2.05 14.0 14.0 6.0 13.5 65 - -1.9
.22 13.0 13.0 5.5 12.6 5.9 -1.6
Table 4.4
The displacements from the axis of the heater are positive.
oF 1 k ré—a? y |
g, = r_;' 7-_2 [T(r)’rdr - -6—2-:.‘—2"{71(7‘)7'(17'
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[4.9]



and

M7-M9

Thermal stresses

‘Distance @ Lo Oy Op o T
[m] [deg] [MPa] [MPa] [MPa] [MPa] [MPa]
3.46 6.8 7.1 2.5 7.0 2.6 -0.5
3.28 7.4 7.9 2.7 7.8 2.8 -0.7
3.07 8.0 8.6 2.9 85 3.0 -.-0.8
2.88 8.4 9.4 3.2 9.3 3.3 -0.9
2.87 8.9 10.3 3.7 10.1 3.9 -1.0
2.47 9.8 11.5 4.2 11.3 4.4 -1.2
2.28 10.5 12.5 48 12.2 5.1 -14
2.08 11.3 14.2 55 139 5.8 -1.7
1.89 12.5 15.5 6.5 15.1 6.9 -1.9
1.70 14.0 17.5 7.5 16.9 8.1 -2.3
1.50 15.5 19.5 8.5 18.7 9.3 -2.8
1.31 18.0 22.0 10.4 20.9 11.5 -3.4
112 21.3 29.5 13.4 23.9 15.0 -4.1
0.94 25.0 28.5 16.0 26.3 18.2 -4.8
0.76 315 32.0 21.5 29.1 24.4 -4.7
0.60 42.3 35.5 30.0 33.0 32.5 -2.7
047 59.0 37.0 425 41.0 38.5 +2.4
0.41 83.5 35.0 49.0 48.8 352 +1.6
0.43 68.5 36.0 45.0 43.8 37.2 +3.1
0.54 48.0 37.0 32.0 34.2 34.8 -2.5
0.69 35.5 33.2 23.5 29.9 26.8 -4.6
0.86 28.0 30.2 16.0 27.1 19.1 -5.9

Table 4.5
oF 1 | y  r24q?
s = T = T(r)r? - .{T('r)rdr Tt [T(’r)rd’r
f ' b
o, = f‘—_’i— T(r) — b—f_% [ T(rYrdr
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[4.10]

[4.11]
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Compressive stresses are positive. a = linear coefficient of thermal
expamnsion, v = Poissons ratio, E = Young's modulus.
In the case of an infinite medium, &-»«~, and the temperature

decrease monotonically as function of r,

b
. 1 _
lim = [ T(r)rdr = 0 (4.12]
and the equations reduce to :
= 142 5 © [4.13]
1—v S
al .
= == a 14
o= 2T [4.14]
ok
= —=(T-T 4.15
0p = 2L (-1 - [4.15]
and
oF’T
= = 1
. = 22 [4.16]
where
,
T(r) = iz' f’l’('r)rdr [4.17]
" a

These equations have been utilized by several people in their studies of

nuclear waste storage, e.g. Cook (1978) and Leijon (1978).
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The equaf,ions qudted above are only strictly true if the elastic and
the thermal coefficients can be regarded as independent of temperature.
It has been shown by Chan ef al. (1980 b), however, that there is a con-

siderable temperature dependence of all the pertinent parametefsl

Wollenberg et al. (1981) found from an investigation of thin sections
of the Stripa granite that microfractures were abundant throughoui the
rock‘, and found betwéen each crystal. As the rock mass is heated, ther-
mal expansion increases the .normal stress on fractures, and depending
on the orientation and size of the aperture and the asperities, tends to
close them. The most pronounced effect of this phenomenon is of
course found in the highest stress zone adjaceri't to the heater. This
results in a less homogeneous rock mass upon heating, with more closed
fracturés near the heater. In Figure 4.18 a visual example of a fracture
under three different stress conditions is shown. Under a small normal
ét;ess t..he' frét:tﬁres are long and only a few asperities are in contact.
The .é‘speé.t ratio is smail and the fracture close easily. Whén the normal
;sfress increase the aspect ratio of the fractures is incréasing and the
fr"ya‘cti,lii‘é‘s become more and more difficult to close. The effect of stress
oﬁ :é fracture is one of the fundamental questions in rock mechanics and
geo‘physics.‘ The fractures, microscopic and macroscopic, are of pfimary
importance in determining to rock properties under .in sitw conditions.

Elastic moduli are increased in this region by the thermal stress.

Timur (1977), has discussed the temperature dependence of P and
S—Wéve velocities: the values he reports for saturated Berea sahdstone,
sﬁbjected to 34.5 MPa confining pressure, are a P-wave velocity decrease
by 1.59 %Z per 100°C, and a S-wave velocity decrease by 1.18 % per

>100° ¢. The reported porosily for the Berea sandstone is 17 %, but
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s1rru1ar results were reported for a ca‘rbonate with a porosity of 1.3 %.
The expected reduction of elastic moduli of the intact rock due to an
increase in temperature appears to be over- -ridden by the concornltant

increase in moduli due to ¢losure of fractures present in the rock mass.

4 3 Field Stresses

Field stresses play a very important role in all geophysmal éurvejs
in situ. The major problem is that it is difficult to obtain a rehable est1-
mate of the direction and the magnitude of stresses in a rock mass. .Thlls
is partly due to the fact that moét techniques used measure the stresé
~over a very small volume. There are however geological indications v‘of
stresses as well. So there are two methods for determining field stfés._‘sevs
which are applicable to the work in the Stripa full-scale drift. ” Thev', ﬁrs_t
is the search for.‘geological phenomena which can provide an indicra’gi:on
of the stress directions. The indications provided iﬁ the H9 heater al;ga
are the fault directions and the pegmatite dikes. In Figure 4.19 the
faults 'mapped on the wall in the extensometer drift are shown. Aléo
shown in this pole plot are the major pegmatite dikes found on the no\rth
western wall in that drift. In Figure 4.20, the principal stress directions
obtained from surface boreholes as well as boreholes drilled in the mine
are shown. Also shown are the direction of the faults in the H9 and the
H10 areas. The polar representation of pegmatite dikes A and B ifrom
core and map data _f_rom the full-scale drift are also shown. In Figure 1.6
it is clear f,hat the faults H9-1 and H9-2 are reverse faults. In Jaéger and
Cook (1979) it is shown that these kinds of faults indicate. a principal
compressive stress ¢, which is horizontal and perpendiculérj to the

strike of the fault. The minimum principal stress o3 is vertical. In Figure
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4.20 the polar representations of the faults fall closely to the line M8—M6.
In Figure 2.12 in Chapter 2 it is clear that there is also a strike-slip com-
ponent in the faulting. That also points to a princifnal compressive
stress o, being horizontal. In strike-slip faulting the intermediate stress
is vertical and the minor principal stress being horizontal. From- the
steeply dipping pegmatite dike the direction of the minor principal
stress at the time of intrusion of the dike can be inferred as -being nor-
" mal'to the plane of the dike. The maximum principal stress was close to
the direction of the line M8-M6. The stresses might have changed from-
the time of the faulting and intrusion of the pegmatite, but the ancient
state of stress which causéd the faults and determined in which direc-
tion the dikes went, certainly disrupted the rock mechanically; that disr-
" uption remains. Doe et al. (1981) and Doe (1982), measured the field
stresses with both overcoring andvhydro-fractu‘ring techniques. There is
& considerable scatter in the data, but their findings are at least fairly
close to the stresses discussed above. In Figure 4.20 results from Carls-
 son (1978) and Doe et al (1981) are shown together with the fault and
° dike data. Also shown on this figure is the direction of the six ultrasonic
“‘eross-hole lines A - E. ‘Doe (1982) reported a maximum stress which is
" close to horizontal, but difected in a north-eastern direction, as seen in
Figure 4 21. The boreholes for the stress measurements.in Figure 4.21
were drilled betweven the HY and H10 heater experiments. BSP-1 is verti-
cal and was ’drilled from the full-scale drift. BSP-2,3 are horizontal are
were drilled‘ from.the extensometer towards the fullscale drift. The
stresses shown in Figure 4.21 are the average stresses from the overcor-
. ing and the planes of the hydro-fractures in BSP-2. The direction of the

field stresses are influenced by the presence of the driits, but the degree
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of their influence is not clear. In Figure 4.22 the principal stress distri-
bution aroﬁnd the full-scale and extensometer drifts is shown, as calcu-
lated from far field measurements, Chan (1981). The field ‘st:resses
influence the seismic velocities and attenuat,ion, so these results 'will ?)e

used in later chapters.

4.4 Dewalering of the rock mass

The dewatering of the rock mass has beén described in detail by Nel-
son et al. (19.81). The purpose of the dewatering system was to r_embvé
excess water after it was discovered that rather large quantities were
flowing into the boreholes. The original purpose was mainly to ,preserve
the heaters and the instruments. The amount of water was recorded
after removal each day; this water flow into the boreholes turned out to
‘be an important part of the data base collected in Stripa. In.Figures
423 -4.25 from Nelson ef al. (1981), the inflow in all the dewatered
boreholes in the H9 area is shown. In Table 4.6 the inflow to the four M-
holes is presented. The M-holes in the H9 area were blown dry with
high-pressure air. Prior to 23 July, 1979, the holes were covered with a
barrel before the water was blown out, to confine the water to the area
around the borehole. The water was then collected cérefully and .put
into a measuring bucket. From that date the volume was measured by
measuring the depth to the top of the water surface in each borehole,

and then converting to volume at 2.46 liters per m of borehole.

Nelson et al. (1981) noted that upon the turn-on of all four heater
experiments there was an increase of the water inflow in the boreholes.
A likely explanation for this is the closure of the fractures due to the

thermal expansion of the rock when the heaters are turned on. Upon
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Dewatering of M-boreholes
Day Datg Boreholes
M8 M7 M8 Mo
[l (ml7day)] [1(ml/day)] [l (ml/day)] [i(ml/day)]
0 24 Aug.1978 0 - 2.0 03 2.0
20 13 Sep.1978 0.25(13)  3.0(150) 1.0(56) 4.0(200)
110 12 Dec.1978 2.8(31)  4.0(44) 2.5(28) 1.5(17)
252 3 May 1979 » Amount not recorded
333 23 Jul.1979 1.0(12) 4.25(52) 0.5(8) . 11.0(138)
398 26.8Sep.1979 2.2(34) o 0.55(8) - 2.1(32) 7.0(108)
626 11 May 1980 3.78(17) . 10.42(46) 5.38(24) ,15.4(58_)
677 1Jul.1980 4.24(83) 8.62(169) 4.36(85)  22.35(438)
899 23 Jul1980 1.33(60) 0.39(18) - 0.91(41) 5.0(227)
208 50 Jul1980 0.12(17) - 0.05(7) 0.25(36)  1.33(180)
»o 20,1 30.5 214 89

* assuming an inflow of 31,44,28 and 136 ml/day respectively at day 252

Table 4.6

closure of the fré’ctures the permeability decredses .drastically. In frac-
tures however, which are intersected by boreholes ‘the pore fluids can
escape into the boreholes. Morrow et al. (1981) sﬁéwed.thait the permea-
bilitsf 'of a granite Wés reduced betweén 1 and 2 orders of .magnitude
when it was heated and the magnitude of permeability decrease

depended on the temperature. In Stripa the H9 heater borehole wall
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iemper;ture réached a maximum of approximately 300° C. Morrow el al.
(1981) showed' that in the case of a temperature of 200° C the permea-
bility decreased one order of magnitude in a specimen of Westerly gran-
ite over one month. Around the HS heater a very sharp temperature
gradient existed, so, over a large volume around the heater the tempera-
tures were much lower than the values Morrow et al. used in their exper-
iment. Flows in boreholes T17 and T18 in Figure 4.23 were observed to
decrease and become zero after 100 days. For borehole C1E in Figure
424, the water inflow follows a more complicated pattern. The inflow
was zero when the heater was switched .on.. Then there appeared to be a
period during which water was squeezed out, and after 280 days the
water inflow was observed to stop almost conipletely. Neillson et al.
(1981) observed that the boreholes in the end of the drift ha(;l a much
higher inflow during the course of the experiment. There are two possi-
ble reasons for this higher water inflow. The first is. tﬂat these boreholes
are close to the end wall of the drift, where the state of stress is quite
different from that existing along the side walls. These boreﬂoles are
also the farthest from the H9 heater and thus aré not subjected to the
high temperatures close the heater. In Figure 4.25 the water inflow to

the boreholes situated close to the end of the drift are shown.

It is concluded that the rock is fully saturated at all times for the
following reason. The attenuation of the compreSsional waves is very
sensitive to a small reduction (a few percent) in saturation frdm 100 7%,
as indicated in Chapter 7 of this report. No sharp increase in P-wave
attenuation was observed anywhere in the field data, as shoWn in

Chapter 6 of this report.
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Nelson et al. (1981) c:onsidered the effect of a porosity change of
0.1% and with an average fracture spacing of 0.10 m, (from Paulsson et
al. 1981), and find it satisfactory explains the 5000 m] of water Whicvh'
flowed into the holes after the HY9 heater was turnedv on. The fracture
width considered was 0.1 mm, which is a reasonable assumption. The
porosity found in this report, (as indicated in Chapter 7),_ is close to 1.0
% instead of 0.1 % assumed by Nelson ef al. There could be two reasons
for this: the first is that only a small fraction of the water is squeezed
out of the rock. This argument becomes important for the discussion
later in Chapter 8. The other reason is that there must be many more
fractures than the number reported in Paulsson ef al. (1981). This point
will also be further discussed in chapter 8. The problem with the water
inflow data is that there was no knowledge of at what depth the water
entered the boreholes. It is well-known that the bulk permeability in
crystalliﬁe rock is determined by the presence ofb fractures and their
apertures, as indicated by Gale (1975). If the water inflow to a borehole
is mainly through a fracture which occurs at the same depth as the mid-
plane of the heater, the flow would probably decrease rapidly after
‘turn-on of the heater. At the bottom of the ultrasonic profile the tem-
perature only increases, by 10° C, to approximately 20°C, which, with a
linear thermal expansion coefficient of 107°° C™!, results in a thermal
expansion of 0.2 mm for a 2 meter line. This is not sufficient This expan-.
sion is insufficient to close all the open fractures. In Chapter 8 the
effect of the thermal expansion of water will be discussed. The specific
volume and the viscosity of water as function of temperature is shown in
Figure 4.26. In Table 4.7 the total inflow of waler in the C, U and T holes

is shown, (after Nelson et al. 1981).
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Total inflow of water in U, C and T holes in the H9 area
Borehole Total inflow
[1]

C1 2.9
CR 51.6
T13 0.1
Ti4 0.9
T15 1.0
T16 2.7
T17 1.6
T18 0.4
U1 0.3
UR 14.2
U3 54.3
U4 0.4
Us 0.4
Us 0.5
U7 7.0
- U8B 34.8
U9 21.7
U10 8.6
by 203.4
H9 ’ 19.1
M-holes : 170.0
Total 3 h 392.5

Table 4.7

It is interesting that the 18 borehole in Table 4.7 collected approxi-
mately the same amount of water as the four M-holes. The boreholes in
Table 4.7 are 7 meter deep while the M-holes are 10 m. This indicates
that the permeability is ra larger below 7 m under the drift floor during

the course of the H9 heater experiment. Nelson ef al. (1981) also finds
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the permea‘bility in the H10 area being a function of the radial distance

from the H10 heater,with the permeability being lowest in the vicinity of

| the heater. This will be further discussed in Chapter 5.

4.5 Porosimeter experiment

Using a 60 kpsi mercury injectibn porosimeter, Which‘ normally is

used to determine the porosity of ceramics and metals, the porosity and

distribution of fracture apertures has been obtained for an intact speci-

men of the Stiripa quartz monzonite. The mercury porosimeter meas-
ures the intrusion of mercury into the pores and, assuming a Hg-rock
mineral contact angle of 130°, (Good and Mikhail, 1981) the width of the
openiné can be calculated from the total pressure in the vessel where
the épecimen is submerged in mercury.4 A review of the principels and
apparatus involved in a mercury intrusion test is giv.en by Orr (1969).
Using t;he volume expelled from thé pores as function of decreasing
pressure,v information can also be obtained about the shape and the
structure of the pores. The technique is further discussed by Kloubek
(1981) and Spitzer (1981). In Table 4.8 are shown the results of a test on
a specimen from borehole E21 drilled from the Extensometer drift 11.85

m from the collar. That is very close to the H9 heater.

The total porosity found from the mercury intrusion experiment,
0.72 %, is very close to the porosity found by other investigators, as
reported in Nelson et al. (1979). In Chaptel; 7 a porosity‘of 0.9 % is '
reported, which was obtained by vacuum drying a saturated specimen.
The result of the porosimeter test is shown in Figure 4.25. The results
up to 10 kpsi pressure are as expected. However the result from 10 kpsi

to 57 kpsi indicates a dilatancy effect. 3 specimens were tested and all



MERCURY INTRUSION AND PRESSURE DATA
Stripa Quartz monzonite, borehole E21
Sample weight : 5.1835 gram
Date : Sept. 16 1982
(1) (2 (3) (4) (5) (8) ("
Hg head Gauge Gauge Absol, Mees. Blank Corr.
Pressure Reading Reading Pressure Intrusion Correction Intrusion
Correction 0-15 Uncorrected ’
(psia) (psia) - (psia) (psia) (ce) (cc) (cc/g)
-4.84 8.0 - .1.18 0.0 0.0 0.0
-4.79 8.0 - 3.21 0.004 0.0 0.000775
-4.79 9.0 - 4.21 0.004 0.0 0.000775
-4.79 10.0 - 5.21 0.0045 0.0 0.000872
-4.78 11.0 oo 8.22 0.005 0.0 0.000968 |-
-4.78 12.0 - 7.22 0.005 0.0 0.000968
-4.78 13.0 — 8.22 0.005 0.0 0.000968
-4.78 14.7 - 9.92 0.005 0.0 0.000968
-4.78 - 25 . 34.94 0.0086 0.0 0.001182
-4.78 - 75 B4.94 0.008 0.0 0.001182
-4.75 - 150 159.95 0.007 0.0 0.001358
-4.74 - 250 259.98 0.008 0.0 0.001549
-4.74 - 500 . 500.98 0.008 0.0 0.001549
- - 1000 1015.0 0.009 0.0 0.001743
- - - 1500 0.013 0.0 0.002518
- - - 2000 0.012 0.0 0.002324
- - - 3000 0.013 0.0 0.002518
- - - 4000 0.015 0.0 0.002805
- - - 7500 0.015 “0.0 0.002905 |
- - - 10000 0.015 0.0 0.002905
- - - 15000 0.013 0.001 0.002324
- - - 20000 " 0.012 0.002 0.001937
- - - 30000 0.011 0.003 0.001548
- - - 40000 0.009 0.004 0.000088
- - - 57500 0.008 0.004 0.000775

Table 4.8

1) Below atmospheric pressure, Absolute pressure (4) equals (2) minus

(1). Above atmospheric pressure, Absolute Pressure (4) equals (3) plus

atmospheric pressure minus (1)
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2) Corrected Intrusion (7) equals (5) minus (6) divided by sample weight.

three showed the same effect, so it is apparently a real phenomenon.

The effect appears at approximately 70 MPa (10 kpsi).



POROSITY DETERMINATION

. Wt. of penetrometer, empty g.

. Wt. of penetrometer, filled with mercury, g.
. WL. of sample, g.

. Wt. of penetrometer with sample and meréury, g.

. Apparent Density, g./cc.
. Real density g./cc. |

. Apparent volume of sample, (3/86), cc

© oo N O O b W W

. Real volume of sample, (3/7), cc.
10. Total pore volume of sample, (8 - 9), cc

11. Total porosity of sample, 1'00*10/8, %

. Displacement volume of sample (2 + 3 -4)/13.55, cc.

63.87
157.91 _
5.1635
135.88
2.008
2.571
2.590
2.008
1.994
0.014
0.72

Table 4.9
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Temperature (°C)
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THEORETICAL AND MEASURED TEMPERATURES
| IN MIDPLANE OF H9 HEATER o .
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Fig. 4.1 Temperature record from four thermocouples in the H9 heater midplane
at 0.40, 0.89, 1.50 and 2.99 m from the center of the heater, respectively.
The temperatures are shown for the period from the turn-on of the
H9 heater until the day 600. The heater was turned off at day 398.



MONITORING TEMPERATURES IN HEATER MIDPLANE
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Fig. 4.2 Average temperatures over the four monitor lines from day -40 to day 670 These mean tem-

_peratures were obtained by project the radial temperature function irom the heater onto 100

equally spaced points along lines connecting the M- boreholes This was done for the 103 days data
was collected in the heater rmdplane
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Fig. 4.3 Temperature distribution in cross section M7-M8 at day 398 after H9 heater turn-on. This
spatial temperature distribution was obtained by projecting the observed temperatures for 70 ther-

mocouples onto the plane between the M-boreholes.
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Fig. 4.4 Temperature distribution in cross-section M7-M8 at day 398 after H9 heater turn-on.
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Fig. 4.5 Temperature distribution in cross-section M8-M9 at day 388 after H9 heatér turfiton. -



ME, M7

°H9
Mo® - *M8
M9 M6
0.25—D1
1,25
:
2.25— /
T .
3-25_
4,25 D17
:'é -
£ 5.25—
Q
[
O -
6.25—
\‘
7.25— \
i - 20— ||~
8.25
9.25— D37
10.25— r , —
o | 2 3

Distance (m) ,
X8l 838-2193
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Fig. 4.7 Temperature distribution in cross-section M8-M86 at day 398 after H8 heater turn-on.
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Radial stress (MPa)
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Fig. 4.10 Radial, tangential and axial thermal stresses for H9 heater at day 388 calculated from

thermally-dependent material properties (see Fig. 4.3)



92

2.0 _ _ Py
ol | | ..
1.6} 1
1.4+ o -

1.2 : ; .
10| - B

0.6 ) o Y 1.
0.4]- e K 4

0.2 ' : ' -

0
A () 1415 175 195 220 260 315 380 505 670 715 690 510 398 315 253- 205 195 175 155-140 130
D(m) 187 168 150 130 111 083 075 058 044 033 039 033 043 057 074 091 109 128 146 166" 1.75 202
D center H9 207 188 170 150 131 113 095 078 064 053 049 033 063 077 094 111 129 148 166 186 205 22

56.25 a, =5625MPa o, = 5260 MPa = 34.40 MPa
59.45 =59.45MPa o, = 44.20 MPa = 18.30 MPa
- 2 2.0m M8
om

/ _ |
/ , AN S
= ;402 '// v X~ NS _ |5|;.\

=3440Mp‘a g, =526
18.30 MPa 0, = 44. 20

;qg

—19.5° N 1957~
22.0°
- 22|5°
. ~
26.0° 26.5°
3||5° \
31.5°
39.0° : 39.8°

/ 50:5° | 5100 \
67.0° N . '
/ = N\

XBL 839-2224

Fig. 4.11. Distance and angle between a radial projection from
H9 and the line -connecting M8-Mé .



93

4 .
3.0 @ -
2.8} : | i
26 : | -
2.4 S - -
22+ | _
2.0t | | —
1.8 | | _
16F ' =
1.4 | o -
124 | | | .
1.0} | ‘ ~
0.8 o |
06+ | ® o ~
0.4} ® - ‘o -

0.2 : | ® o —

0— - .
A () 6874 80 B4 89 95 105 113 125 140 155 180 213 250 365 423 590 835 685 460 355 280
Dim) 326 308 287 268 247 227 208 188 169 150 130 111 092 074 056 040 027 024 023 034 049 066
Dcenter H 346 328 307 285 267 247 228 205 189 170 150 131 112 094 076 060 047 041 043 034 069 086

r = 3.0m

- r=2.0m
e e upmeTEEe
4 : = . g = . a
. o, =344MPa . —526MPa .

XBL839-2223

Fig. 4.12 Distance and angle between a radial projection from H8 and the line connecting M7-M9



94

50
%
40— @ Radial Stress _
@ Tangential Stress
A Axial Stress

30

MPa

20

Scale 1:20 |

0 ! -
O, -140 155 165 185 220 255 285 320 M
Og-6065 75 85 105 135 160 205 2%
o,-6065 80 95 115 150 190 250 325

35 380 5 U0 320 285 255 20 195 185 155 140
20 390 20 250 160 135 105 85 75 65 60 55
385 430 385 325 250 190 150 123 85 80 65 60

0
0

XB8L 839-2220
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Fig. 4.18 Fracture closure with increasing stress This figure shows the effect of increasing normal
stress. The fracture has a low aspect ratio initially and is easy to close. The higher the aspect ratio
the fractures have the more asperities are touching per surface unit so they become increasingly

more difficult to close.
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Schmidt equal-area pole plot for fractures on wall in Extensometer drift
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Fig. 4.19 Direction of faults and dikes mapped on the north-western wall in the extensometer drift
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Schmidt equal-area pole plot for principal stress directions,
pegmatite dikes and faultsin the fullscale and extensometer drifts
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' Flg 4.20 Schmidt equal-area pole plot for principal stress directions, pegmatite dikes and faults in
HO heater area are shown. Also the direction of the 8 ultra sonic cross-sections.
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Fig. 4.21 Principal stresses measured in the full-scale and extensometer drifts. The filled symbols
indicate results from overcoring from a vertical hole, BSP-1, drilled between the H9 and H10
heaters. The open symbols indicate results from overcoring in a horizontal hole, BSP-3. The lines
represent stereographic projection of planes of hydro-fractures in a horizontal borehole BSP-2, also
drilled from the extensometer drift between the H9 and H10 experiments. After Doe (1982).
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Fig. 4.22 Principal streLss distribution around full-scele and extensometer drifts as calculated from
far field stress measurements, after Chan (personal communication). ' '
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Fig. 4.23 Water inflow record for H9 and associated T-holes. The increase in the inflow of water is
seen in most of the boreholes. The inflow of weter in the H9 heater borehole indicate fracture clo-
sure after the turn-on of the heater. Also shown is a map with the position of the boreholes in this

figure. (after Delson et m\ q fl)
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.Fig: 4.24 Water inflow record for H9 erea U-
of the HO heater at day 0, is seen in most of the boreholes in this figure. Also

105

and C-holes. The water flow increase after the turn-on
seen is the gradual

decrease of inflow of water in the C1 and C2 boreholes. The map on the right hand side of the figure

shows the position of the boreholes in the figure. (afian Nelow et ad. 1q @)

i
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Fig. 4.25 Water inflow record for H8 area U-holes This shows the high water inflow into boreholes
situated in the back of the full-scale drift. A general trend in most of the boreholes is a gradual
decrease of the water inflow with time. The initial increase of the water into the boreholes after the
H9 heater was turned on is not so obvious in these boreholes. The stars indicate no data: The dot-
ted line indicate the turn-on and turn-off dates for the H9 heater. On the right hand side is the map
of the boreholes discussed in this figure. (afla elhes o od. (2 91) '
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Fig. 4.28 Viscosity and specific volume of water as a function of temperature. Viscosity data from
Dorsey (1840). Specific volume data from Kennedy and Holster (1968), for four values of pressure
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Fig. 4.27 Porosity and fracture aperture determination with a 80 kpsi mercury porosimeter
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5. TRAVELTIME VARIATION

Introduction

Elastic waw}e velocities héve been viéwed as a potential méa:wn.sl’to
monitorlphysic‘:al changes in a rock mass. In this section r.esu‘lts"fr‘or'n a
cross-hole field study will be presented. Thé work is divided into tphree
sections; In the monitor mode, data are collected frequently at the level
of the heater midplane to Inonit'or changes with increasing time. In the
survey mode .the six cross-sections between the four boreholés are
scanned stafting at the top of the boreholes moving the transducers in
equal incremental steps down to the bottom of the section. This is done
several times over the course of‘the heater experiment to get informa-
tion about the response of the rock at different depths. Finally, in the
down;hole -survey, both transmitter and receiver are in the_ same
borehole 0.3 m apart. The result from the down-hole work will serve as a

comparison with the cross-hole work. |

One objective of this study was to investigaté the potential of cross-
hole-veloéity measurements as a means to extract information about the
medium heterogeneity including fracture zones. A second objective was
to investigate the sensitivity of v.elocities and attenuation of elastic
waves. to :sa‘tur'ation,_ pore pressure and field stresses, as f.hey éhange

over the course of the experiment.

Discontinuities, both macroscopic and microscopic, are affected by
the state of stress, insofar as fractures tend toc close under increased
normal stress. This leads not only to increases in wave velocities but

also to decreases in the attenuation of seismic waves due to linear loss
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mechanisms as discussed by Toksoz et al. (1979). The changes in

attenuation will be discussed further in chapter 6.

The velocities are calculated from the travel-times corrected for the

- instrument delay and the calculated distances between the transducers.

There are six cross-sections between the four M-boreholes. To facilitate
treatment of the data from the different cross-sections, the latte_r have

been labeled from A through F.

Cross-sections
Label Cross-section Distance Profile Delay
between Direction of
boreholes ‘ -waveforms |-
Mmoo us]
A M7-M6 R.248 - NbSRE 330
B M7-M8: 2.679 N62W 400 -
C M8-M9 - 4,395 N5S1E 690
D M6-M9 - 2775 - Ni8W 400
E M8-M86 4.181 ~ NB9E 650
F M7-M9 4.202 Ni4E . 650
Table 5.1

The first "M-number' indicates the transmitter borehole and the second
the receiver borehole. Delay of waveforms in Table 5.1 refer to the part
of the signal from the trigger which is not digitized. This makes it possi-

ble to expand the part of the signal containing the P and S-waves.
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5.1 Monitor Data

The monitoring was performed in the heater‘ midplane depth. The
transducers were left in place in pairs of boreholes for as long periods'als
possible. The monitor mode erhphasiSed frequent sampling of dala in
time. Thus only a few lines (i.e A17, C17, E17 and F17) coﬁld be sampled.
The four lines sampled are shown in Figure 3.1. The transmitters were

placed in boreholes M7 and M8 and the receivers in boreholes M9 and M6.
5.1.1 P-wave velocities

Thermal effects

The results of monitoring the P-wave velocities in the heater mid-
plane are shown in Figure 5.1. The S-wave velocities are shown in Figlife
‘5.2. Immediately following the turn-on of the H9 heater, sharp increases
of the P wave velocities were recorded. The velocities then increased
more slowly until about day 150 after the heater turn-on, after which
they remain‘ed .fairly constant until the heater was turned off on day
398. The velocity increase in the heater midpléne varies between 60 and

200 m/s for the four monitor lines.

When the H9 heater was turned off travel-times were closely moni-
tored. The velocities decreased sharply to Valﬁes below those that had
been recorded before the heater was turned on. Over line M7-M9 the
effect is particularly noticeable. It should be noted that this is. the path
which passes closest to the heater: the shortest distance between the
héater borehole wall and the M7-M9 cross-section is 0.2 m. Over all four
lines the velocity passes through a minimum between 50 to 200 days

after the heater turn-off, and from then on the velocity increases



112

slightly.

During the initial stages, at approximately day 30, the P-wave velo-
city stopped increasing or reversed for a period of about 50 days on
path M7-M6. A possible explanation for this behavior rests on the ther-
mal expansion of the trapped water causing pore pressure to increase
and thereby decreased the effective stress. This point will be further

discussed in Chapter 8.

Upon turning off the heater on day 398 the travel-times for the
compressional waves increased sharply. Along three of the four_'l'ine's the
travel-times of the compressional and.transversal waves were longer
after the heater experiment than values measured prior to heating. Fig-
ures 5.3 and 5.4 show the Waveforms_of the P-wave arrivals for the moni-
toring lines. For fhese ﬁgure.sv, the traces have been delayed by a fixed
time which is given in Table 5.1. This was done to obtain a clear picture
of the wavelet, givén a fixed data window. The waves were digitized from
.Lhe tépe recorder, normalized to the peak amplitude, and plotted. In
Figure 5.5 a) the P-waves from the reference line, Figure 3.1, are shown.
In c.ontraist to the monitor lines, each éf the signals in the reference line
are collected with transducers which were reset between each.fecording.
The velocity change of the compressional waves for.the refere_ncé line,

Figure 5.1, can be seen in the shorter arrival times in Figure 5.5 a).

Dewatering effects

Dewatering of the rock mass was done on a daily basis by pumpihg
the 18 38 mm boreholes around the HS heater hole. The dewatering
started 41 days prior to heater turn-on and continued through day 545.

The amounts for the 38 mm holes are given in Figures 4.21 to 4.23 and in
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Table 4.7. At the beginning of monitoring ‘the four lines there are
insufficient data to drawv any conclusions about the eﬁect of dewatéring
in the heater midplane. When the dewatering of the rock mass stops at
day 545 the effect is monitored by the cross-hole sighals. It Waé found
that the P-wave velocities increased between 20-50 m/s in the different
monitor lines after 150 days after the dewatering was terminated.
Exéept for the line M7-M9 this effect is seen for all lines.- The same effect
is evident also for the S-wave velocities over the monitor lines. An expla-
nation for the minimum velocity occurring 50 - 100 days after heater
turn-off is as follows: when the heater was turned off thermal contrac-
tion caused fractures to open; because-of the low permeability of the
rock away from the heater, water did nét re-enter until several months
after the dewatering of the rock mass was terminated at day 545. In this
model some of the rock around the H9 heater became partially

saturated for a period lasting from a couple of months up to one year.
- 5.1.2 S-wave .velocities

Thermal effects

The S-wave velocities in the four monitor_h'_nes and the reference
line are shown in Figure 3.1 and the results are given in Figure 5.2. S-

wave velocities also increased when the heater was turned on.

When the heater is turned off the S-wave velocities decreased in all
four lines. In two of the lines, M8-M8 and M8-M9 the change was small
and the S-wave velocities remained higher in these two lines after the .
heater experiment than prior. In Figure 5.5b the S-waveforms from the

reference line are shown. The signal/noise ratio is not as good as for
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the P-waves, but there are no problems recognizing the arrival of the S-

waves.

Dewatering effects

The dewatering effect seen in the ¥ from the monitor lines is a gra-
dual increase of the velocities in three of the four lines after the dewa-
tering was turned off. This indicates that also the S-wave velocities are
~sensitive to the water content in the rock mass.

5.2 Survey Data AU S ,- S N,

The first surveys were: performed 44 days before the heater-was
turned on. Dewatering of the rock mass commenced 41 days prior to
heater turn-on, so the first surveys measured:the rock mass before any
appreciable volume of water had been drawn ‘from it. Preheating data
were collected over all six sections:”The physical parameters affecting
the velocities in thié set of data were the degree of fracturing and the
orient.ation of the profile under consideration. The degree of fracturing
affects the stiffness of the rock and the direction of the cross-section
determines the direction relative to the principal axes of stress. A kéy
to the surveys and the survey numbering in the six cross-sections is
given in Table 5.2. In Figure 5.6 the direction of the six cross-sections
are indicated on a polar chart along with the major ,vfault‘s, dikes, and

principal stresses. Figure 5.7-5.12 show the surveys in the six hole pairs.
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5.2.1 P-wave velocities

Fracture effects

The six preheating surveys indicate that there are vertical velocity
variations in all cross-sections. There seems to be a correlation between
the size of the velocity anomaly and how close the cross-section passes
‘the H9 heater, even though the power had had not yet been applied in
H9. The two cross-sections which are most removed from the heater,
- M8-M9 and M6-M9, appear to have the smallest anomalies. The most
likely reasén for these anomalies , which are most visible at heater
depth is a combination of drilling vibrations and weak fractures. During
the drilling of the H9 heater a XF 60/90 drill-rig was used for.the first
three meters as reported by Paulsson et al. (1981). The XF 60/90 drill-
rig did not provide the capacity to diamond drill a 406 mm borehole in a
satisfactory manner. Drilling stop;ﬁed and a high torque Toram drill-rig
was used for the remaining depth of the borehole. Drilling with the XF
60/90 drill-rig was accompanied by severe vibrations between 1 and 3 m
depth below the drift floor. These vibrations probably effected the cal-
cite fractures in the vicinity of the boreholes. Figures 2.5 to 2.10 in
Chapter 2 indicate the calcite fractures found in the boréholes. The cal-
cite fractures at depths between 1 and 5 m correlate well with low velo-
city zones. From.Pauléson et al. (1981) it is clear that the calcite frac-
tures display a much lower strength than fractures with other infilling
materials. At other depths there is a less marked‘ but still apparent

correlation between the presence of calcite fractures and low velocities.

In cross-section M7-M6, shown in Figure 2.5, the calcite fractures

between the boreholes extend from a depth below the drift floor of 2.25



.+ Survey # and dates for surveys in the six cross-sections

Label Cross-section

A M7-M6
B M7-M8
C M8-M9
D - M6-M9
E Mé-Ma
F M7-M9

# Day#

- -44
- 344
424
701
-44
112
348
456
708

343
425
711
- -24
- 119
343

710
-44
=7

15
111
341
420

704
-43

13
20
111

133
349
419
707

[S gy vy

=42 .

118

. 4R6 -

6

20 -
118 -

132

Date

11 July, 1978
3 August, 1979
22 October, 1979
25 August, 1980 ..
13 July, 1978

 14-15 December, 1978

7 August, 1979
23 October, 1979
1 August, 1980
‘ 13 July, 1978
20 December, 1978
2 August, 1979
23 October, 1979
4-5 August, 1980
13 July, 1978

21 December, 1978 - |

2 August, 1979
24 October, 1979
3-4 August, 1980
11 July, 1978
17 August, 1978
30 August, 1978
8 September, 1978
13-14 September, 1978
13 December, 1978
20 December, 1978
31 July, 1979
18 October, 1979
28 July, 1980
12 July, 1978 _
23-24 August, 1978
. 30 August, 1978
7 September, 1978
.14 September, 1978 -
13 December, 1978
.3 January, 1979
4 January, 1979
8 August, 1979
17 October, 1979
30 July, 1880

Table 5.2

116
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m to approximately 6.25 m. Between these depths also is found the low
velocity zone shown in Figure 5.7. In the same ﬁgur'e there is a low velo-
city zone at depth of 9.25 m. In Figure 2.5 it is shown that there are
some calcite fractures in that particular zone. In Figure 5.8 the low
velocity zone in cross-section M7-M8 is apparent between depths of 2.25
m and 5.75 m. In Figure 2.6 it is apparent that there are many calcite
fractures in this zone. The largest cluster is found at 3.25 m below the
ﬂbor of the drift, where also the lowest P-wave velocities are found. Also
in this cross-section there is a small but noticeable low velocity zone in a

zone around a depth of 9.25 m.

In Figure 5.9 line M8-M9 has the lowest velocities occurring from a
depth of 8.25 m to the maximum depth of the cross-section. There are
some calcite fractures over this depth interval but what is interesting is
that the calcite fractures occurring at 3.25 m do not result in any low

P-wave velocities.

Over line M6-M9 the lowest -velocities occur at 5.25 below the drift
floor as shown in Figure 5.10. Again there are some calcite fractures
present but no clear correlation. Line M6-M9 is more than 2 m from the
center of the heater. Line M8-M9 is 1.7 m from the center of the H9

heater-hole.

In Figufe 5.11 the P-wave velocities over one of the main cross-
sections are shown. The M8-M6 cross-section is the one for which most
of the data have been collected. The low velocity zone between 1.25 m
and 4.25 m below the drift floor is well-correlated with an abundance of
calcite fractures. Thére are some calcite fractures outside this zomne,
but they have no corresponding low-velocity zone associated with theﬁ.

This tends to confirm the theory that the weak calcite fractures were
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disturbed by drilling lising the first drill rig.

Finally cross-section M7-M9 shows a broad low Velociiy zbne between
depth of 1.25 m and 6.25 m. This again is associated with calcite frac-
tures. Other zone‘s with caleite fractures do occur, but ekcept at z =

9.25 m there is no low velocity zone associated with them.

Thermal effects

When then HS heater was turned on, the Velocities in'cfeased' 'ovei‘.all
6 cross-sections above and below as well as at the same depth as the

heater. In Figures 5.7 to 5.12 this is clearly shown.

M7-M6

In Figur_e 9.7 for line M'?-‘MB oniy one survey weé performed’ .ci‘uri'ng
the tirﬁe the he_ater.‘was turﬁzed‘ on, i.e. the>’344 day cur{re;. The two
curves for day 424 and v’?Ol indicate a zone around ‘level'AiS thch-has
lower velocities after the experiment than prior to it. In.F.igvure 43 it
can be se'e.n tha£ the highest temperature occurring over this line was
60°C. It appear thét this temperature was sﬂﬁieiently high to further
disturb the fractures‘o.'ver’this' cfoss-'sectioh, beyond the apparent effect

of drilling. However th'e effect is reversed below line A17.

M7-M8

In Figure 5.8 fof line M?-MB two surveys were performed during the
time the heater was turned on, i.e. onl daysﬁ 112 and 348. The cur.vé‘for
day 348 indicates a slight increaSe in velocity across the heafer beyond
that seen for day 112. This is expected as the thermal stresses are

highest at these levels. Also over this cross-section lower velocities were
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observed at level B13 after the heater experiment than before. Again,
the effect is reversed below B17. In Figure 2.6 one can see that at this

level there are a cluster of calcite fractures.

Cross-section M8-M9, shown in Figure_ 5.9, with the closest point to
the center of the H9 heater at 1.7 m, indicates very little change is
caused by heating. The maximum P-wave velocity change is 80 m/s in
line C13. Over cross-section M8-M9 the maximum temperature change is
35°C, as seen in Figure 4.5. The change in velocity is only slightly larger
| at the depth of the heater than at other d;pths.

M6-M9

Cross section M6-M9 shown in Figure 5.10 is never closer to the
center of the H9 heater than 2.1 m. The change in temperature over
section M6-M9 is a maximum of 25°C, as seen in Figure 4.6. The largest
P-wave Veloc‘ity change is 160 m/s in line D13. Except for this line the
largest changes are found in the heater midplane. The large change

seen in line D13 is only seen in one reading and the reason is not clear.

M8-M6

Cross-section M8-M6, seen in Figure 5.11, offers an interesting study
of P-wave velocitiés as a fuhction of changes in temperature. Over this
cross-section four surveys were performed while the H9 heater was
‘turned on. Surveys were perforriled at days 20, 111, 118 and 341 after
heater turn-on. The velocities were observed to increase over the whole
time span. The difference between day 118 and 341 is small but notice-
able. Especially evident is the high P-wave velocity caused by the high

temperature between depth E13 and ER5. The first post heater turn-off
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4 's'vurvey at day 420, 22 days after the turn off of the H9 heater, shows how
sharply the velocities decrease. This béhavior in fact mirrérs the Vefy
rapid decrease in Lempe'rature. ovbserv_ed aroun’d th.e H9 .hefater, showh in
Figures 4.1 and -4..2. The last survey, ’whic.h v}as per)formed" a‘t‘ dlavy '?i'04,

shows the low velocity zone between‘depths E9 and 'El?,’ with the lzirgest
P-wave velocity change at line 13. The maximum temperature adjacent
to the heaters was naturally at the midplané, but it is Signiﬁca"n’p'that
the largest velocity change of 260 m/s occurred in a zone with calcite
fractures. This indicates that comparatively lowﬁte'mperaf,ures, in this
case 80° C, at depth E13, are required to cause permaneént damage

-where clusters of calcite fractures occur.

M7-M9

The last crosé—séction is the M'?-MQ éection, sh'own‘ in‘Fi.gure 15.12.
This is the section which comes closest tb the H9 heater. "At the closestv
point the cross-section is only 0.2 meter from the H9 borehole wall. This
“fact is also reflected in the high temperature occurring at the closest
point, shown in Figure 4.8. In this ﬁg'ure it is seen that the temperature
reached almost 130°C. Four surveys were performed over this cross-
section during the period the H9 heater was turned on. The sﬁrveys
were performed at days 13, 20, 111 and 349. The éamg pattern as for the
section M8-M6 is observed. The veloc’ities‘inéreas_e in this section over
the entire heating period with the highest velocities being found in the
survey at day 349. The largest velocity change due to heating was 290
m/s in this section. When the heater was turned off at day 398, a rapid
decrease was foﬁnd in this section. The velocity decreased faster in thié

section than for the other sections discussed. ‘At depth F16 a very low
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velocity is observed. A likely reason is that the fractures in this line
open and become partially saturated when the heater is turned off. The
last survey at day 707 shows that between F6 and F19 thé post-heating
véloclties are found to be lower compared with the pre-heating survey.

Again, the effect is reversed below F19.

In Figure 5.13 the waveforms from surveys # 8 and # 10 (see Table
5.2) from cross-section M8-M6 are shown. .These figures are included to
illustrate the effect of turning off the heater on arrival times for P-
waves. In Figure 5.14 the wavéforms from surveys # 9 and # 11 are
shown for cross-section M7-M9. In Appendix C:4 the waveforms for the
other surveys in th‘ese two as well as the other four cross-sections are

shown.

There is still some uncertainty about the magnitude of the stresses
around th.e‘ HY heatef, due to the temperature dependence on moduli
aﬁd thermal expansion coefTicient, as shown in Figure 4.9. The tempera-
tures are easier to predict and it is temperature changes which are
causing the expansion of the rock and subsequent narrowing of cracks
and increase in stresses. It was therefore considered to be less ambigu-
ous to plot the change of velocity as a function of the change in tem-
perature. This was done for the velocity data collected around day 340,
which was the last survey performed before the HZ heater was turned
off. Data collected 7 days before H9 heater turn-on in section M8-M6
were used as reference data and the data collected 43 days before
heater turn-on in section M7-M9 were used as reference data for that
cross—sectionv. For the other cross-sections the data obtained around
day -40 was utilized as reference data for the analysis. The change of

- velocity was plotted as a function of the change in mean temperature
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for every second depth, starting with depth 3 for all the cross-sections.
The first point plotted is a low tem}.;érature - low velocity béint‘. The
largest change is found for depths near the heatér mizdplane. Below the
midplane the temperatures chéngeé and velocity ch‘anges becorne gr’aciﬁ-
ally smaller again. The change in velocity with temperature ' varies
significantly with direction of the 'pa.rtivcular c‘r“o‘ss':sectio'n.- The highér
the fleld stress in the direction of the particular cross-section the
smaller is Lthe chahge of Velbcity with témperature.‘

It‘shou]d be noted thatﬂ.c':ross'-svectiorlls M8-M9 E;Iid ”MG‘—MQ have “s>r:1}iall
temperatﬁre chahges and é>1‘s‘rha11 .nurlnl-)er of data imiht's; for these tWo
cross-sections only every 'fou'rith ‘depth was us’é::d‘ A statisiiééi aﬁélj;éis
was run on the resuitirig piots '.t.o vsee if the diﬁerences for thé 51x Ccross-

sections was statistically significant. The results are given in Table 5.3

Température - Velocity fu-r'lctié:ri
Line Corr- Inter- - Standard  Regress. Standard W Ve (maz)
elation cept - - error Coefl. error at non-
of 7(Ts"lope) of reg. anomaly
Intercept [?/OC] . i coeff. . zones
M7-M6(A) 077 - 17.9 . 388 3.05 063 5872 5938
M7-M8(B) 081 58 463 4.00 071 . 5951 5979
M8-M3(C) 0.69 41.9 10.4 o122 . 048 - 5855 5888
M6-M9(D) 077 , 397 . 146, 286 089 5847 5901
M8-M6(E) 0.80 222 241 195 . 037 5955 5970
M7-M9(F)  0.93 77 197 - 3.26 . 031 5907 . 5932

Table 5.3
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The _data and the results from the linear regression v.are shown in
Figure 5.15 for cross- sections M7-M6 and M7- M8 In Figure 5.16 the
result are given for cross- sectlons M8-MS and M6 M9, “and ﬁnally the
results from cross-sections M8-M6 and M7-M9 are given in Figure 5.17.
An interpretation of the data in the Table 5 3 is shown in Figure 5.18. In
this figure the inverse slope (° C/m/s) ot te line form the linear regres-
sion and the average veloc1ty of zones outside the anomaly zones are
shown For both these quantltles there is a maximum occurring in the
dlrection of the Ccross- section M8- MG(E) The result of the cross section
(MB-MQ was not cons1dered because of the small temperature increase.

The eﬁ‘ect frorn the temperature was masked by the effect of closing

fractures caused by the dewatermg (more about th1s later)

Fehler (1981) reported a decrease in the P-wave velocity of 1.07
km/s for a decrease in temperature of 100" C (11 m/s /°C ). This may
to .be .compared withlthe results in Table 5.3, where the results for
cross:esections A B E and F in the full scale drift .ranges from 1 to 4
'r_n./‘s‘/."C for a rnaximum change in temperature of about 60° C. Fehler
concludes that the compressional velocity changes linearly with tem-
perature. This agrees well with the result in this study. The difference
in fracturing, both macroscopic and microscopie, is the most likely rea-
son for the factor of difference in the slope values obtained in the two
.’grani:tic ;rockvs.- In addition, the higher’ the field stresses, the smaller

effect one gets from an increase in the temperature.

The linear coeﬁ'icient of thermal expansion is 'approximately
107°%/ C" Using the average temperature increase in the line M8 M6 at
day 398 whlch is 56°, a total thermal expansion of 2.34 mm over the 4.2

m path is obtained. The closure of water filled fractures caused by the
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dewatering. over the 4.2 m path between the MB and M6 'boreholes
amounts to 9.9 mm . This is 1nterest1ng insofar that a decreased pore
pressure should have a larger impact on fracture closure than therrnal

expansion.

Thermal effect on the pore fluid

The total fracture porosity in cross-section M8-M6 is éiven in Table
5.4 as 1.45 %. The part of the path of 4.18 m which is occupjed vby water
is thus 60 8 mim. Usmg the linear thermal coeff1c1ent of expansmn of
1. '7x10""C"1 and the average temperature increase of 56°C a thermal
expansion of the water in th1s line is found to be 0.6 mm. Th1s should be
compared w1th the thermal expans1on of the rock which was found to be
2.34 mm. A cyllnder 1 m thick and with a radius of 2 3 m, wh1ch is the
distance from the heater borehole to the MS borehole has a total pore-

volume of 0.25 m3.

W1th a cubic thermal expans1on coeﬁ'1c1ent of the
fluid of 5X104€'1 obta1ned from Table 8.2, an increase in the volume of
the pore fluid of 7x1073 msu 3 is found. This volume incre.aseﬁin the pore
fluid would tend to increase the saturation in fracture_s which are not

fully saturated.

Dewatering eﬁ'ecfs |

Over two of the cross-sections, M8-M6(E) and M7-M(F) .two surveys
were performed before the heater was turned omn. For cross-section M8-
M6 they were performed 44 and 7 days before heater turn-on; for cross-
section M7-M9, 43 days before and on the day the heater was turned OIL.
In Figures 5.11 and 5.12 onlv one of the preheatlng surveys is plotted,

but the data are provided in Appendix C:3 and the waveforms are shown
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in Appendix C:4. The zone which is outside the low Ve]ocity area is found
below 5.25 m under the surface ofl the drift. Taking the difference of the
P-wave velocities obtained during the two preheating surveys below the
depth of 5.25 m it should prove possible to extract the influence of
dewatering on the rock mass. When the rock mass is dewatered, the
pore pressure due to the constant seepage of water into the boreholes is
decreasing to some lower value. In effect a low pore pressure zone
around the boreholes is being created. The pore pressure in the rock
mass can be as high as 1.75 MPa, as indicated by Forster and Gale
" '(1.981). Continually remox}ing water from the boreholes causes the pore
pressure to decrease slowly; the result is that the fractures close which
had previously been held open' by the pore pressuré. The closure of
these fractﬁres can be calculated. The intrinsic velocity of the Stripa
quartz monzonite is given in Table 8.1, in which the P-wave velocity is a
vo.lu_rfle' averége of the calculat‘edv averages for aggregates based on
Voight and Rellis's.limits. .The value shown is a room temperature vélue.
The intrinsic Veldc_:ity Vi =6194 m/s. The averages have been calculated
' uéing velocities‘at a depth of 5,25 m and below. This zone in the cross-
section is the one least inﬁuenced by heating. The measured Velocity Vin
is given by:
d;

(tr +t)

v, = [5.1]

where {, is the travel-time in the rock and {,, is the traveltime in water,
and d, is the total distance between the boreholes. The travel-times in

the rock and water r'espectivély are given by:

_ (dt_dw) . C o
= ) [5.2]
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and

so the following gives the travel-path in water d,, of the total traVe,l-paLh
dt .

. [54]

Using the parameters shown in column 3 - 5 in Table 5.4 the result is
given in column 6 and 7. In column 8 the total fracture porosity is given

and in column 9 the effective fracture porosity is shown.

Vp and fracture porosbity for H9 area

v ’ ' g, dy, - dy
Cross- Day V, d; Vo d, Vd, - 4 #100 V——*100

(4 t
section ' : . T
[m/s] [m] [m/s] [mm] [mm] [%] [%]
[1] [21 (8] [4] (5] (6] (7] (8] (sl
M8-M6 -44 5920 4.181 1480 608 - 145 -
M8-M6 -7 5936 4.181 1480 57.1 3.7 1.37 0.08
M8-M6 420 5963 4.181 1480 50.9 9.9 1.22 0.23
M7-M9 -43 5889 4.202 1480 68.3 - 1.63 ‘ -
M7-M9 0 5906 4,202 1480 64.3 ° 4.0 1.53 0.10
M7-M9 419 5917 4,202 1480 61.8 8.5 1.47 0.16
Table 5.4

Gale et al. (1982) desc_:ribes a new procedure developéd to deter-
mine thé fracture porosity at the Stripa site. Gale et al. svuggested”the
value 0.1 % as a mean total effective fracture pordsity. The effective

porosity over the two lines M8—M6 and M7-M9 is given in Table 5.4 as 0.23
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and 0.16 7% respectively. It is also suggested in thelr paper that a 2.5 m
thick layer of lower permeab1hty ex1sts around the mlne openlngs Th1s
finding agrees W1th the result obtained by Lytle et al. (19’?9) using an
electromagnetlc tomography techmque. Forster and Gale (lv98l) con—
clude that the presence of adjacent boreholes has a large influence on
the pore pressure existing around a borehole If the borehole aflects the
pore pressure measured from an adJacent borehole, it is reasonable to
assume it would affect the pore pressure without the second borehole.
An,interesting phen_ome_non observed over the cross-sections MB-M\Q
and M6-M9 is .that the velocities were observed to increase unlforml‘y

over the entire depth range. It has been seen in cross-sections which

pass close to the heater that the veloc1ty increase is conﬁned to levels

between l m above the top and 1 m below the bottom of the heater

That Would mdlcate that th1s veloc1ty increase is related to the dewater-

'1ng of the rock mass. This indicates that the dewatermg process

1nﬁuences the veloc1ty more than the thermal process at a distance of
approxunately 2 m from the heater centerline. The change in the frac-

ture por051ty in the M8-M6 and M7-M9 lines are both found to be approx-

imately 0.2 %, Table 5.4. The volume around the H9 area which is

aﬁ'ected by‘ dewatering is approximately 5X5x10' m. With a volume of
250m3 and a change of the fracture poros1ty of 0.2 % one obtain a

3, The Water volume recovered in the

change in fracture volume of O 5 m
M holes is shown in Table 4.6 and and the water 1nﬂow in the U, C and T
holes in the H9" area are g1ven in Table 4.'?. The total amount of Water
recovered is VO4 .ms which is close to the change in the calculated

change in the fracture volume. The 1nﬂow of water in the boreholes can

therefore be explained by the change in poroslty W1thout any
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contribution of water outside this volume. The water inflow in the
boreholes, Figures 4.21 - 4.23 indicate that in most ‘cases the ﬁ_._qw
decrease with time. This tends to confirm the cohcluéion that the Afrv_avc-

tures in the area are closing.

Over cross-section M8-M9 the maximum temperature change_ 1s 3§?C
(Figure 4.5). The change in velocity is slightly larger at the depth of the
heater than at other depths. Employing similar calculations as ‘thos_'e
used for cross-sections M8-M6 and M7-M9 previously, the total thickness
of the water filled fractures is found to be 79.9 rnrh for sufvey # 1 and
65.8 mm for survey # 2. This répreseﬁts a! directiénal porosiiy ofb 1.82 %
and 1.50 7% respectively. The closﬁre of the fractures is found io be 14:'.1

mm, or a change in porosity of 0.32 7Z.

The change in temperature over section M6-M9_i§ a maximu.m} 6f
25°C. The change in the heater midplane is slight_.ly larger than in oth"er
parts of the cross-seétion, but the changes ae of the same magniﬁide.
There must be another process th_an the therma_l.which inﬁuénces the
velocities in this section. Usingvthe éame reasoning as before it isi fouﬁd
that for survey # 1 for all velocities there is an average of 52 mm wa‘ter
filled fractures. For the survey # 2 at day 119, Table 5.2, vtAh_erev is and
average of 40 mm water filled fractureé. This means that over this
cross-section the fractures have closedAon the average 12 mm. The
. directional pofosity has changed from 1.86 % to 1.43 7%, alrlll_ot unreason-
able value comnsidering that a hornogenveous core s-pecimen'without
macroscopic fractures was found to have 0.9 % porosiiy, Furthermqre,
the two cross-sections M8-M9 and M6-M9 have path lengths of 4.4 and 2.8
m respectively; it is significant that despite a difference of a factbr of

two in the distance between the two bor_eholes over,the cro'ss_-séctions',
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the porosities calculated are of the same rnagnitude.

In section M7-M9 there is a section where the'veloc1t1es do‘not geti
‘back to the values recorded prior. to the heater experlment It is poss1-
ble that some locking mechanism prevented the openmg of these, frac-
_tures A poss1ble mechamsm might be an unfavorable fracture or1enta-
tion, or that the fractures which expanded above the heater mldplane

.dld this at the expense of some fractures below the heater midplane. -

3 - .Down-hole data

The limited down hole work performed 1s 1rnportant 1nsofar that it
provides the veloc1t1es '1n the 1mmed1ate v1cm1ty of the monitor
boreholes. In Figure 5.19 an example of a recorded waveform is shown.
_Also 1nd1cated 1n the figure are the P and S-wave arrivals. ln‘f‘-F“igures
5. 20 and 5 21 the compress1onal wave velocities are plotted for the four
M- boreholes Note the low velocities found in the boreholes M7 and M6
whlch are the closest to the H9 heater. ‘In boreholes Md and M9 _there
are a couple of mterestmg features. ‘In both boreholes the velocities
' decrease near the drlft In borehole M9 there is'alow veloc1ty zone at a
depth of between 4 and 5 m. There is a’clustet of caleite fractures at
'th1s level wh1ch is the most l1kely reason for these low velocities at th1s
level. In Flgures 5. 22 and 5. 23 the S-wave velocities are- shown but these
| do not show the same character as the P-waves. Lockner et al. -(1977)
showed that the effect of fractures on S-waves depended strongly on the

or1entat10n between the fractures and’ the polar1zatlon of the S-wave. In

as funct1on of depth is shown Con-

_ " v,
Flgures 5.24 and 5.25 the Ratio 1 7

s

~ siderable interest has been shown for the dl.agno.stic ability of this ratio,
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as indicated by Hadley (1978). Bonner (1975) and Anderson et al. (1974)
showed that P-wave velocities are much more affected by a high aspect
ratio fracture than S-waves when the seismic waves are propag’.a_ted
parallel to the normal of the fracture. The down-hole instrument pro-.

pagates P and S-waves parallel to the borehole which is vertical, This,

zone‘

’ Vo
would indicate that the fracture system which causes the low I V.

between 2 and 4 meters below the drift of the floor is horlzontal Hadley

(1975) concludes that opening of dry cracks produces large changes in

[v o
I—Vp— , in fact larger than any other mechanism and this point to that the
S

fractures in this zone would be less than fully safurated.

Summary

It has been showﬁ in this chapter how ultrasomc P and S wave velo-
cities can be ‘used. to Inomtor the eﬁect of thermal and dewatermg
processes. The P-wave veloc1ty was found to be a hnear functlon of spa-
tially distributed temperatures. A statlsucally s1gn1ﬁcant dlﬂ’erence of
the function bet_ween. temperature increases and | P-wave. veloe;ty
increases for diﬁere_ni transmission directions was foﬁhd. It 'Wae shown
that the P-wave velocity in part can ‘be ex_pla-ivned by the thermal expan-
sion of the rock combined with the thermallexpa-nsion‘of the pere ﬂu1ds
as well as a narrowing of fractures due to an elastic respense when the
pore pressure is changed. The survey data show how well a low velocity
zone removed from both inetrurqeht holes can be found with a cross-
hole technique. The surveys also provided data for an estimate of the
total and connected porosities in different directions. The down-hole

data provided information about the rock in the vicinity of the M-holes.
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The inferred damage of the rock around the H9 heater hole was

confirmed by the down-hole results from the M7 borehole.
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Fig. 5.3 P-waveforms for monitor lines M7-M8 and M8-M9. The time sequency is from top to bottom.
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Fig. 5.20 Compressional wave velocities as function of depth in boreholes M8 and M7.
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Fig. 5.22 Shear wave velocities as function of depth in boreholg M8 and M7.
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Fig. 5.24 Ratio V/ V; as function of depth in boreholes M8 and M7.
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Fig. 5.25 Ratio Vp / Vs asfunction of depth in boreholes M8 and M8.
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6. ATTENUATION EFFECTS

In This chapter attenuation of the P-waves transmitted between the
boreholes in the H9 area will be discussed. The attenuation valué,
defined as @7!, where Q is the intrinsic quality factor for the path
material, has been calculated for all the P-waveforms for which the velo-

cities were obtained from the arrival times, as discussed in Chapter 5.

The process used to obtain the attenuation values from the field

data for the rock in sifu is a spectral ratio technique.

" Introduction

The basic problem with a spectral ratio technique for field data is
that it is difficult to obtain a reference signal, i.e., a signal which is used
to form a spectral ratio with the signal in question. The quality of the
resuit of the Q calculation with the spectral ratio technique depends on
how well the properties for the reference is known. One way to calculate
the‘.Q for a rock is to use two paths with different transmission dis-
tances, assuming a constant Q for the two paths. Thus the signal at one
distance becomes the reference signal. The amplitude spectrum for

plane waves propagating in a homogeneous medium can be written as
A(f) = Age?t=—oh), | [6.1]

(See Johnston and Toksoz 1981), where k is the wavenumber in the x
direction and w=R2nf, where { is frequency. Attenuation can be

described by assuming the wave number to be complex:

k =k, +ia [6.2]
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to give
A(f) = Age ozt trmat) | [6.3]
where the spatial decay coefficient

= %{7, : o .le4]

with the wave veloc1t.y V= w/lc Thu.s the Spatigi attA,énuavti.c-)r_lfiﬁ,f:hg_‘x
direction is described by o B

A(x) = d,e ., o | [6.5]
For two different positiéns for the reéeivers one obtains,

A (z4) = Ao? s
and

A(x_z) .:.Aoe—”z.

Dividing ana taking the natural logarithm

rA(zl)
| 22

= —a(x,~z3) = abz. = ~ [6.6]

Over the frequency interval over which the linear regression’is made for
the field data (20-50 khz), there is a near-linear relationship between a

and frequency, or, Q appear to be frequency independent. This results

in the relationship a(f )=7f or y= VTTQ_ This gives

fA(x) _ : _ 6z o P :
Il Gy | e = e [6.7]
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[A(z . :
If lnl (z, is plotted as a function of f, the slope of the line will be

A(zg)

and Q is gi\.ien b
(1'1 To) , . yv

—(xl_zz)?‘ = T’%— Thus v is given by 7 =

A Ak [68]

This formulation assumes in addition to a frequency iﬁdépendent Q, a
common source and a uniform medium along.both propagation paths T
and z,. The latter is a fairly good assumption if the angle between the
two paths is small or if the material is similar td a distarnice of z, along
both paths. The two cross-sections used for establishing an average or
" reference @, were M7-M8 and M8-M6. The angle between the two cross-
séc.t.ion's‘-is' 29° “and the two cross-hole. distances are 2.68 and 4.18 m,

‘ respecti\‘rell}.'. Figure 6.1~-shows the spectra Irom the two ‘cross-section.
In Figure '6.2*the. natural logarithm of the spectral ratios is shown as a
function of frequency together with a least squares fit of a straight line
to the data. When the signal is transmitted in a high-Q material, or when
the Vz is small, there is the risk that the Q estimate may become singu-

lar.

The reference spectrum used for all the spectral ratios calculations
was that obtained from cros‘s-section M7-M9 obtained just before the
- heater was turned off. The reason-for. using this spectrum is that, by
inspection, it -.contains more high frequency energy than any other spec-
trdm. The @, assigned t,o this. spectrum is governed by the result
obtamed from the two cross-sections M7-M8 and M8-M&. A &, of 50 was
chosen as a reasonable est1mate for this standard It transplres that the

result is insensitive to the Q assigned to the standard. The @, obtained
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under laboratory conditions for the Stripa quartz monzonite, as shown

in Chapter 7, also indicate that @4=50 is a reasonable es_timate».ﬁ’l"' ‘

It would ha\re been more satlsfactory to utilize a reference spectrum
from a standard material possessing a very high known Q value A p0531-
bility would have been to use an aluminum block of sufficient dimen-
sions. Then the Q-values for t‘he stahdara would be better defined and
thus the determination of the absolute Q more certain. In this study the
Q-values obtained in-field have been confirmed by similarly lp'w Q-values

determined from the complernentaryrleboratory work.

6.1 Monitor Data

Using the standard described and the spectral-ratio te_chnique_, Qa
val’u_es for all the P-wave monitor data have been calcula}ed. In figure
6.3 the data from the five lines, M7-M6, M8-M9, MB-M6,M_’?-M9,“_‘ and _f__che
reference line are shown. Each cross bar represents one data point and
at the same time indicates the standard deviation for the’meas_ur_em'ent
at that point.

The standard deviation for the Q-value is based on a least squares
linear fit of the natural lqgarithm of the spectral ratio as-a function of

frequency
yv_ =a + bz, , , ' o [6.9]

The data consist of a pair of measurements (z;,y;), assuming x to be the

independent variable and y the dependent. In this case x = frequency

and ¥y =1ln The solution of the equations  for minimizing the

=1
S|

weighted sum of the deviation between the data and the straight line, ¥,
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~ is given by Bevington (1969) as :

e = 71{{2%22% - 2%‘2%91 ; ' - [6.10]
and
b= %{NZ%% —ExiEyi], [6.11]
where
A=NYz? - [sz]z | | [6.12]

We assume that the imcertainties are instrumental and that the stan-
~ dard deviations o; for the data points y; are all equal;, thus o; = 0. Then
we can estimate the uncertainties from the data. The estimated stan-

dard deviation o; = 0 is

2
stz L Z[yi—a—bxi [6.13]

N—2
Then from Bevington (1969) the uncertainty in a and b are given by
2 o 00 5. 2
og w —A—- Zzi . [6.14]
and for the slope b of the straight line:
2 o? ,
Oy N,N —A— [615]

Where o is given above. Knowing the uncertainties in the slope the

uncertainties in 7y are obtained. The uncertainties in x and 7 for the
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standard are not considered. However, they are not important in com-
parison with the uncertainties of the slope of ‘the lihe from the linear

regression analysis.

Thermal effects on attenuation

The reeults of the calculation the @, values for the P-waves' are
shown in thure 6.3 The @, values for the reference line over the course
of the experiment are aleo ehouu in Figure 6.3. Note that the reference
line has a separate scale which has been shifted 13 units. This was done
to avoid unnecessary cluttering of the figure. The reference :nﬁe'" is
| between boreholes M9 and M6 at a depth of 1 m beneath the heater drift
floor, as shown in Figure 3.1. The shape of the curve is similar to the
curve obtained for the Qa values as a functlon of t1me obtamed for the
the momtormg 11nes ThlS behav1or was observed desp1te the fact that
the reference 11ne is3m above the heater Imdplane In Flgures 6. 4 a
‘and b, and Flgures 6.5 a and b, the amphtude spectra are shown for the
P-waves recorded in the H9 heater midplane throughout the experlment.
The first amplitude spectrum in time is at the top of each figure. The
vertical distance between each waveform does not represent equal ttme:
the first third of the waveforms represent data taken-over the ﬁr.st 400
days of the H9 experiment and the remaining two thirds data taken over
the next 300 days which repres'“ents the period from the heater turn-off’
to the conclusion of the H9 experlment The reason for thlS 1s that few
data were collected immediately after the heater was turned on. Durlng
operation of the H9 heater data were collected on a bi-weekly 'basis.
After the turn-off of the H9 heater, data were collected twice a day to

ensure the capture of any transient events.
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The first data points were taken 2 days before dewatering of the
rock mass started 41 days before heater turn;on. In comparison with
the velocity data obtained over the monitdring lines, the @4 values
shoﬁn in Figure 6.3 behave quite differently. There is a gradual long-
term increase in the @, value during the entire course of the 398 days-
long heater experiment showing no or little correlation with the opera-
tion of the heater. However, there are several dips in this long-term
increase. Over the initial period of 100 déys heating there is little or no
increase in &, Over the following 30 days the &, value increases
between 25 % and 50 % depend_ing on which line is being studied. Over
the next 75 dayé the;Q'a value decreases to a levelljust slightly a'béve the
initial .lvevel. The ekéeption to this behavior is provided by the line M8-
M9, Which is farthest from the H9 heater. Over the next 60 days the @,

vahjles again increase. This behavior rep‘eats itself three times in Figure

6.3, during the course of the heater experiment.

After the heater was tufned ‘oﬂ',the &, values measured over the
‘four lines show different modes of behavior. [n line M7-M9 the @, values
drop from a value of 22 at day 398 to a value of 12 14 ciays after the turn
off of the heater at day 412. In the two lines M7-M6 and M8-M6 there is
véry little change for the 150 days which follow the heater turn-off. The
@4 values in line M8-M9 decrease first after the ;Lurn off until day 425
wh.én the &, values incredse to reéch the same value at day 490 as
before heater turn-off. After day 490 the @, values decreése slovﬂy until
dagr 580, when‘they dec.rease faster toward a value similar or below the

value recorded prior to the heater test.
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Effect of dewatering on monitor @, values

Dewatering of the 18 instrument holes started 41 days be‘fore.heater
turn-on. .The dewatering data are presehted in Figures ‘4.21-4.23>."’l"he
water inflow increased iu some of the boreholes fwh‘e"n’the heater was
turned on. This hig.her level of inflow lasted betwe'eh 70 - 100 day‘s.' The
decrease of the in'ﬁow after 100 days coincides with'an‘ increase in the
@, values which had been constant through vthe first 100 ‘da'y:s of vheati'ng.
There is no record of at which depth the Water inﬂcvv occ‘urrevd SO nc
further conclusions can be drawn about the relationship between the ‘Qa

values in the mldplane and the behav1or of the pore ﬂu1ds B

Dewatermg ceasedbat day 545, resulting in a change in the H9 heater
midplane @, values For the three lines M8-MS8, M8 MQ and M'? M6 the
onset of the decrease in the Q,Jl values is apparent For lme M'? M9 there
is no decrease in Q followmg the termination of the dewatermg Th1s is
probably due to the large 1n1t1al decrease in Qa value followmg heater
turn-off. The value obtained 150 days after the termmatmn of the dewa-
‘ tering, Whlch represents the last data point, is cons1derable smaller than

the value at termmatmn.

62 SurveyData

The calculated Qa values fro.m the 35 surveysin the 6 cross sectlons
reveal the complexity of the 1nteract1on of the temperature increase,
pore pressure, geology and d1rect1on of the propagatlon of the elast1c
waves. In this section all the surveys for each of the cross section W1ll be
discussed followed by sections on thermal effects ou the attehuation.
Finally a sectit)n on the effect from the dewatering}on' the @, values is

presented.
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Dewatering was performed dally 1n the U T and C holes shown in
Figures 4.21 to 4.23, and Table 4.7. The bottom of these holes is at the
level 30 on the abscissa on the depth/ Qq plot 1n F1gures 6 6 to 6 11. The
four momtorlng boreholes were “also dewatered (Table 4. 6) The depth
for this dewatermg was O 20 m below po1nt 40 on the absmssa The dates

for which the M- boreholes were dewatered are also g1ven in Table 4 6.
Observed attenuation ‘changes

M7-M6 section

The Qu values from the four surveys over the M7-M6 eross seetlon
are shown in F1gure 6 6. The curve marked "1” is the preheatmg curve.
The rnost remarkable aspect of th1s curve as W1th all the other preheat—
1ng curves in the other ﬁve Cross- sectlons that there 1s no evidence for
a related Q anomaly the low veloc1ty zone found 1n the data The @,
values for the second survey (R) in this cross sectlon at day 344 are
maximum 2 m above the bottom of the M-holes. The third curve shows
s11'mlar Qa values to 2, but somewhat lower at depth than those for the
llsecond curves. The final survey, at day '701, has similar Qa values to

those\recorded for the first survey.

M7-M8 seotion

For the seeond Cross- sectlon“ M7-M8, the high Qa Values are also
found in the lower part of the profile, as shown in F1gure 8.7. Survey #2
at day 112 and survey #3 at day 348 are the two surveys which were per-

formed over this cross-section during the operation of the heater. Note

the result from survey # 2 in which despite 112 days of heating, the &,
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values found in this cross-section did not change. No change occurred
the first 112 days between the depths of the end points of the HSY heater
despite thermal stresses of up to 50 MPa close to the heatér borehole
wall. Thus the @, values remained the same from day “44 to day .1 12. It
is interesting to note that the Qa values for the fourth .surve'y (af day
425) are higher desi)ite the fact thét the heaief had been turned off. It
should a be noted that the' increase in Qa éommenced at the ldWer end
of the section and moved upwards. The @, values for the fourth survey

also show a slight dip towards the lower end of the cross-section.

MB-M9 section

For the M8-M9 cross-section thefe appear to be more uniform
changes of the @, valﬁe 6vér the éntire crosis-sectidn, as shbwﬁ in Figure
6.8. In this section the temperature increase was thoderate evé'rzllat file
closest point at the heater midplane level. The maximum tér}l};erature

over this section was 45°C.

M6-M9 section

For cross-section M6-M9 the change in Qa is small, és shown in Fig— |
ure 6.9, but the change is stilli ﬁniform with depth as in section MB—M/Q
| This section, as is M8-M9, is a few meters from the H9 healter. The gen-
eral behavior noted so far appears to prevail: i.e. that the first surveys
show low @, values and that there is a slow increase with time, indepen-

dent of the heater operation. |
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M8-M6 section

The two cross-sections where most of the survey data Weré collected
where M8-M6 and M7-M8. The angle between the two cross-sections is
. 75°, and the distance belween the holes in the two cross-sections is
nearly id.entical, ie. 4.181 and 4.202 m respectively. Furtherinore, the

temperature increase in the two sections is also very similar.

The @, values from B8 surveys from the M8-M6 cross-section are
shown in Figure 6.10. The @, values for the four first surveys at days
-44, -7, 20, and 111 changed very little. For the fifth survey,; at day 118,
there is a small but noticeable change, mainly between lines 30 and 39.
- The tendency for increasing &, valués at the lower end of the cross-
section continues for .éurvey.#'G at day 341 and for survey # 7 at day
420.-. The maximum &, values for survey # 7 are found between lines 28
- and 35.- This represents a range of depths from 7 to 9 m below the floor
. of the drift. From a depth of 9 mto the bottom of the holes at 10 m the
@, values tend to approach the ambient values. For survey # 6 and # 7
in Figure 6.10 there are also higher @, values between 1 and 2 m below
the drift floor. The first data point below the drift floor which is at a
depth of 0.9 m, shows a low value; this is probably caused by the blasting
of the drift. The same effect is also.noticeable in the»_velocity data from
the same survey. An unexpected effect is seen in survey # 6 and # 7.
The lowest @, values were found at the depth of the heater. For survey
# 7 at day 420 the heater had been turned off, and in the same time
interval the @, values began. to increase between lines 17-24. The last
survey (# 8), was performed at day 704. The Qa.value_s returned to the
original ambient values both both above and below the H9 heater. Level

with the heater the @, values are slightly higher in survey # 8 at day 704
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than they were in survey # 1 aL'day -44.

M7-M3 section

The @, values from the M7-M9 cross-section, shown in Figure 6.11,
also. exhibit the complex behavior similar to that observed over the sec-
thIl M8-M86. There are however, a couple of features unique to thls sec-
tion. The @, values for the first four surveys at days -43, 0, 13 and at
day 20 show no change. Survey # 1 has some features for which no
explanation at this stage can be offered. The first survey at day -43 has |
higher @, values at the top and the bottom of the cross-section. The
lowest values for survey # 1 correlate with the low-velocity zone. For :
survey # 5 at day 118 there is an increasve of the @, value around line 32.
In the sixth survey at day 349 the increase occurs at line 25. There is
also a constant higher value of &, between lines 3 and 25 which is
smaller but well sampled. For survey # 7 at day 419 the rock exhibited
some very interesting behavior. The increase of §, values continues at
the lower end of the cross-section below line 28. In the midplane of the
heater the @, values dropped after the heater was turned off. This is the
only cross-section where this was observed Lo occur. For sufvey # 8 the
@, values returned to the original ambient Values, except between lines

13 and 23 where low ¢, values were observed.

In Figure 6.12 two examples of amplitude spectra are shown for
cross-section M8-M6 at two different times. Figure 6.12a shows the spec-
trum at day 341 when the H9 heater still was in operation and Figure
6.12b the spectrum at day 704. The difference in the spectral content,
of which Q is a measure, is apparent. In Figure 6.13 the spectra from

cross-section M7-M9 are shown. In Figure 6.13a the amplitude spectrum
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from the survey during heater operation is shown. In Figure 6.13 b the
survey performed at day 707 is shown, it also represents the last data

collected over this cross-section.

Thermal effect on P-wave attenuation in the six‘cross section.

In this section the variations in atténuatio‘n’of the P-waves obsérved
in the cross hole surveys will be discussed. The thermal effects iﬁcllide a
complex rock-fluid interaction when the temperature is raised from the
ambient level. The highest temperatures were found between lines 8 and
25, between‘vé and 6.25 m below the floor of the full-scale drift.
, .Gordop and Davis (1968) indicate that Q is generally indepehdent of
- temperature at temperatures less than 150° C in'drys' réék. An increase
in the attenuation at-temperatures greater than 150°C inld-ry TrocA:k, as
reported by Gordo}l and Davis (1968), ‘is’ most'.'l'ikely dﬁe to thermal
~cracking.of the rock caused by the differential thermal exbéhsioh rof the
different minerals: This suggests that the attenuatién is not affected by
the temperature per se up to temperatures encountered around the H9
h'eat’er,‘ The small changes the @, values at depths between 2.25 and
6.25 m (line‘g and 25) 'during the operation of the heater as shown in
,Figures,676, 6.7, 6.10 and .6.11, shoulvd be "'noted. Thesé figures show the
© cross sections which are closest to the heater and with the high tem-
peratures shown in Figures 4.3, 4.4, 4.7 and 4.10. This is the level where
the vl'_arge‘st velocity increases were recorded. This pbinvt's to the pbssibil‘—
ity that increased temperatures lower the &, values, or at le'a‘st keep
them constant, by decreasing the permeabﬂ'ity. so that the pore fluids
cannot escape when they undergo thermal expansion. The higher ther-

mal expansion of the pore fluids relative to the rock can even cause an
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increase in the pore pressure. Heating of rock ahs been shown to
decrease the permeability of granitic rock (Morrow et al; 1981) and to
inhibited the drainage of the pore fluids. This phenomenon méy have
prevented closure of the water-filled fractures which exist abové and
below the heater. In only one case are the @, values clearly correlated
with the operation of the heater. When the heater is turne'd off the @a
values in the M7-M9 profile, as shown for survey # 7 in Figure 6.11, drop
to low levels in the heater midplane. The low @, value is perfectly sym-
metric around the heater m‘idplane,_and' is clearly connected with the
effects of heating thel rock. The low values are pro'babl}:' also associated
with partial water saturation and possibly also as with thermally-induced
cracking. In Figure 6.3 it is apparent that after the initial reduction in
the @, values there is a period during which they increase. This is inter-
preted as occurring due to resaturation of the rock mass due to reduced
porosity. An interesting effect is seen in Figure 6.11 at line 13 and at
line 24, the depths of the two ends of the heater. Q increases from the
low value at the heater midplane to a maximum value at these depths,
and then decreases beyond these points. The reason for two peaks in @,
values is speculative, but it appear possible that the sharp decrease in
thermal stress upon turn-off of the H9 heater allowed water which was
trapped above and below the heater to flow into the partially-saturated,
relatively permeable zone at the heater midplane. This could have
caused a decrease in the pore pressure around lines 13 and 24, and thus
the fractures could close and the @, value increase. The central zone
with very high attenuation is a good indicator of thermally-induced dam-

age to rock and of the fractures already existing.
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Effect of dewatering on survey @, values.

The large apparent effect of the dewatering on the attenuation of
the P-waves was 1arge1y unexpected. The @, values for the first surveys
in vth_e six cross sections show no or little éorrelétioh with the P-wave
velocities calculated from the arrival times of the compressional waves,
or with the geological features mépped between the boreholes. In the
four lines which pass close to the heater, M7-M6, M7-M8, M8-M6 and M7-
MQ all show increasing €, values in the lower depth of the cross sections
as time increases. The temperature increase in line 33 in section M7-M6
is shown in Figure 4.3 and it isiseen that it does not exceed 10°C. This
would indicate that the @, values recorded in the cfoss éections have no
stric£ correlation with the elevated temperatures. When the deﬁatering
of the rock mass is terminated the @, values also return to very near
the values measured during surveys around day -44. In Nelson et al.
(1982) it is'rep.o.‘i’"ted that boreholes at the re:ar of the full-scale drift are
subjected to a high in-flow of water throughout the the heater experi-
ment. This can'éxplain the small changes observed in §4, as it seems
plausible that the magnitude of @, is mainly governed by the water con-

tent in the rock.

The @, values obtained in the heater midplane do not appear
change over the first plart of the heater experiment. Morrow ef al.
(1981), have shown that for a laboratory sample simulating a heated
borehole and subjected to a temperature gradient with the borehole v'v‘alll
at a temperature of between 200° and 300° C, the permeability dropped
by aﬁ order of magnitude over tha"f. measured under ambient tempera-
ture. Because of this low permeability the pore pressure was not able to

dissipate, and so the @, values remained low. In Morrow ef al. it is



172

shown that only 5 days after heater turn-on with a borehole tempera-

ture of 280°C, the permeability was reduced to 5 % of the o;'iginal. Mor-

row el al. (1981) also reported that for a sample with a through-going

fracture there was an order of magnitude permeability decrease over a

period of a month when the temperature was elevated to 200° C. The’

parallel-plate model analog for Darcy’s law, discussed by Gale (1975), is

used to describe fluid flow in the case for which the"‘permeability is

determined by the fractures rather than the porous matrix perméébil:—'

ity. Flow per unit crack length is give‘n by

Qs = (d®/ 12v)(dP/dz) o - [6.16]

Where d is the separation between two parallel plates, v is the dynamic

viscosity, and -‘;—f is the pressure gradient in the x direction. Morrow et

al. (1981) tested this hypothesis on their sample and found that the
parallel—plate model was applicable to the hydrofractured surface they

used as the fracture in their experiment. As can be seen from the equa-

tion above, the permeability is propoftional to the fracturé width to the -

third power.

Summary

It has been shown in this chapter how attenuation of ultrasonic P-

wave signals can be used to monitof with relatively high sénsitivity the

effects of thermai and dewatéring processes in an undéfground heating
experiment. It Waé shown that a léw velocity zone seen cléarly in the
data before heating does not have an accompénying anofnalyv iﬁ ’t;he Qa
values. @, for the monitor data éhowed a gradua.l increase not corre-

lated strictly with the heater operation. There is a correlation between

L34
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€, variation and the termination of dewatering on day 545. @, values
for the surveys stay fairly constant across the heater depths, but
increase both above and below the heater. Again, their is no correlation
between the increasevof @4 and the details of operation of the H9 heater.
The attenuation of the P-waves continues to decrease in the deeper end
of the cross section as long as the dewatering is 'conti’nued. When the
'dewatering was stopped the &, in the survey cross sections returned to
ambient values. The dnly place where ia peﬁpanently lower &, was corre-
lated with heating was in proﬁie M?-MQL where the temperatures
 exceeded 130°C. This may be an impor;.ant indication that this tempera-

ture was sufficient to induce extensive micro fracturing. -
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Fig. 8.1 0-125 kHz arpplitude spectra for cross-section MB-M8, survey # 8 and cross-section M7-M6
survey # 3. The amplitude spectra are obtained by averaging all the signals in each cross-section.
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Fig. 6.2 Natural logarithm of the ratio of the emplitude spectra shown in Figure 8.1. The straight
line is a least squares linear fit to the ratio for the values between 25 and 50 kHz.
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Fig. 8.4 0-125 kHz amplitude spectra for the monitor signals in lines M7-M8 and M8-M8 in the H9
heater midplane. The upper traces in each figure represent the amplitude spectra from the first P-
waves recorded. In Table D:1.1 the day #, the Q-values and the P-wave velocities for each of the sig-
nals are given. In Table D:1.2 the corresponding values are given for cross section M8-M9.
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Fig. 8.5 Amplitude spectra for the monitor signals in lines M8-M8 and M7-M8 in the H9 heater mid-
plane. The upper trace in each figure represent the amplitude spectra from the first P-waves
recorded in each cross section. In Table D:1.3 the day #, Q values and P-wave velocities are given for
cross section M8-M8 and the corresponding information for cross section M7-M8 is given in Table
D:1.4.
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M8-M6, SURVEY 88, DAY$ 341, 31 JULY 1979, P-WAVE ANPLITUDE SPECTRA
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M8-M6, SURVEY $10, DAY$ 704, 28 JULY 1988, P-WAVE AMPLITUDE SPECTRA
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_’Fig. 8.12a Amplitude spectra for cross-section M8-M8 survey # 8, 349 days after heater turn on.
Each line represents the relative distance along the cross-section. 6.12b Amplitude spectra ior
cross-section MB-M8 survey # 10, 704 days after turn on of the H9 heater.
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M7-M9, SURVEY 89, DAYS 349, 8 AUGUST 1979, P-UWAVE AMPLITUDE SPECTRA
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M7-M9, SURVEY $11, DAYS$ 707, 30 JULY 1980, P-WAVE AMPLITUDE SPECTRA
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Fig. 8.13 a Amplitude spectra for cross-section M7-M9 survey # 9, 349 days after the heater turn on.
The distance between each line represents a vertical spacing of 0.25 m. 8.13b Amplitude spectra for
cross-section M7-M8, survey # 11, 707 days after the HO heater was turned on.
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7. LABORATORY DATA

A number of cyclic uniaxial compression tests were conducted on
specimens of Stripa granite, during which the propagationl of cornpresj
sional and transverse waves was studled The travel -times were meas-
ured and waveforms d1g1t1zed for each test at 16 un1ax1al stresses 1n the
range 2.5 MPa to 51 MPa, and returning to 2.5 MPa. Th1s was done for 11
specimens, both dry and water-saturated. Eight of the'specimens were -
from the H9 heater area and 3 from the H10 area. P- and S-wave travel-
times and waveforms were also collected for two of the specimens from
the H9 area.over a range of saturations from zero to 100 %. Laboratory
testing of the granitic rock played an important role in the acoustic
work performed durmg the Stripa experiment. Desplte the cons1derable
degree of control achieved durmg the field exper1ment on parameters
such as length of transrmssmn path fracture dens1ty, fracture pos1t1on
and water ﬂow several parameters remamed Wh1ch were not well con-
trolled. These 1ncluded important factors such as saturatmn, field
stresses, thermalstresses and pore pressure. Thei{laboratory work has

‘provided the necessary control tor V,

- Vs Qo and Qg for different

stresses and saturation levels.

7.1 Introduction

Specimen were selected to represent rock in two orthogonal direc.-
tions. ;Thevreas‘on being thatthe two main proﬁles'M'?-MQ and M8-M6 are
75° apart Fortunately, hor1zontal drlll holes from the extensometer
dr1ft were dr1lled approx1mately parallel to the two sections, as mdlcated

in Flgures 1.7 and 1.8. Appreciable differences in the veloc1t1es* and the
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elastic moduli were recorded for the different specimens. Eight speci-
mens came from the H9 area, as shown in Figure 7.1. Four of the speci-
mens come from boreholes parallel to the MB8-M6 cross section (Figure
7.2) and four came from boreholes which are parallel to the M7-M9 éross
section (Figure 7.3). In Figures 7.1 to 7.3 the exact pos1tion;is”lgive'ﬁ
from which each of the core specimens were recovered ‘Three of the
specimens come from the H10 area: specunen # 3 from borehole E29
(Figure 74) which was drilled before the heater experlment for the
installations of instruments. Two of the specimens are from the DBEX-

drill hole indicated in the same ﬁgure. This borehole was drilled after
completion of the heater experiment to investigate the possible damage
on the rock from the heating. Results from this investigation have been

reported by Flexser et a.L (1982).

Assuming that a material is 1sotroplc. homogeneous and elastlc -1t is
possible, knowmg the dens1ty, to determine the elast1c moduli by
measuring the compressmnal (P) and transversal (S) wave velomties
This procedure has been used here to determme the moduh as a func-

tion of un1ax1a1 stress for the 11 cylindrical core specimens.

In addition to the elastic moduli it proved important also to obtain
values of the P and S-wave attenuation as a function of stress and
saturation in the laboratory in order to verlfy the low Q- values (for gran-
itic rocks) calculated from the field data using the spectral ratio tech-
nique (Chapter 86).

In this chapter a method to perform and handle spectral ratio cal-
culations on large volumes of data with a mml-computer will be
presented. Both the field and the laboratory data represent elastic-wave

propagation phenomena, and so are handled principally in the same way.
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The large difference in the frequency band used: for the field data 25 -
50 khz and for the laboratory dafa 0.5 - 1.0 MHz, make it necessary to
use windows of different lengths. For each set of data the first step was
to digitize the Waveforrhs several times and then to average them to

improve the signal-to-noise ratio.

Assuming that Q (the Quality factor) which is related to the attenua-

tion coefficient a by

_nfz
A(f) = 4,7 =4,e [7.1]
and
Q= nf 2 - [7.2]

aV

is independent of frequency, a procedure described by Toksoz ef al.
(1979) has been used to calculate @, and @g where «a refers to compres-
sional waves and B to transversal waves (see details in Chapter 6). Com-
puter programs have been developed for a PDP 11-34 with a Digital Pro-
cessing Oscilloscope (DPO) which make it possible to calculate both the

moduli and the Q-values interaétively.

7.2 Experimental Method

The moduli'can be calculated from the P and S wave velbcities and

the density of the rock using the following relations ships;
v - [k, +4/3G, |

P o [7.3]

and
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[7.4]

where Ky = dynamic bulk modulus, G; = dynamic shear modulus-p =
density. The following relationships have been used to calculate the

dynamic values of Poisson's ratio and the moduli:

vy = fz(ﬁz//tiz) ! o ['7..5‘]

and
Ey = 2(1+vg)p V& [7.6]
where vy = Poisson's ratio and Eg = Youngs modulus. Using thife f‘ol-

‘.L-lowing relationships the shear and the bulk modulus have been calcu-

la_ted :
£y
- ta 7.
Ga = 5 v og) [77]
'_'an'dr
| E,
K = 3020 78]

The method consists of transmitting ultrasonic waves through a
specimen by a transmitier mounted at one end of the .'cyvlindr'ical' core
and a receiver mouﬁted_ at the other end of the specimen, as shown in
Figure 7.5a. In Figure 7.5b the average values of Vo and V, for 21 speci-
men from the full-scale drift is shown. The specimen were tested under
six different uniaxial loads (Paulsson and King 1980). In Figure 7.5¢ the

dynamic moduli calculated from the velocities in previous figure are
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shown. The static modulus was obtained simumtaneously and the
difference between static and dynamic modulus is indicated in Figure
7.5c. It is shown that for' dry specimen the static and dynamic modulus
agree very well. When the specimen are saturated the dynamic moduli
increase and the static moduli decrease. In order to calculated the Q-
values an aluminum standard was used with the same geometry and
dimensions as the core specimens. For these .experiments a standa/rd
cylinder made of rolled aluminum was used, with @, and &g equal to
approximately 2000. The actual values of @, and Qg for the aluminum
are plrobably higher: measurements made by the resonant bar technique
indicate .values' of 10* for @, and Q,, (King: 1982 personal communica-
tion). However, the error introduced using 2000 rather than 10% for a
spécimen with a Ry = Qg '= 50 and a compressional velocity of

V, = 5900m/s is less than 2%, and it shows a Q-value which is lower

P
than the correct value. With ¢ being the Q value for the standard, the
two values considered here are @s; = 2000 and &2 =10000. The

compre"s‘sional velocity for the aluminum was found to be ¥, = 6362. The

P-wave velocity in this example is 5900 m/s. Using 7 = 7, for the

il
XY,
specimen is 79, = 1.0649x107° with the Q for the rock being set to 50.
Using the equation s = (7 —7s12)% s; for standard 1 = 8.32x1077 and s,

for standard 2 = 8.48x1077. 7,, is the 7 obtained for the first 75, using

+7s

Py = [81'2

with the y¢ being the 7 for Q=2000...- so now we find:

7,1 = 1.0649%x107°

giving
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and for
Yp2 = 1.0846x1072
giving
Q =49.1

The ultrasonic pulses transmitted through the rock specimens were
generated by a st:acked system of P and S wave piezoelectric crystals
mounted in an aluminum housing, as shown in Figure 7.5a. The trans-
ducer system has been described by King (1970). Aluminum is a suitable
material because it has a similar acoustic impedance to granite thus lit-
tle energy is reflected from the transducer - specifnen interface. The
transducers and the core specimens were mounted in a Carver press and

subjected to unconfined uniaxial loading.

Wyllie ef al. 1958 showed that for competent rock at low axial
stresses the wave propagation behavior is similar for both uniaxial and |
hydrostatic loading at the same stress levels. While it appears to not be
a disadvantage to have only uniaxial loading while the propagation pro-
perties of a core speéimen are investigaied, that is api)arently not true
for investigations of ‘;he atvtenuation properties. ’In an analyéis 6f Qg
data in this study it is épparent'that uniaxial stress failsvto éiose the
fractures which affect the axially transmitted shear waves. For investi-
gating the attenuation properties it is a serious disadvantage to not
have confining stress but it was the only equipment available for this
work. When the saturated specimeus were tested a large discrepancy

was noted between the P-wave velocities on the loading cycle and those
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measured during the.unload‘l'ng' oycle. This.c'an be explained by the fol-
lowing behavior: when the specimen is com‘pressed the Wa'ter l:s'sduirted
oul of the fractures; when the specimen is unloaded the fractures open,

and thus become only partia‘llyfsaturated.

The press used had a maximum range of 0 - 110 tonnes,v which
results in a 0 - 51 MPa uniaxial stress on the specimens tested. This is
approximately 25 % of the unia}rial strength of the Stripa granite
reported by Swan.(19’78) as 20'?.6 +31.4 MPa at 20° C. The-value was
reported to be constant at temperatures to. 150° C. The -uniaxial
strength was deﬁned by the peak of the stress strain curve for uniaxial

~stress.

For the alurmnum standard P and S wave signals were. obtained
' under 10 MPa ax1al stress In Flgure 7 6 the P and S waves for the alumi-
num standard are shown Also shown are the truncated waves and the
their amplitude spectra. These spectra: vwer_’re__vthen, *1,1;39‘1_" for all the
laboratory work descrlbed 1n th1s thes1s In Figure '? 7 a similar set of
' data is shown for spec1men # lina dry cond1t10n The rat1o between the
C spectra obtamed frorn the alumlnum cyhnder and the granlte specimens
for both the P and the S waves glve the result 1s shown in Flgure 7.8.
 These spectral rat1os are plotted on a sem1—logar1thnnc scale. The fre-
'quency band used for the Qa and Qﬁ calculat1ons 1s 0.5 - 1.0. MHZ A
_llnear'-regressmn 1s_app11ed_ to the dataover th1s f,requency 1nterval. This
isa ‘s'irnilar t_eehniqué to the ‘one di_scusseﬂd fo‘r_the_ﬁeld measurements in
Chapter6. N o |
The amphtude of plane waves for a standard and for a test specimen

have been gwen in Chapter 6 and the same procedure is followed for the

signal obta1ned in the laboratory test.
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When InlAL
en H[Az

is plotted as a function of f, ¥, is obtained from the

slope of the line by s = slope,

s = (7-n)= ()
which leads to

=S4y B (AT

This method is suitable for specimens with a relatively low Q (i.e. the
slope of s‘ is large). When Q increases, the slope of the line is small and

-the determination of Q become more uncertain.

The error bars on the Q-plots relate to the uncertainties in the
coeflicients for the least-squares fit of a straight line to the data

between 0.5 and 1.0 MHz. This has been discussed in detail in Chapter 6.

7.3 Experimental Procedures

The velocity measurements were made by measuring the delay of the
impulse arrival rellative to the trigger from the pulsing unit. A Tektronix
Digital Processing'Oscilloscope (DPO) with a digital de‘lay trace was used
to measure the arrival time of the signals. In Figure 3.3 a block diagram
of the signal analy.sis. system is shown. In ordef to. correct for' instru-
ment delay, the tr'an"_sd’uc,ers were clamped togetherﬂin face-to-face con-
tact and the times of arrival of P and for S-waves Wefe recorded. The
instrument delay for P-waves was found to be 5.4;?)(10"6 s and for S-
waves 9.41x107% s. These values were subtracted from all laboratory
arrival times, and.' they should also be taking into account when the

arrival times are read from the digitized traces in this chapter and in
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Appendix E.3.

The times of wave arrival were measured to an accuracy of +20x107®
seconds or + 0.1%. The specimen lengths were carefully measured to

+ 10x107® meter.

No correction was made for the shortening o,fA the specimen during
compression, but using an E of 70 GPa it is easily shown that the axial
strain corresponding to an axial stress of 51 MPa is 7.3x10™%. For a
specimen leng th of 80 mm this corresponds to a change in length of 0.06
mim. This change in length is less than 01 %, and can therefore be
neglected The P and S waveforms for each axial load were d1g1t12ed
tw1ce and then averaged before the s1gnal was stored on a ﬂoppy dlSC
Th1s was done automatlcally at each 1ncre1'nent of ax1al load. The arrival
times fort the P- and the S- waves were also recorded from the digital
_ d1splay on the DPO and were used to calculate the velocitles Each
specnnen was tested at 16 1ncrements of load 1t is 1mportant that the
original signal is digitized and stored, because it is then possible to
post-process the data in different ways to reach the optimum result. An
example of 16 waveforms which have been digitized and stored on floppy
~discis shown in Figures 7.9 a and b. The P-waveforms are from specimen
Stripa # 2: the upper figure is for the specimen after it was dried in a
- convection oven for 48 hours at 70° C. Figure 7.9b, is for the specimen
‘after‘_ it had been saturated. In Table 7.1 the load, the corresponding
uniaxial stress, the seismic velocities and the moduli are given for speci-
men # 2 in a dry and saturated state. The saturation procedure is as fol-
lows: the specimen is put in a vacuum chamber for 48 hours in approxi-
mately 5 millitorrs v_vacuum;.then water is allowed to submerge the speci-

men in the chamber; finally the specimen is left under vacuum for at
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least a further 24 hours. The saturation procedure is a well established

procedure which yields high degree of saturation.

For the first experiments described in this chap'te'r the épééimens
were dried in a convection oven at 70° C. This procedure probably" did
not dry out the specimen more than down to 20-30 7% saturaltior"l.HTh'is
 will be discussed later when the results of an experiment for which the
velocities and the attenuation as a function of saturation are investi-
gated.

One of t_he'experirn'ents concerr;ed an .investigétion of the velocities
and attenuation of P and S-waves as a function of saturation‘. Speci-
mens # 1 and # 2 were ﬁrstvsaturated according to the procedure
described above and then te.steld- in this saturated state. The speéirﬁens
were carefully weighed -Wl‘len they were saturated. Table 7.2rgives“}the
values for specimen #-'1 and Tablev 7.3 gives the valﬁés for s’pe’cifnen -# 2.
The specimens were weighed between each step and the saturation‘ywas

determined by:

[ Tw-—w
S[%] = l1 —[ZS_ZI::— x 100 - (7.11]

where W, is the weight of the specimen saturated, #; the weight dry and
W; the weight of the specimen before each test. The specimens were
tested again after 2 hours of drying in a room atmosphere. For a com-
plete timetable of the testing see Table 7.4 for specimen # 1 and Table
7.5 for specimen # 2. The spéciméns up to and including test #°4 were
dried in room atmosphere with an unknown but rather high humidity, as
the laboratory is in Berkeley which has a coastal climate. After this test

the drying out process was accelerated by putting the specimens in a
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Saturation experiment for Specimen # 1
Test Date time  Hours: Comment
1 820915 12:00 0 Fully saturated
2 820915 14:00 2 Drying in room atm.
3 820915 22:00 10 Drying in room atm.
4 820916 | 10;30 22.5 Drying in room atm.
5 820916 22:00 34 | In the dessicator with CaSo,
. 6 820919 13:00 97 - "o
7 _ 820930 10:30 363 In 100% humidity
8 820929 10:00 3385 In 100% humidity
9 | \‘820924 9:30 218.5 In room humidity
10 826923 10:30 1955 48 h in a oven held at 70° C
11 _ 821004 20:00 468.5 72 hin a vacuum oven at 75° C
12 | 821619 10:00 7705 13 days in 50 millitorr vacuum
Table 7.4 "

dessicator with Dririte, (a cqmmbn drying agent). The terminal dryness

for Dririte is 0.005.milligram of H,0 per liter gas at 24° C. The dessica-

tor was used to speed up the proéess, but after 72 hours in the dessica-

tor the specimens had only lost 10 % of their water content. The speci-

mens were then put into a convection oven for. 48 hours, which

represents the same drying process all the specimens mnormally

underwent before testing. The saturation recorded after this treatment

was 40% and 23 % saturation for # 1 and # 2, 'respective'ly. This shows

that even a drying in a convection oven  at 70° C will not yield a
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Saturation experimen't for Specimen #2 '
Test Date Time  Hours ' ‘Comments
1 820915 12:00 0 Fully satﬁrated
‘2 820915 15:00 2 Drying in rdom atm. |
3 820915 22:00 10 Drying in roé;ni atm.
4 820916 10:30 225 | Drying in roo_fn atm.
5 820916 21:30 33  Inthe dessicator with CaSo,
6 820919 1500 99.5 e
7 821001 10:00 3825 In 100% humidity
8 820930 11:30 360  In 100% humidity
9 820924  8:00 212.5 In room humidity |
10 820922 11:30 168 48 h in an oveﬁ héld at 70°C
11 821004  9:00 453.5 '?2 h in a vacuum oven at 75" C
12 | 821019 11;00 771.5 13 -days in 50 millitorr vacuum

Table 7.5

sufficiently satisfactory dryness. The specimens were tested (test # 10)
and then put into a contalner with 100 hurmdlty to increase the
saturatlon The specimens regamed weight and then Tests # 9, # 8 and #
7 were performed. Before Test # 11 the specnnens were put 1nto a
vacuum oven maintained at 75° C and a low (NSO mﬂhtorr) vacuum. Thls
process reduced the saturation levels to 6% for both specimens. ThlS
method appeérs f,o prdvide an effective method to dry the specimens and
it also gives a saturation ]evel‘whvich is constant in the 'speci.mens.

Before the final test,- the specimens were put into a high vacuum
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chamber under a 50 millitorr vacuum for 14 days. The weight recorded
after this drying process also serves as‘the_ i‘eferenCe weight. There cer-
tainly are traces left of water, but in terms of effective weight that
should play little pari in determining the 'savtvuration; ievel. There is, ﬁow-
ever probably still a mono-molecular layer of adsofbed water in the fine

cracks.

The waveforms recorded for the laboratory tests are degréded By
the presence of ringing and sidewall reﬂectio‘ns occurring some time
after the first arrival. The average wave-length for the freque'ncies ].yiné
between 0.5-1.0 MHz is 8 mm.for P-waves énd 4 min for the S-waves. With
a circular vibrating source of diameter d ~=~ 22 mm an ultrasonic beam
was gener.ated whichvcan be approximated by a plane wéve in the speci-

men tested for P-wave with a velocity of 5900 m/ sec and'a frequency of

0.75 MHz, giving a ratio of %= 2.75 and for S-waves with a velocity. of

3200 m/sec and a frequency of 0.75 MHz, A = 4 mm giving a ratio of

5:— =5.50. King (1980) has shown that by usiné the Fraunhofer formula a

half-beam width obtained for P-waves such that
NS VN ,
0, = arcsin (1.22 —(—i—) ='26° [7.12a]
and for S-waves
) As 0 '
B = arcsmn(l.ZZ—J—) =13° - [7.12b]

This means that the plane-wave assumption is reasonable and that prob-
lems with sidewall reflections should be minor. To reduce possible

degradation of the signal which is used for attenuation analysis even
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further the signal is truncated with a half cosinee window with a dura-
tion of 4x1078sec. The earliest time at which a sidewall reflection arrives
after the primary arrival is 2.’?.;1, s but then the a:m_plit‘udef of the window
is bnly 0.2 (out of 1.0) so it will reduce the reflected energy to-a very
small fraction of the total energy in the window. An example of the win-
dow and the waveforms is shown in Figure 7.7. The signals inﬁgure'?."? b
and e are the truncated P-waves and S-waves from Figures 7.7 a and d
respectively. For S-waves a separate problem is encountered. S-
wavetrains contain a certain amount bf parasitic P-wave enefg'y, so the
problem is to maximize the S-wave energy/P-wave energy ratio. For S-
waves a window of 3 micro seconds was chosen aftér experimenting with
a set of five different windows. The reference point for this window is the
crossover point of the S-wavé with the zero-amplitude line, an éxamp]e
of which is shown in Figure 7.7 d. From this point and to the left a hali-
cosinee window ‘is used, with a length of 1 us and to the right of this
point a window of 2 us length is ﬁsed. The total duration of the window
is therefore 3 us, with the center of the "bell” centered Were the max-
imum energy of the S-wave is expected to be. The waveforms Wefe digi-
tized in a 512-point long array. The truhcated waveforms were Fourier-
transformed with a standard FFT routine which is part of the software
| package in the Tektronix 1200 signavl processor system used. The result
of this transform is _shown in Figure 7.7 ¢ and f. Figure 7.7 ¢ shows the
P-wave results and in Figure 7.7 f the corresponding S-wave results. In
Figure 7.9 a are shown the P-wave arrivals for specimen # 2 in it’s dry
state at different stress levels. In Figure 7.9 b are shown the P-wave
arrivals for the same specimen in a saturated staté. Line # 10 in these

figures represents the arrival at the highest stress, which is reflected in
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the shortest arrival time.
In Figure 7.10 a and b are shown the signals from Figure 7.9 trun-
» cated with the cosinee windows shown in Figure 7.7 b and 7.7 e. In Fig-
ure 7.11 a the spectra for the test on the dry specimen are shown, and
in Figure 7.11 b fdr the same specimén in it’s saturated state. Note how
the frequency content changes in the signals as the stress is applied. In
Table 7.6 the loads for each of the 16 spectra are given and the
corresponding uniaxial stresses. This ta.ble provides the key for all

laboratory tests showing 16 test levels if stress.

In Figure 7.12 a and b the corresponding S-wave arrivals are shown.
In Figure 7.13 a and b the truncated S-waves are shown. The spectra for
the truncafed S-waves are shown in Figure 7.14 a and b. The velocities
~calculated for these specimens are given in Appendix E.1, togetﬁer with
the vel‘ocitiés for the other 9 specimens. The waveforms for the remain-
ing specimens are given in Appendix E.2 and the truncated waveform in
Appendix E.3. The spectra for all the specimens are shown in Appendix

E4.

7.4 Sample Preparation

In Table 7.7 the 11-specimens tes‘ted are listed. The weights liéted
for the specimens include the weight of the lead discs, shown in Figu.re
;?.5a, the latter amounts to 0.647 gram. The lead discs were employed to
provided god acoustic contact between the transducer holders and the
" rock specimen. The specimens are all from a 76 mm-diameter horizontal
borehole drilled from the extensometer drift with a triple-tube core bar-
rel. The core diameter from this barrel is 52 mm which represents the

diameter of the test specimens.
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Loads and uniaxial stresses for the 16 teét stress levels
# load ' Uniaxial stress, Oyq
[tonnes] - [MPa]
1 0.5 23
2 1.0 o 4.7
3 2.0 9.3
4 3.0 14.0°
5 4.0 ' 187
8 5.0 - 23.4
7 6.0 | 28.0
8 7.0 , 327
9 9.0 42.1
10 11.0 : . 51.4
11 9.0 o 421
2 70 o827
13. 5.0 | 23.4
14 3.0 14.0
15 1.0 | 4.7
16 ' 0.5 - 2.3
Table 7.6

“All the core, with the exception of specimen # 4 and # 5, were taken
from core recovered before the heater experiments. Specimens # 4 and
5 were taken from core obtained from the drill-back. experiment, con-

ducted after completion of the heater test, described by Flexser et al.
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(1982). he maximum temperature reached where spec1men # 4 was
situated was 130° C. The specimen was taken 145 m from the HIOA
heater. Specimen # 5 was 0.75 m from the,heater, where a temperature'
of 200° C was reached. The DBF‘X-l borehole was 31tuated 0. 5 m above

the heater midplane, as shown in Flgure 7.4.

Stripa core specimen
speei- Heater Bore- 'Dvistance:v | .Weight Weight
.men a:rea‘ hole -from satu dry
no.. | .name collar “ rated
o . m]  ler]  ler]
1 HQ o E21 11.77-11.85 -437.303 436.934
2 He E24  11.38-1146 452353 451871
3 HIO  E20 956964 - -
4 Hi0  DBEX-1 1049-1057  -— -
5 Hi0  DBEX-1 10.72-1080  -— -
6 H9 ER22 10.12-10.20 430.710 430.430
7 H9 E22 11.62-11.70 456.443 455.800
8 .- H9 E22 : - D5.41-5.49 447.783 447.442
9 H9 "E25 9.72-9.80 . 454.863 454.412
10 H9 - E26 13.09-13.17 444.323 443.918 |
11 H9 E25 13.17-13.25 444.323 443.918

Table 7.7
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The core was cut with a diamond saw to a length of 80 mm, and the
' flat-ends were ground with a diamond wheel so they We.re’ smooth and

parallel to within 0.001 mm.

7.5 Calibration of the spectral ratio technlque

To test the reliability of the spectral ratlo techmque a set of 51 ‘mm
diameter perspex cylinders 7.622, 5.080, and 2.544 cm long were tested.
First @, for the 7.622 cm long spemmen was calculated w1th the alumi-
num standard previously dlscussed as standard. For th1s test @, was
found to be 74 + 6.5. The next test used the techmque w1th two speci-
mens with same attenuation but with two different lengths.v The shortest
of the perspex speéimens was used as standard and @, was calculated by
taking the spectral rat,lo betwee,n the spectrum from the P-wave 31gnals
from the 2.544 cm specimen and the 7.622 and 5. 080 cm spe01mens For
this test the same relatlonshlps descrlbed in Chapter 6 were used.

Inserting the 7 value obtained in

Q= - | | [7.13]

€, for the perspex is obtained. This operation was performed twice with
the 7.622 cm and the 5.080 cm specimens, in both cases using the 2.54

cm specimen as the "standard”. The results are shown in Table 7.8.

These Q-values agree very well with the value of 66+2.2 reported for
perspex by Sears and Bonner (1981). However results obtained in this
work. do not shown any strong frequency dependence betwéen 0.5 and
1.0 MHz as Sears and Bonner suggested. In Figure 7.44 the spectra for

the aluminum standard and the three perspex samples are shown, and in

Figure 7.45 the spectral ratio between the aluminum standard and the
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@. for P-waves in perspex
Specimen Specimen Speéimen Stand- Stand- Stand- ‘ Qa‘
' ard ard ard
length ~ vel. ‘ length vel.
{(cm) {m/s) {cm) (m/s)
perspex .7.622 2734 alum. . 7.622 6362 74 £6.5
perspex 7.622 2734 perspex 2.544 2738 71 +£0.5
perspex ~5.080 2741 _perspex . 2.544 2738 66 2.0
Table 7.8
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- 7.622 cm specimen. This indicates - a good fit between the actual curve

and the least squares linear fit.

7.6 Results

7.6._1 P-wave attenuation

In Figure 7.17 Q, values for Stripa specimen # 1 are shown as a

function of axial stress. In Figure 7.17a the specimen is dry. In this test

"dry" refers to the specimen condition after it had been in a convection

oven for 48 hours at 70° C. Figure 7.17b shows the results for the same

specimen tested saturated. The values obtained during the loading part

of the uniaxial test of the saturated specimen are not very different

from form the values. obtained' during the loading part of the test when

the specimen was in a dry state. During the unloading part of the test

on the saturated specimen the &, values drop considerably compéred

with when the load was increased. The reason probably is that when the
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uncvonﬁnevd, plastic-wrapped specimen is compressed uniaxially at a
stress of 50 MPa micro-fractures close and squeeze out the water. Dur-
ing the unloading part of the cycle the fractures open again and th.e '
specimen becomes partially saturated. In Figure 7.18a resultsr from the
test of specimen # 2 are shown under the same conditions as for spec;i-'
men # 1 in 7.17a. The large differences in the results between the two
specimens should be noted. &, values for specimen # 2 are less than
half those obtained for Specimen # 1. &, Qalues for specimen # 1 reach
their maximum at an axial load of 23 MPa, and then start to decrease
due to opening of the micro-fractures which are parallel to the max-
imum stress. For Specimen # 2 there is a small but noticeable increase
of @, over the whole test range, indicating very different fracture orien-
tations. Micro-fractures for the specimen # 1 were oriented such that
their aperture decreased with stress. Lockner et al. (1977) show that
P-wave amplitudes decreased with increased aperture; the reverse is

true as well.

In specimen # 2 the fractures must be oriented in a different direc-
tion. From Figure 2.2 it can be seen that there is a preferential direc-
tion of the macroscopic fractures. Now this test shows that there is pre-
ferential direction of the microscopic fractures as well. The pole of the
macroscopic fractures is perpendicular to the directidn of borehole EZ5
from which specimen # 2 comes. This means that the fracture planes
are parallel to the core axis, and that the compression of the specimen
is parallel fo these fracture. It is easily realized that in such a model the
fracture tends to open rather than close under uniaxial stress.
Borehole E21 from which specimen # 1 is taken certainly is not perpen-

dicular to the major pole in Figure 2.2. The angle between the E21 core
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and the major pole is approximalely 35°. This difference in angle is evi-
dently large enough to cause the difference in behavior of the two speci--

mens indicated in Figure 7.17 a and Figure 7.18 a.

Q-Valueé for specimens 3, 4, and 5 obtained from the H10 area yield
further information on the influence of microfractures and their aspect
ratios 611 attenuation. These results suggest. a possible dominant
mechanism for the attenuation of elastic waves in a rock such as' the
Stripa quartz monzomnite. In Figure 7.19a-and b &, values from specimen
# 3 from borehole E29 are shown. In Figure 7.19a the @, values are
shown when the specimen is dry, and in Figure 7.19b the @, values are
shown for the saturated specimen. In Figure 7.19a the maximum @, for
the loading part of the cycle is reached at a uniaxial stress of 18.6 MPa.
_At,'this point the @, .value,,(ﬂiecr,eas.es to a local minimum and then @,
increases again as the load increases. An interesting phenomenon
occurs when the rock is unloaded. The @, value increases -at first with
de_creasing stress. This indicates that unloading of the rock causes frac-
‘tures parallel to the axis of loading to close. In Figure 7.20a results for
- specimen # 4 are shown. Specimen # 4 was obtained :1.45 m from the
H10 heater where the temperature reached 130°C during that experi-
ment. An interesting observation in Figure 7.20 a is that the behavior
for the @, curve is similar in that there are two maxima at uniaxial
stress of 23 MPa and 51 MPa. The Q-value for a uniaxial stress of 51 MPa
is 67, while for Specimen # 3 it was 53. In Figure 7.20b the difference
- between the specimen dry and saturated is very apparent. The fully
saturated specimen attenuates the signal less, indicating that a fully
saturated specimen can have a higher @, value for P-waves than the

same specimen dry. For specimen # 5 in Figures 7.21a and b an
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' u_nexpectedly high @, was found at high stresses. Note the change in
scale on the ordinate to accommodate the high @, values. The @, value
reached a maximum of 240 at a uniaxial strésé of 51 MPa. The @, at a
uniaxial stress of 2.3 MPa was no higher for this specimen than the oth-
ers, and on reducing ih’e axial stress @, returns to almost exactly the
same value as it had originally. This is the rock specimen that was sub-
jected to 200° C. Temperatures of this magnitude caused additional
fractures parallel to the borehole wall, as shown by Flexser et al. (1982),
or perpendicular to the thermal gradient which is very steep in this
area, during the operation of the H10 heater. The high @, value suggest
the extension of existing fractures rather than creating new ones. Any |
extension at fracture tips decreases the aspect ratios for these frac-

tures, thus making the fractures easier to close with a normal stress.

Flexser et al. (1982) reported that fine fractures oriented tangen-
tially to the H10 heater hole were found in rock which had spalled from
the borehole wall. The maximum depth of the decrepitation observed
was 8 cm with an'averag.e of 1.7 ecm. It is clear from evidence provided
by specimen # 4 and # 5 1.45 and 0.75 m from the H10 heater borehole
.respectively, that there is a strong P-wave attenuation éﬁect to at least
0.75 m and a noticeable effect to 1.45 m from the borehole. The observa-
tion that the fractures created are tangential to the borehole (i.e. per-
pendicular to the axis of both boreholes E29 and DBEX-1) agrees well
with the observation that P-waves show a large increase in @, with the
applicaltion of stress in the specimens closest to the heater, while the @g
for the S-waves dvo not show a similar effect. The S-wave particle motion
is parallel to the fractures, and thus would not be affected by the length

of the fracture. Flexser et al. (1982) also reported that microfracturing
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could not be detected in thm sections from coﬂre recovered from d1s-
tances from the heater larger than 8 cm. However Imcrofractures were
v1s1ble in the thin sectlons made from the p1eces of rock whlch fell from
the borehole wall due to decrep1tatlon Th1s shows that micro- fracturmg

~did occur and that the Q values are sens1t1ve to th1s kmd of fracturmg

Johnston (19'?8) reported that thermal cyclmg of Westerly gramte
.yielded lower velocities but higher Q-value Th1s agrees very well W1th
the results obtamed for the three- specunen su1t from the HlO ‘area.
Slmn}ons and Cooper. (l,??a)_ reported an increase 1n)por031ty made up of
low aspect ratio cracks for thermallyicycled Westerly granite. There is
‘no coptradiction ir_nplied Jin this insofar that_ the __oorosity under low
stresses might be larger but the rmcro fractures close more readlly with
the apphcauon of stress. The pressure at whlch a crack closes is given
by

_ _ToE S ,
TR [7.14]

c

‘where E= Young’s modulus, v= Poisson’s ratio and. a is the crack aspect

"ratio. It is ¢learly seen that when the crack length increases, the aspect

- ratio a decreases and the stress necessary to close the fractures
decreases.

Simmons and Cooper (1976) found that the effect of heating rocks

at a rate of less than 1°crs rnin created what they called thermal cycling

cracks. In .Westerly granite ‘the crack porosity increases exponentially

with temperature:
c’ _ 10'.’_3.§5+(2.24;<10"3)Tm - | | [7.15]

where T, is the maximum temperature in°C. This shows that the crack
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porosity doubles for each increase in 140° C.

Simmons and Cooper (1976) used a dlﬁerentlal stra1n analys1s tech—
nique and concluded that most of the cracks formed were those that
closed at low pressures (1e low aspect ratio cracks) Th1s conclusmn
agrees well with the results reported here. Slmmons and Cooper 1nd1—
cated that heatlng of the spec1mens caused thermal cracks near the
grain boundaries of the mlnerals comprlsmg the rock The1r model indi-
‘cates that thermal heatlng extends the length of the' fracture along the
grain boundaries, poss1b1y by connectlng several Imcro fractures Thus a
new and larger fracture is formed which effectlvely forms a lower aspect
ratio fracture The latter would help explain the seermngly contradlc—
V‘tory finding that thermally-lnduced fractures in spemmens results in

higher Qa values for P -waves, at least at hlgh stress levels.’

The quartz vcontent of the Strlpa quartzwmonzomte 371% and
because of the high thermal expansion coefficient of quartz this would
imply that there would be a very large increase in the crack porosity
when the rock is thermally cycled. Simmons and Cooper found the crack
porosity to increase considerably for Westerly graniter which has: a
duartz content of 22 %. The larger quartz content in the Stripa quartz
monzonite does imply a larger degree of fracturing at elevated tempera-

tures.

- 7.6.2 S-wave attenuation

In Figures 7.22 - 7.26 the S-wave Qg value curves for Specimens # 1 -
5 are shown. The most notable aspect of these curves is the small varia-
tion encountered. The S-wave is polarized perpendicular to the direc-

tion both of the direction of propagation and of the application of the
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compression stress. Lockner et al (1977) showed that the amphtude for
such S- waves decreases with stress The same behav1or is observed in
the data reported here In Flgure 7.22a for Speclmen #1in it's dry state
.‘the hlghest Qﬁ value is found at an axial stress of 9. 3 MPa and Qﬂ
decreases at h1gher stresses In F1gures '? 22b for the same specnnens
saturated the Qﬁ value decreases for the range of un1ax1al stress from
2.3 MPa to 51 MPa For spec1men # 2 in it’s dry state shown in Flgure
7. 23a there is an 1ncrease in Qﬁ from 14 to 30 a 114 % 1ncrease For the
.saturated case Qﬁ. remains relatlvely constant after a small initial
-1ncrease Durlng the unloadmg part of the test cycle there are 1nd1ca-
tlons that the the spemmen becomes partlally saturated from the low g
vai'ue compared with the 'loading piart of the curve.‘ -

/ Qs values‘for"specimen #3 in_]*v"igure_?.zvéla in the dry stat‘e‘h show a 55
7 graduat increase over the range of vuniaxiavl stresses from 2 3 MPa to
o1 MPa In the saturated state Qﬁ decreases after reachlng a maximum
at a un1ax1al stress of 28 MPa as indicated in F1gure ’7 24b %pemmen #
4 in Flgure 7.25a in the dry state behaves in the same manner as speci-
men # 3 In the saturated state (F1gure 7. 25b) the spec1men becomes

part1ally saturated durmg unloadlng

For specunen # 5 in the dry state thel decrease in the S -wave Qg
value over the range _of actual ‘stresses from 2.3 ,_Ml_?a to 50 MPa_ is 50 %,
as indicated 1n f‘tgure.’? 26a This ‘is the specimen that was recovered
from the area around the H10 heater that reached 200°C at radlal dis-
tance of 0.75 m from the center of the HlO heater In the saturated
‘state shown in F]gure 7. 26 b, there was little change in Qg except that

the specmlen appears to become partially saturated at unloadmg
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Saturation experiment

'Ih Table 7.2 and 7.3 the results from an important expefimerit
detailing the combined effects of changes in axial stress and water
saturation are tabulated. P and S-wave velocities are shown in Figﬁfe
7.27 for specimen # 1 and Figure 7..28 for Specimen # 2, .a’.L four diﬁérerit
axial stresses as a function of saturation. Both the P‘ and the S-wave
velocities appear to depend linearly on the degree of saturatioﬁ a’tlall
the four axial stresses plotted. This is an important ﬁndin'g Which teﬁds
- to confirm the analysis of the P-wave velocities madé in .Chépter 5. The
finite viscosity of water in thin cracké increases the shear mbdulﬁs, as is

seen in the higher 5-wave velocities with increasing saturation.

The porosity of the two speciméns ére found fo be 0.90 % and 0.95 %
for Specimen # 1 and 2 respectively. The pdrosity is almoét identicél,. for
both specimensl.l'Despite this there are large differences in the behavior
of the two specimehs, which 1s mirrored in the differences obsérifed
between the P and S-wave velocities. In Figures 7.29 - 7.32 the moduli
are shown, calculated from the P and the S-wave velocities aﬁd .t,he“bl;llk

density.

In Figures 7.33 and 7.34 the P-waveforms are shown for specimeri #
1 for fouf different uniaxial stresses at 12 different satur‘ation:' condi-
tions for each of the strésses. In Figure 7.35 - 7.36 the P-waveforms for
Specimen # 2 are shown. and The sequency of stresses applied is from
an axial stress iof 5 MPa for Figure 7.35a, 10 MPa for Figure 7.355, 20
MPa for Figuré 7.36a and 30 MPa for Figure 7.36b. It is interesting to
observe the change in waveform with time and to see how the frequency
content of the signals changes. It is clear from the figures that the

degree of saturation has a much greater effect at low axial stresses. -
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In Flgures 7. S'? and 7.38 the S Waveforms are shown for Spec1men #
1 under the same conditions as noted above. The velomty decrease w1th
decreasmg saturatlon is qu1te obv1ous In Flgures 7.39 and 7 40 the S-
waveforms for Specimen # 2 are shown. Agam the effect of saturatlon Is
clearly seen. The change with stress is not as apparent as 1ﬂnt_h._e P-wave
case. Iw | D -

In Figures 7.41 and 7.42 the Fourier amplitude spectra are showz_n__'for
the P -waves from spec1men # 2. Shown in this ﬁgure are the dramatlc
changes in frequency content of the mgnals as the saturatlon is var1ed
The change in frequency content over the range of saturatlon tests is as

large with change in stress level from 5 to 30 MPa. .

The change in Q results from a change in the speciral rat1o w1th fre—
quency In Flgure 7 43a the two ratlos are shown for Spemmen # 2 going

'from fully saturated (hne # 1) to 78 partlally saturated (11ne # 2).

. In Flgure 7 43 b the same eﬁ'ect is seen for the S -waves. In Flgure
,_7 44 the Q,Jl and Qﬁ values from Spe01men # 1 show the relat1onsh1p
.-between the saturatlon and the attenuat1on The Q,,l vaIues vary
between'SO and 90 dependlng on the stress when the specnnen is fully
_}saturated The attenuatlon decreases rapldly w1th decreasmg satura-
tion. The rmnlmum occurs between '?O and 80 7 saturatlon for P-waves.
»For the case. of a un1ax1a1 stress of 5 MPa the attenuatlon decreases
monotonlcally with saturation. For the h1gher ‘ax1a1 stresses there is an
,‘1ncrease 1n Qq with decreasmg saturatlon Th1s is partlcularly obvious
_for a un1ax1a1 stress of 30 MPa For Qg in F1gure '? 44 b the attenuatlon
1ncreases when “the speclmen goes from fully saturated to 93 %
saturated Below 93 7 saturatlon Qp 1ncreases contmually down to a

saturation of 6 %Z. At zero % saturatlon the Qﬁ value is lower again.
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For Specimen # 2 the behavior from fully saturated to partlally
saturated is the same as for specunen # 1. The attenuatmn reduces
monotonically to a saturation of 66 % and then it remains more or less
constant as the saturation is reduced st1ll further ThlS occurs desp1te
the large decrease in V,. For @ in ‘Figure '? 45b the attenuat1on corre—
lates well the uniaxlal stress. For un1ax1al stresses of 5 MPa and 10 MPa
a minimum in Qﬁ occurs at a saturation of 83 %. For a uniaxial stress of

20 MPa there is a monotonic decrease of Qﬂb.”

For a uniaxial stress of 30 MPa there is a small decrease in Qp as the
saturat1on is reduced to 30 Z. On reducmg the saturat1on further to

zero, thereis a drop in Qﬁ from 42 to 27.

7.7 Summary

In this chapter a set of laboratory tests have been descrlbed whlch
confirm the low Q-Values obtalned from the field data. Large d1fferences
in the change of attenuatlon w1th apphed un1ax1a1 stress is correlated
with the inferred direction of microfractures. Qg changes less with
applied stresi's than does Q.. This can be explained 'b)y”the closiné of
fractures which afe perpendicular to the stress dlrectlon and opening ‘of‘
.Afractures which are parallel to the un1ax1a1 stress d1rect1on Q,Jl is most
sens1t1ve to fractures perpend1cular 0 the d1rect1on of propagatlon
while Qﬁ is most affected by fractures Wh1ch are parallel to the d1rect1on
of propagatlon The results from the test of the drlll back spemmen.
from the heated rock in the H10 heater area show the sens1t1v1ty of
attenuation of inferred low aspect ratio fractures The result 1nd1cate
that by observing the behav1or of P and S -wave attenuatmn with chang-

ing stress applied in dlﬁerent d1rectlons Q- values calculated for elastlc
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waves can be used in a diagnostic analysis for thermal cracking which is
not detectable by aﬁ optical analysis of thinsections. Satur_ated speci-
men yield higher &, values than do dry. The difference 1n Qg between
sbaturatedb and dry specimen is small. For the saturation experiment V,
and V; were found to be to the first order linearly dep»endent on the
saturation. Attenuation for different saturations in the two specimens
varied greatly. With some exceptions, @, and &g for both specimen
reached -th'eir maximum values at full saturation. @, for specimen # 1
fully vacuum dried was considerably higher than the value fully
saturéted for a h.igh axial stress. In most cases for the lowest &, and Qg
- were founi‘i.. at saturation levels of 60 %. This test support the earlier
conclus.ion that in specimen # 1 the microfractures are more perpe’ﬁdic-

ular to the core axis than in specimen # 2.
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SPECINENNFILE 1STRPD2.2 » e
DATE 13 SEPTEMBER, 1982 ' '
LENGTH OF SPECIMEN @ .081528 METER. ,
DIAMETER OF SPECINEN 1 §.1689 CENTIMETER
NUMDER OF LOADS 3 16

DENSITY OF SPECIMEN § 2605 KG/Ma3

LOAD PRESSURE P-UAVE VEL S-UAVE VEL YOUNGS I BULK R SHEAR M PO. RA . -

(TOMS) (WPA) (RS) n/s) (RFR) (APA) (MPA)
.5 2.33671 4989.52 3189.43 61.0168 29.7191 26.35 .157813
1 4.67342 5617.02 3189.1 61.5182 30.2441 26.4938 ,160991-
e 9.34683 5032.43 3217.91 62.2657 30.e064 26.9746 .154153
3 14.0203 5114.11 3264.06 64.1848 31.1261 27.754 .156318
4 . 5245.07 kx4 67.05 33.2656 28B.7999 . .164068
S 23.3671 .38 3378.47 69.834 35.7319 29.7337 . 23
13 28.04 5469.16 3419.37 71.8278 37.3995 30.4578  .179136
7 32.7138 5550.68 3458.24 73.6999 38.7187 31.156 .18
9 42.0607 5661.92 511.7 76.2908 - 40.6761 . +187405
11 S1.4076 6733.24 3542.07 77.8731  42.0492 32.6829 .191342
9 42.0607 S701.32 s22.27 77.0065 41.5B42 32.3186 .191363
? 32.7139 3480.37 74.8045 39.6203 31.5544 .185327
S 23.3671 5461.87 3405.15 71.481 37.4388 . «182099
3 14.6201 5235.02 33.3.55 €6.4755 33.485 28.4295 .169128
1 4.67342 5020.1 3189.1 61.55% 30.3245 26.4938 .161687
.§ . 4977.4 N.27 60.7587 89.5403 26.248 1157244

Table 7.1a Results from laboratory testmg spemmen #2ina dry state after a drying period in a
convection oven at 70°C for 48 h. . . . v

SPECIMEN\FILE :STPDU2.DAT

DATE 13 SEPTEMDER, 1982

LENGTH OF SPECIMEN © .081528 METER.
_DIAMETER OF SPECINEN 1 5.1689 CENTIMETER
NUMBER OF LOADS 3 16

DENSITY OF SPECINEN 3 2611 KG/Ma3

LORD PRESSURE P-UAVE VEL S-UAVE VEL YOUNGS M BULK M SHERR B PO. RA
(TONS) (PA) (R/S) (n/s) (nPa) (MPA) (r°R)
.5 2.33673 5814.62 3423.65 75.5731 47.4713  30.6046 .234671
1 4.67342 5835.33 3422.22 75.7058 48.1353 390.579 237871
2 9.34683 5864.57 3439.82 76.208) 48.B233 30.7328  .23985
3 14.0203 — S877.19 3439.46 76.5748 49.€036  32.8879  .239561
4 18.6937 5894.1 3462.72 77.4207 48.9645 31.307  ,236474
5 23.3671 902, 3480.37 78.025 48.7994 31.627 .233518
[ 0405 . 3490.75 78.5239 49.2055 31.816 -234033
? 32.7139 5932.51 3514.71 79.3189 48.8077 32.2542  .229588
1 42,0667 5949. 3542.87 £2.2906 48.7564 22.7502  ,2c5504
11 51.4076 5967. 3571.4 81.3204 48.5632 33.3931 .200912
9 . 4 3551.28 80.6446 48.792 32.9208  .224529
? 32.7139  5932.51 3S16.22 79.3639 48.8508 32.2819  .22923
S 23.3671 .1 3486.3 77.7833 47, 31.7348  .225521
3 0203 — 5697.36 J440.91 74.991 43.5343 9138  .212904
t 4.67342 55e2.22 3359.608 70.8789 J39.765 29.451 2062926
.5 2.33671 5513.3_ 3359.08 70.9009 40.0845 29.461% +204828

Table 7.1b Results from leboratory testing specimen # 2 in a fully saturaied siate. The specimen
was first subjected to 10 microns vacuum for 48 h and then submerged in distilled water for 24

hours.
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SPECIMEM\FILE SSTDAT2.WET
PATE i26 OCTOPER, 1982 ' -
LENGTH OF SPECIMEN 3 .079045 METER. DIANETER OF SPECIMEN ¢ §.1791 CENTIMETER
WUNBER OF LOADS & 4 '
DENSITY OF SPECIMEN +

2626

2625 2625
2623 © 2823 KG/R~3

POROSITY &  .297748 &
THE UNIAXIAL STRESS IS ¢ § WPA
VEIGNT SATURATION P-UME VEL S-UME VEL YOUNGS M BULK M SHEAR M PO. RA

(GRARS) (¢ &%) (W/S) (W/8) (GPA) (GPA) (GPR)
437.283 100 5979 M5 e ] 52 » «245082
437.243 90 5890 3490 n 48 » 229525
. 86 $778 3459 n 46 in «220666
437.173 8¢ s720 3413 ”% 45 n 223514
.162 5601 3412 75 44 i .219508
432.095 &7 3 43 E ol 218875
437.063 61 ) 5500 3355 ” 43 » 218501
437.023 54 $485 342 K¢ » 29 204772
436.983 47 5501 3344 n “ 29 206974
27y & $373 2% & 3 2 it
. -211922
436.708 o 5305 R4 [ 4 ? e -

THE UNIAXIAL STRESS 1S ¢t © WPA
VEICHT SATURATION P-UMWE VEL S-UME VEL YOUNGS M BULK A SHEAR M PO. RA

(GRARS) (%) . (W) (W/S) (GPA) - (GPR) (GPA)
437.283 100 5979 M7 9 s2 3R 244404
437.243 92 5903 B2 » 43 3 -226195
437.206 86 5834 3484 i ] 47 2 22285
437.173 88 S 3456 n 6 N 224819
437.162 S757 3438 ”» 46 N 222797
437.095 67 S103 3422 ™ 44 3 21875
437.063 61 5634 3390 kel 43 E .l 216363
437.623 54 6551 3390 n 41 ‘0 202711
436.983 47 $559 2378 ” 41 » 207243
:g . g:g ‘“ 5570 3379 g u g .?8801
. 5448 3289 213083
"436.708 o 5326 3253 &7 k4 28 . 1

THE UNIAXIAL STRESS IS t 19 APA
UEIGHT SATURATION P-UWAUE UEL S-UAUE UEL YOUNGS M BULK M SHEAR M PO. RA

(GRANS) (%) (R/$) (ns) (GPA). (GPA) (GPA)
437.283 100 5879 3504 .80 51 32 .238516
432.243 93 5934 3530 80 @ Ex -226107
437.206 86 589 . 3513 79 48 32 .223909
4372.173 80 5864 3485 n 48 «226893
437.162 18 . 5842 3478 e L4 225622
437.095 67 $791 3459 n 46 k3 222569
437,063 61 5728 3436 % 45 N +219131
437.823 54 : 3423 » 43 N 211944
. 47 S670 3423 s 43 i .213239
S R R S B T
436.74 .
436.768 ¢ 65 T 43 - 230365

THE UNIAXIAL STRE;S ISt 28 NPA
UEIGHT SATURATION P-UAUE VEL S-UME VEL VYOUNGS M BULK M SMEAR N PO. RA

(GRAMS) (%)  (WS) (W/S) (GPA} (GPR) (GPR)

437.283 100 5979 3541 1] 50 3 229807
437.243 93 5957 kol S 81 49 k] 22664
437.206 86 5925 534 80 43 9 224067
47.173 80 5912 e 30 43 33 +2251
437.162 78 . S84 . 3507 ” 48 32 226069
437.095 67 , 5851 3496 i a7 222354
437.06) 61 6799 3476 n” 46 3 21965
437.623 5745 m *» 32 «213966
436.983 47 $75) n 5 R 214474
436.843 40 $753 3461 % 5 N 216431
436.743 6 5666 1 he 44 » 2235
436.708 o S6e2 3337 T 9 29 +225105

Table 7.2 Results from saturation experiment on specimen # 1.
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SPECIMENNFILE $STDAT2.VET

DATE 127 OCTOBER, 1982

LENGTH OF SPECIMEM ¢ .@81928 METER. DIAMETER OF SPECIMEN : 5.1689 CENTIAETER
MUNBER OF LOADS & 4

DENSITY OF SPECIMEN ¢
2631 2630 2620 2630 - 2630
2629 2628

2628 , 23 o
POROSITY : .949747 X
THE UNIAXIAL STRESS IS ¢ S WPA
VEIGHT SATURATION P-UAUE VEL S-UAVE VEL YOUNGS W BULK R SHEAR A PO. RA

(GRAMS) (%) - (A/S) (A/S) (GPA) Py (GPA)

452.351 100 s8s2 401 76 50 .24501
452.218 78 5451 3309 70 40 29 .208256
452.17 70 sa52 [ 14 35 .176514
452.143 66 5105 3237 64 32 28 163699
452.121 63 S098 3214 64 32 27 170181
452.043 S 4974 3195 82 29 27 .148761
452.028 48 4932 3187 61 28 27 .141803
451.953 36 4814 3183 59 25 27 .11155
451.918 30 4752 3182 58 24 27 0937929
451.871 23 4733 A7 58 24 . 0929625
451.763 6 4608 3138 . 5§ 21 26 10676624
455.725 @ 4552 N6 54 . 20 26 0587805

THE UNIAXIAL STRESS IS t 9 WPA ;
UEIGHT SATURATION P-UMVE VEL S—UAUE VEL YOUNGS M BULK R SHEAR B PO. RA

(GRARS) (% ) (N/S) “(ArS) (GPR) (GPA) - (GPA)

452.353 109 5865 3422 n 49 N .241825
452.218 8 5510 37 n 41 29 210266
452.17 . 5369 3293 68 38 29 «1984723
452.143 66 se12 3252 66 4 28 18107
452.121 63 Se1s 3269 66 34 28 .176279
452.043 Se 5101 3246 64 i e8 .159852
452.628 48 Ses7 3234 63 k1 28 .153927
451.953 36 5054 63 3 a7 .155509
451.918 30 4868 3243 61 P+ 28 +100854
451.871 23 4845 3240 5 28 .0957026
451.763 6 4 3194 59 . 24 27 0940541
451.725 @ 3176 57 . 23 26 07684116

THE UNIAXIAL STRESS IS ¢ 19 MWPA .
VEIGHT SATURATION P-UAVE VEL S-UWAVE VEL YOUNGS N BULK B SHEAR B PO. RA

(GRARS) ( %) ns) (R/$) (GPA) (GPA) (GPA)
452.353 100 5898 3461 78 49 R 236235
452.218 78 5§73 J441 76 45 k1Y 218504
452.17 70 5642 3400 74 43 30 «215078
452.143 66 5510 72 40 Kol 201472
452.121 83 5499 3355 k¢! 490 30 203454
452.043 50 S401 3322 69 38 29 +195586
452.028 48 5338 321 69 36 29 .182794
451.953 36 5317 3298 68 36 29 .187178
451.918 3¢ 5215 3275 34 28 . 174569
451.871 23 Se1s 3268 66 34 28 +176705
451.763 6 5086 3238 64 3 a8 .159011
451.725 o 5076 R34 64 <} a7 .158235

THE UNIAXIAL STRESS 1S ¢ 28 WPA
VEIGHT SATURATION P-UAVE VEL S-UAUE VEL YOUNGS M BULK M SHEAR 1 PO. RA

(GRAMS) ( %) [{. 73] (W/S) (GPA) (GPA) (GPA)

452.353 100 5920 3489 79 9 32 .233791
452.218 78 5865 3533 80 1 33 .215189
452.17 " s882 3583 8 46 R .21331
452.143 66 §713 3473 7 4“4 3 .206949
452.121 63 5693 3463 76 43 3 206467
452.043 S8 . 5619 3427 4 @ 31 .204025
452.028 48 6558 3424 24 4 k11 194314
451.953 36 5543 3392 k&) 40 30 .20057
451.918 30 5433 36 n 38 38 .185579
451.871 23 5447 33720 7" 38 30 .189943
451,763 6 §337 3326 69 3% 29 +182462
451,725 o 5265 3336 68 34 29 .164737

Table 7.3 Results from saturation experiment on specimen # 2.
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XBL 811-2570

5’:{"/ o
Fig¥7.1¥ H9 heater midplane borehole and fracture mep showing the location of . specimens
1,2,6,7,8,9,10 and 11. Also shown are the major dikes and faults at elevaiion of H9 heater midplane,
based on extrapolation from nearby surfaces and core data. Short linés with dip symbols show pro-
jected intercepts of calcite-bearttig fractures. Upthrown (downthrown) sides of faults are desig-
nated by head (tail) of arrows. Part of mine coordinate systemis shown on 2 m centers. -
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Fig. 7.2 Vertical cross section H9 C showing location of specimen 1,6,7 end 8
mapped fractures in the core from the boreholes in the cross section. Boreholss E10, E9, T17, HO
and T15 were drilled from the full scale drift. Boreholes E21,:C8, E22; U286 and £E23 were drilled from
the extensometer drift. - R - we T n ¢ - s
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Fig. 7.3 Vertical cross section H9 G showing jocation of specimen 2,9,10,11. Also shown are the
mapped fractures in the core from the boreholes in the cross section. Bo les U8, U7, Us, T18
and HY were drilled from the full scale drift. Boreholes E24, C8, E25, /18 and E28 were drilled from

the extensometer drift.
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ACOUSTIC VELOCITIES: STRIPA GRANITE,
DRY AND WATER-SATURATED

T

.
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|
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Compressional
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Axial stress (MPa)
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Fig. 7.5b Acoustic velocities of the Stripa Granite dry and water saiuraied ( ¥rom Paulsson and King

, 1960).
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STATIC AND DYNAMIC ELASTIC MODULI:
STRIPA GRANITE, DRY AND WATER-SATURATED
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Fig. 7.5¢ Sﬁatic and dynamic Youngs moduli and Poisson’'s ratio as function «f uniaxial stress.
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Fig. 7.7 a) P-waveform from specimen #1, under oy, = 2.3 MPa. b) Truncated P-waveform with a
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Fig. 7.9 a) P-waves from the specimen #2 dried in a convection oven at 70° C for 48 hours, at a load
cycle from 2.3 MPa to 51 MPa and back to 2.3 MPa. b) P-waves from specimen #2 saturated using a
5 millitorr vacuum, from a complete load cycle from 2.3 MPa to 51 ¥Pa and back to 2.3 MPa.
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Fig. 7.10 a) Truncated P-waves from specimen #2 under a load cycle from 2.3 MPa to 51 MPa back to
2.3 MPa. Specimen dried in a convection oven at 70° C for 48 hours. b) Truncated P-waves from

specimen #2 under a load cycle from 2.3 MPa to 51 MPa back to 2.3 ¥Pa, S
a 5 millitorr vacuum and distilled water.
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Fig. 7.11 a) Fourier amplitude spectra for the t}!u:lcate waveforms in Figure 7.10 a), The specimen
has been dried in a convection oven for 48 hours at 70° C. b) Fourier amplitude spectra for the
truncated waveforms in Figure 7.10 b), the specimen was saturated by evacuating down to 5 milli-
torr vacuum for 24 hours and then submerge the specimen in distilled water for 24 hours.
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Fig. 7.12 a) S-waves for a complete load cycle from 2.3 MPa to 51 MPa for specimen #2. The speci-
men was dried in a convection oven at 70° C for 48 hours. b) S-waves for a complete load cycle from
2.3 MPa to 51 MPa for specimen #2. The specimen was saturated by first evacuating the specimen to
5 millitorr and then submerge the specimen in distilled water for 24 hours.
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Fig..7.13 a) Truncated S-waves for a'complete load cycle from 2.3 to 51 MPa for specimen #2. The
specimen was dried in a convection oven at 70° C for 48 hours. b) Truncated S-waves for a complete
load cycle from 2.3 MPa to 51 MPa for specimen #2. The specimen was saturated.
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Fig. 7.14 a) Founer amplitude spectra for the truncated S-waves in Fig. 7.13 a). The spectra are
from & complete load cycle from 2.3 MPa to 51 MPa uniaxial stress for the specimen dried in a con-
vection oven at 70° C for 48 hours. b) Fourier amplitude spectra for the truncated S-waves:in Fig.
7.13 b). The spectra are from a complete load cycle from 2.3 MPa to 51 MPa umaxm] stress for the
specimen saturated under a 5 millitorr vacuum.
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Fig. 7.17 a) @4 for specimen #1 in a dry state as functlon of uniaxial stress b) Qu for spec1men #1in
a saturated state as function of uniaxial s‘tress.
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Fig. 7.18 a) @, for specimen #2 in a dry state as function of uniaxial stress. Table of test number,
uniaxial stress, Q-value and V,. b) @, for specimen #2 in a saturated state as function of unjaxial
stress. Table of test number, uniaxial stress, Q-value and Vo
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Fig. 7.19 a) @, for specimen #3 from the borehole 29 in the H10 area as function of uniaxial stress.
T.he specimen is dry. b) @, for P-waves for specimen #3 from borehole E29 in the H10 area as funec-
tion of uniaxial stress. The specimen is dry. Table of the test number, stress, Q-value and the V-
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- Fig. 7.20 a) @, for specimen #4 from borehole DBEX-1 at he isotherm of 130° C. The specimen is dry
and the @, is a function of the uniaxial stress. Table of the test number, stress, @-value and the VP.
b) @, for specimen #4 from borehole DBEX-1 at the isotherm 130° C. The specimen is saturated and
the @, is a function of the uniaxial stress. Table of the'test number, stress, Q-value and the V.
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Fig. 7.21 a) @, for specimen #5 from borehole DBEX-1 in the H10 area at the in situ

200° C. The specimen is dry and the @, is a function of uniaxial stress.
uniaxial stress, Q-value and ¥,. b) @, for specimen #5 from borehole DBEX-
isotherm 200° C. The specimen is saturated and the @a

showing the test number, uniaxial stress [MPa], Q-
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isotherm of

Table of test number,
1 in the H10 area at the
is a function of uniaxial stress. The table is
value and the .
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Fig. 7.22 a) Q‘:, for specimen #1 in a dry state. b) @gfor specimen #1 in saturated state.
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Fig. 7.23 b) Qg for specimen #2 in a dry state. b) @g for specimen #2 in a saturated state. .
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Fig. 7.24 a) Qp for specimen #3 in a dry state. b) @g for specimen #3 in a saturated state.
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SPECINEN Sﬁl” 03. S-MS TRUNCATED UITH 142£-6 SEC VIND, E20/Mi10, 823019

TAN| fILE
TANDARD

Y UEL 1 3201
TANDARD LENGTH ¢t .07622 A.
SMOOTHING OF © PLOTs 283 POINT RUNNING
4 STRESS -UALLE VELOCITY
- 3207 19.9125 3307.99
- 4.6414 22.556 3318.8¢
3 .28279 24.2006 3354.46
4 13.8242 25.6082 33723.98
18.5656 26.6142 3382.28
14 27.1382 3416.58
27.8484 ar.8312

32.4898 29.1918 3444.92
41.7726 3.0 3461.75
¢ 51.0553 31.8939 3470.62

1 1.7726 31.0545 .
2 32.4898 <7808 3444.12
3 23.207 &7.9201 3413. 1
4 13.9242 25.0501 3371.18
5 4.6414 22,0924 3332.43
16 2.3207 19.8571 3313.3%
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0 FOR lllhl!hl. STRESS ON CORE
SPECIMEN FILE 3 STSGD3.
Q’ECXEI :_l&ﬂ}P: ;&S;m TRUNCATED WITH 142€-6 SEC UIND, SATURATED, H1e/£29

2000
? WI. s 3201
LENGTH &t .07622 R,
SMOOTHING OF O PLOT: 233 POINT RSNING

. 9 STRESS -VAlLE VELOCITY
ey

1 2.3207 28.6068 J472.11

2 4.6414 33.4943 3478,
k] 36.9137 3481 .05
4 13.9242 38.2027 3490.903

5 18.5656 38.1581 3563,
6 26 37.92! 3512.68
7 27.8484 38.1013 518.77

[ § 32. 37.8173 524,
] 41,7726 36. 3538.71
10 51.05653 36.6161 3538.71
. 11 41,7726 .3 3535.63
¢ 12 32.489 38.3171 23.35
13 23.207 39.0275 3566.61
N 13.5242 37.348 3488.53
15 4.6414 32.9313 J458.8

16 2. . Rr 3449,

$ 10 1% 20 % » » L - 48 ] L g [ ]
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a 0 FOR LNTAXIAL STRESS ON cont
SPECINEM FILE 3 5TS@D4.d
SPECINEN 1 STRIPA 84, s-umcs TRUNCATED UITH 142E-6 SEC UlND, w-t 1.45 FROM H10,130 €
DARD FILE 3 ALESA4.3
a1 aee
100 an VEL * 3201
3 AN LENGTH ¢ .0%622 N.
] SMOOTHING OF © PLOT: 283 POINT MAMING
Il . @-UALUE VELOCITY
3 s 21.7327 2421.69
3 2 26.1112 3436.81
. 3 29.337 34e1.37
3 a 32.209 3459.74
3 s 34,3443 3473.65
3 6 36.0227 3489.23
3 7 33,0386 3498.
L ] 44.9327 3504,
3 H 2.1817 3508.12
3 10 41.2831 3514.46
3 11 ©.77112 3509.
3 12 38.8841 3498.65
e 13 35.0470 3484.5¢
E 14 3232 3472.1
15 25,7805 3450.53
3 16 . 21.5731 3435.20
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w
»
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° s 0 s 20 -] » E . s v 56 60,
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b 9 FOR UNIAXIAL STRESS ON CORE
SPECINEN FILE S0u4. 3
SPECINEN 1 STRIPA 04 S—uAUES TRUNC. UITH 142E-6 SEC UIND,DBEN-1 1.45 FROM uu.tm,tzuzo.
° TANDARD FILE 3 ALSSA4.1
T o : 2060
100 “3 TANDARD VEL ¢ 3261 . .
3 TANDARD LEMGTH 1  .07622 M. 3 \
E SMOOTHING OF @ PLOTI 233 POINT RUNNING . .
90 7 s STRESS e-UaLLE vELocITY
3 1 2.30043 24.333¢ 2449
3 2 ».1777 3452.06
PYSE 3 9.20171 .21 3456.67
3 4 13.8026 34.5184 3465.94
E [ 18.483¢ 4.1 3473.65
3 6 23,004 33.9092 347831
3 7 27.6051 . 3484.54
70 ] .2 32.9065 3493.94
3 9 41,4077 32.713 3503.38
E 10 50,6894 32,7996 3504.96
3 1 41,4877 32.9083 3563.38
o - 12 32.206 33.1936 3497.88
3 13 23.0043 .9327 472.1
E 14 13.8026 20.9149 3450.53
3 15 4.60086 28.0037 3432.26
3 16 2.30043 25.4707 M17.18
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Fig. 7.25 a) Qﬁ for specimen #4 in a dry state. b) Q, for specimen #4 in a saturated state.
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a © FOR UMIAXIAL STRESS ON CORE
SPECIMEN FILE 3 S?SODS 3
SPECIREN : STRIPA 35, S-UAVES TRUNC VITH 1¢2£-6 SEC, m-l 0.751 F H10, DRY,200,821020

TANDARD FILE 1 ALSSA4.1
¢ () INDARD O\EL t 331
. 3 Al
! 3 ANDARD LENGTH 07622 N
SR0OTHING OF ' PLOTI 283 POINT RUNIING
»
3 ] STRESS 0-VALUE VELOCITY
® 1 2.:1275 36,0099 3259. 41
3 2 4.62551 38.23 3268.886
E 3 9.25101 38.0557 3296.16
E 2 13.8765 36.48 3312.7%
» 3 s 18.502 34.5043 3372.19
3 H 23.1275 33,1245 . 3404.18
3 ? 27.753 31.9689 3429.32
3 ] 32.3786 31.0045 3448.8
3 9 41.6296 20,7476 70.02 .
o 10 50.8806 31.357% 2
3 11 41.6296 32.8 3468.5
12 32.3786 35,3161 3458.31
3 13 23.1275 38.7365 3413.01
3 14 3.8765 39.6116 340,
50 3 15 4.62551 34.0518 3321.12
3 16 2.127 25.756; .46
“®
»
»
10 3
I o e e B e e B e B R B o e e pe
) s .10 15 20 3 3 * - « () [ ] [
’ UMIAXIAL STRESS CAPAD -
b gpgtcu‘z UMIAXIAL STRESS ON CORE
CIREN 1 STRIPA 85, s-uwts TRUNCATED UITH 142E-6 SEC UIND,DBEX-1 9.75M F. u10,-200 C
e v FILE § ALSSA4.1
T 2000
100 T el
Y LENGTM T ,87622 M, .
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oo
s STRESS O-UALUE VELOCITY
2.32127% 43,7688 3486.88
g 4.62551 41,6458 3489.96
20 3 9,25104 41.1531
4 13.8765 40.0248 3521.1
< 18.502 39.6429 3632.13
€ 23.1275 401081 3544.81
k 27.753 403835 554,39
e 32.3786 48,142 3560.8
41.6296 39.9748 3564.02
[] £0.8806 39.8828 3565.63
1 41.6296 39.7714 3557.59
P 2 -3786 39.8485 3541.63
3 23.1275 38.665 3532.13
4 13.8765 9897 3508.58
s 4.62551 33.3563 3493.65
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°

. § . 18" 15 20 2 3 3 4 & S0 S5 &0
UNlaXIAL STRESS CWPAD

Fig. 7.28 a) Q, for specimen #5 in a dry state. b) Qﬁ for specimen #3 in a saturated state.
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a

P-UAVE VELOCITIES FOR 3STDAT2.UET DIFFERENT SATURATIONS
DATE OF PLOTTING :26 OCTOBER, 1982
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b _
S-UAVE VELOCITIES FOR :STDAT2.WET Dl?FEﬁENT SATURATIONS
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Fig. 7.27 a) ¥ for specimen #1 for saturation ranging from 100 % to 0 % under 4 uniaxial stresses, 5,

10, 20 and 30 MPa. b) V¥, for specimen #1 for saturation ranging from 100 % to 0% for 4 uniaxial
stresses g,, of 5, 10, 20 and 30 MPa.
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P-UAVE VELOCITIES FOR :STDAT2.WET DIFFERENT SATURATIONS
DATE OF PLOTTING :27 OCTOBER, 1982

POROSITY & .949747 X
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S-WAVE VELOCITIES FOR :STDAT2.UET DIFFERENT SATURATIONS
DATE OF PLOTTING :27 OCTOBER, 1982

POROSITY : .949747 X

Fig. 7.28 a) ¥,
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SATURATION ( X% )
for specimen #2 for saturation ranging from 106% to 0% for 4 uniaxial stresses oy, of

—rr Y

5, 10, 20 and 30 MPa. b) V, for specimen #2 for saturation ranging from 100 % to 0% for 4 uniaxial
stresses o,, of 5, 10, 20 and 30 MPa.
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a
POISSONS RATIO FOR tSTDAT2.WET DIFFERENT SATURATIONS
1€-3
200 - DATE OF PLOTTING :26 OCTOBER, 1982
250 -
HE
200 {7
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100 -
e - POROSITY ¢ .897748 %
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SATURATION ¢ % )
b .
' ' YOUNGS MODULUS FOR $STDAT2.WET DIFFERENT SATURATIONS
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POROSITY & .897748 X%
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SATURATION ( %X )
‘Fig. 7.29 a) Poisson's ratio for specimen #1 as function of saturation for four differents stresses, 5,
10, 20 and 30 MPa. b) Youngs modulus for specimen #1 as function of saturation for four different
stresses, 5, 10, 20 and 30 MPa. )
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POISSONS RATIO FOR tSTDAT2.WET DIFFERENT SATURATIONS
1€-3
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YOUNGS MODULUS FOR 3STDAT2.UET DIFFERENT SATURATIONS
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Fig. 7.30 a) Poisson's ratio for specimen #2 as function of saturation of four different stresses, 5, 10,
20 and 30 MPa. b) Youngs modulus foe specimen #2 as function of saturation for four different
stresses, 5, 10, 20 and 30 MPa.
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BULK MODULUS FOR :STDAT2.WET DIFFERENT SATURATIONS
DATE OF PLOTTING 326 OCTOBER, 1982
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Fig. 7.31 a) Bulk modulus for specimen #1 as function of satui‘ation!}or four different stresses, 5, 10,
20, and 30 MPa. b) Shear modulus for specunen #1 as functlon of saturation for four different
stresses, 5, 10, 20 and 30 MPa. :
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a BULK MODULUS FOR :STDATZ2.UET DIFFERENT SATURATIONS
DATE OF PLOTTING :27 OCTOBER, 1982
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Fig. 7.32 a) Bulk modulus for specimen #2 as function of saturation for four different stresses, 5, 10,

20 and 30 MPa. b) Shear modulus for specimen #2 as function of saturation for four different
stresses, 5, 10, 20 and 30 MPa.
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Fig. 7.33 &) P-waveforms for specimen #1 over saturation razfge from 100 to 0 % under a,, = 5 MPa.
b) P-waveforms for specimen #1 over saturation range from 100 to 0 % under gy, = 10 MPa.
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Fig.'7.35 a) P-waveforms for specimen #2 over saturation range from 100 to 0% under g,z =5 MPa.
b) P-waveforms for specimen #2 over saturation range from 100 to 0% under o,, =10 MPa.
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Fig. 7.37 a) S-waveforms for specimen #1 over saturation range from 100 to 0% under o,, = 5 MPa.
b) S-waveforms for specimen #1 over saturation range from 100 to 0 % under ,, = 10 MPa.
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Fig. 7.38 a) S-waveforms for specimen #1 over saturation range from 100 to 0% under ¢,, = 20 MPa.
b) S-waveforms for specimen #1 over saturation range from 100 to 0% under g,, = 30 MPa.
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Fig. 7.39 &) S-waveforms for specimen #2 over saturation range from 100 to 0% uncer Oye = 5 MPa.
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Fig. 7.40 a) S-waveforms for specimen #2 over saturation range from 100 to 0% under Oyg = 20 MPa.
b) S-waveforms for specimen #2 over saturation range from 100 to 0% under o,, = 30 MPa.
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S—Waves P—Waves
s SATURATION (%) O-UALUE VELOCTIY (A/S) s SATURATION (X}. G-UALUE VELOCTIY (R/S)
UMIAXIAL STRESS ¢t § UNIAXIAL STRESS 1. S
1 100 3 3474 1 100 50 5975
] 93 20 3489 2 93 36 5890
3 8% 29 3459 3 86 29 5778
e 80 n 3412 . 80 29 5719
s 7 n 3411 s 78 26 5696
6 87 32 -3375 6 67 26 5625
? &1 n 3358 7 61 29 $590
s 54 34 3342 8 54 27 5485
9 7 ¥» 3343 s @ 28 5590
10 40 % 3343 10 49 27 5564
11 s £ 3248 11 6 22 5373
12 N » 3240 Rt . 21 §305
. UNIAXIAL STRESS & © UMIAXIAL STRESS @ 9
| 100 “. 477 ' 100 91 5979
e 93 32 3813 2 93 51 5903
3 86 N 3483 3 86 36 5833
4 e 3¢ 3450 a 80 36 §790
s 78 %% 3438 5 78 36 5757
6 67 I 3421 H 67 36 57¢)
? 61 a0 3389 ? 61 4 5633
) Se Bd 3389 8 S4 41 5559
9 47 3 M 9 7 s §558
10 Y] o 3379 19 49 a5 857¢
11 6 @ 9 11 6 47 5447
12 . n 3282 12 N 62 £326
UNIAXIAL STRESS @ 19 © UMIAXIAL STRESS : 19 . -
1 100 k14 %0 1 100 86 5979
2 93 32 I530 2 93 86 €934
3 [ 32 %13 3 86 21 589e
4 [ » 3485 4 1) 5 5863
5 7 % 3477 ' 78 ce 5842
6 (34 9 3459 6 67 4 5790
? 61 40 3435 ? 63 46 5727
] 54 Pt 342) s 54 se 5662
9 a7 < 3423 H “ 57 5670
10 . a5 3421 10 . 59 5670
11 s a7 3322 11 6 48 5574
12 . » 3301 12 e 37 5578
UNIAXIAL STRESS + 28 UMIAXIAL STRESS ¢ 28
1 100 24 541 2 5979
2 93 3 3541 : 3y by 5956
3 8% a2 3523 3 86 81 §92%
s Lad b 528 . 0 53 5912
H I8 n 3586 s 53 5894
$ &7 » 3496 6 6?7 a9 5850
K 61 4« J47% 7 61 46 5799
s S4 a4 3465 s 54 a7 S744
R M a 3468 H FY) 56 5752
i bod -] 3460 1. a0 24 §752
12 H p 3% 11 6 126 5666
» n% 12 N 150 5682

Tables forlﬁgures 7.44 aand b.
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Q FOR DIFFERENT SATURATIONS FOR FOUR DIFFERENT UMIAXIAL STRESSES

SPECIMEN FILE ¢ STQUET.I

SPECIMEN 1 STRIPA 82, P-UAVES, SAT -> DRY, INTERUAL 0.5 - 1.0 WHZ, W7-N3, 821020
STANDARD FILE : ALSPAR.1

STANDARD Q ¢ 2008

3 STANDARD VEL : 6362
STANDARD LENGTH ¢ .07622 N,
SMOOTHING OF G-PLOT ¢ 133 POINTS RUNNING

) Qe
tion

rehole E25, which is parallel to cross section M7-M9. Saturati

range from 100 to 0% and the four uniaxial stresses, Oyg 8re 5,10, 20 and 30 MPa,

SATURATION ( % )

b .
Q@ FOR DIFFERENT SATURATIONS FOR FOUR DIFFERENT UNIAXIAL STRESSES

SPECIMEN FILE 1 STQUET.2
SPECIREN 1 STRIPA 82, S-UAVES TRUNC. WITH 1+2E-6 $EC,SAT-DDRY, INTERVAL:D.$-1.9 MHZ,821027

TANDARD FILE : ALSSA4.1 .

D LENGTN & .07622 N,
SROOTHING OF Q-PLOT 1 133 POINTS RUNNMING

and the four uniaxial stresses, g,,, are 5, 10, 20 and 30 MPa. b

for Stripa specimen #2 from borehole E25, which is parallel to cross section M7-M9.

s O
S .o
(o]
28
o 5
(= Baal
Mot
m#
o
g
[T
o
80
Qo p,
\l/T.S
g
10 - B
s N
0
Ao &
[T/ #

LA An o n e e mn o ma S S S BLERAR Ne e mn e s ' m 2 oo o YTy \ana |
L] 10 20 E 4 - 58 [ i 80 - 100

SATURATION ( % )
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S—Waves P—Waves -

()
s SATURATION (%) Q-UALLE VELOCTIV (A/S) s SATURATION (%) Q-UALUE - VELOCTIV (RS}
UNIAXIAL STRESS 3 § UNIAXIAL STRESS 1. S : :
100 38 3474 1 100 5@ 597%
2 9 29 09 2 93 36 5899
3 86 29 3459 3 86 29 5778
4 ™ i 412 . 8o 29 €719
s -8 3 3411 5 8 26 5698
6 7 32 3375 s 67 26 5625
? 61 » 2355 7 61 29 5590
s 54 34 32 ] S4 27 5485
9 7 » 2343 9 a7 28 5500
10 . % 3343 10 40 27 5504
11 6 38 3248 t1 6 22 5373
12 ° 3 3240 L1 . 21" £305
UNIAXIAL STRESS ¢ 9 « . s UNIAXIAL STRESS : 9 o
1 100 . 3477 1 : 100 R - TAE 5979
2 93 32 Is11- 2 93 P S . 5903
3 % 3 3483 3 86 36 $833
s 20 3¢ 3450 a 80 3 5790
5 - 7 % 3438 s 8 36 5757
6 6? »n 3421 6 67 36 5783
7 61 “ 3389 7 61 . 5633
8 Se “ 3309 8 sS4 41 £550
9 2 » . m 9 7 a5 5558
10 - I 3379 10 @ a5 5570
11 [ 3 42 9 11 6 47 S447
12 ° n 32s2 12 . 62 §326
UNIRXIAL STRESS &+ 19 UNJAXIAL STRESS : 19
1 100 7 503 1 86 . 5979
2 93 32 530 2 86 5934
3 86 3 *»13 3 81 5899
4 3 % 3485 4 I 1 §863
5 ke % 3477 . [ 5 6842
3 €7 » 3458 6 o 44 5790
? [ K. 3435 ? 46 5727
s 54 © 43 3423 s 56 ) 5662
9 «7 " 3423 H P 67 . 5670
10 P <5 3421 10 ‘ 59 ! s67@
11 6 a7 3322 11 . a8 6574
12 [ » 3301 : 12 37 5578
UNIAXIAL STRESS s 28 UNIAXIAL STRESS 1 28
1 100 34 %41 52 5979
2 93 3 354 5 ;;. 71 5956
3 26 2 333 3 86 81 ‘5
; 28 % %52 . se 53 5912
H 7 ” %06 5 = 53 5894
s €7 » 3496 6 &7 e 5850
61 @ 3476 ? 61 a6 5799
4 $4 pod 3465 s S4 a? 5744
- b4 a2 2460 H a7 6 5752
1 bod “ 2468 10 . 74 5752
1 -4 3380 1" 126 5666
b » 0% 12 N 15 - 5602

Tables for figures 7.45 a and b. I
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8. DISCUSSION

In a discussion of this series of experiments it is important to ascer-
tain and discriminate between first-order and secofld-order effects of
+ some physical prvoperty or ehange in physical property. In addition to
the thermal load on the rock and the subsequent increase in the stress
with related effects on cracks, the pore fluid, which in all cases is water,

has a higher coefficient of thermal expansion than that of the rock and
.adds its own effects to the overall system response to heating. The
Stripa granlte typlcal of rocks Wthh are being con31dered as host rock
for nuclear waste repositories, is a low permeablhty rock. The low per-
meability ‘does not allow‘the increasing pore—ﬂuid pressure to dissipate -
by flow when the roek mass is subjected to rapid heating (Figures 4.1a-

4.1d) with 'ﬁhe associated thermal expansion of the rock and the water.

In addition to the initial low permeability the effect of heating is to
fofm a zone with even lower permeability around the heater. Where the
water can be drained from the rock, which is the case laround the
boreholes, the f.rectures close due to thermal vexpansion»of the rock and
the associated_compressive stress throughout the medium. The water
inﬂew ‘data support this hypothesis. These data show a large increase in
water inflow to the holes just after the heater was turned on, as the
Water- was expelled from the fractures adjacent to the boreholes. This
‘fracture closure modeli explains the low Qa values near the heater, a
zone where permeability is decreased due to high compression to levels
where d1531pat10n of the pore water pressure takes a 1onger time than at
greater distances from the heater. Morrow et al. (1981), showed that
the pefrﬁeability of heated granite dropped between 1‘.and 2 orders of

magnitude for both intact specimens and specimens with a through-
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going fracture. The rate of the permeability decrease depended on the
temper.ature with higher rates at higher temperatures. For the 200°C

case the permeability dropped one order of magnituvde over one month.

8.1 Pore Pressure and Thermal Hydroiracturing.

In a recent paper, Palciauskas and Domenico (1982) show'thatiﬁ a
saturated, low-po.rosity rock of low permeability which is sub]ectedto
rapid heating, micro—hydrofraotu'rihg will oceur as a result‘fof;the;
increased pore pressure. In the following section, a model of the
changes in effective stress cailsed by heating will be given. | ”

In the followmg calculatlon it w1ll be assumed that the ﬂUId mass m
the rock around the heater is constant le. the permeablhty is so lowb
that other effects domlnate From F1gures 4. 1a to 4.1d and F1gures 4. 21‘
to 4.23 it is clear that the thermal load increases the temperatures very‘
qulckly around the heater while the water 1nﬂow in the boreholes
changes slowly. "The modal compos1tlon of the gramte was glven m'
Chapter 2: based on the minerals present and their ratios some "e's’t'l-"
mates of the moduli are given in table 8.1. This is based on the treat-
ment proposed by Simmons and Wang (1971). The values giveh 1n table
8.1 are the mean of the calculated a‘}erages.for a'ggregate‘s based on
Voight and Reuss schemes. The values are in all cases 'cal'eulated'_for

room temperature.

The moduli given in table 8.1 are the volume averaged values for the
polycrystalline grains. The value for the plagioclase is for a mineral with

56 % Anorthite.

For any further consideration of the influence of the pore fluids it is

necessary to define the coefficients which are important in the analysis.
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Red Stripa Quartz Monzonite

Mineral Vol. E G 72 K B Ve V;

s (

{%] [Mbar] [Mbar] [Mbar] [Mbar]™! [km/s] [km/s]

Quartz - 37.1 0.957 0.451 0.063 0.364 2.746 4.123 6.035
Plag. 32.0 0.889 0.344 0.295 0.721 1.387 3.570 6.616

Microc. 22.2 0.731 0.287 0.278 0.547 1.828 3.337 6.013
Mu+Chl 8.7 0.788 0.317 0.253 0.522 1.916 3.330 - 5.778

Vol.av. 1600 0.870 0.369 0.202 0.533 1.876 3.703 6.194

Table 8.1

The following coefficients are valid in an undrained saturated case. -

1 1 19Y
L -p, = |22 [8.1]
Ig‘ u Vb do P, T
_ 1 BVb
and
1| dm
= —|— 8.3
am m[ aT o’P [ :l

ﬁhere Vo is .the bulk volume. K1, is the compressibility for an
undrained rock,-a, the expansivity of the bulk volume for different tem-
peratures at constant stress and pressure. a,, is the coefficient which
reflects the change in the fluid mass at constant stress and pressure.
This constant includes the effect on the fluid from both pore and fluid
expansivities. These constants can be expressed in terrhs of the sum of
the weighted eﬁ'eci on the pore and solid fractions of the total volume.

'I'('l;" = Bu = (1—WYupn) Bs + Vun Bp [8.4]
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Ay = (1—Ven) O 'f"wunap . | . o [8.5]

and

am.= Wun(af _ap) - s A [86]
where 8, is the compressibility for the undrained rock, a the expan-
sivity, and the subscripts p,s and f refers Lo the pores, the solid material,
and the porefluid, respectively. ¥,, is the unconnected porosity as
defined in Tables 5.3 and 8.2. This is the porosity used in all calcula-

tions. For all the calculaLions in this report it is assumed that the rock

mass is fully saturated.r |

To calculate the temperature dependence of the pore pressure P,
stress o, strain ¢, and porosity ¥, it is necessary to specify a the follow-
iné isothermal coefficients, foillbwing Palciauskas and Domenico (1982)
and Biot (1941)..

The four coeflicients of interest are ¢, H, R and $. Of the four ¢ is
not indépendént and is deﬁnéd as

1_1_2Z
& R H - 8]

The definition of ¢ is given by Biot (1941) and Nur and’ BYerléé (vli’971),
and is a proportionality constant between the pore and the bulk volume

changes at constant Pand T.
(=1—-—— o ' - [8.8]

where K; is the bulk modulus of the solid polycrystalline material.
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dr

l}f is defined by Biot (1941) as the pore compressibility,-a_nd the
compressibility of the drained rock. With ¢ defined as a proportionality
, ' K _

constant it can be written ¢ = —]‘-;1— and from this we can write

1 -1

1 : B ) v . . . .
| H Ktr —E = ﬁd‘r —fs ™ ﬁp : [89]

as shown by Pa.lciauskas and Domenico (1982).

- The coefficient —;E- is a measure of the change of the water content

for a given change in fluid pressure. Biot (1941) defined % as a measure

of the amount of water which can be forced into a material under'pres—

suré,while the volume of the material is kept constant.

LB V(B B [8.10]
and
1_ — %_ |
L= (6 -80) + Z2E [8.11]

The 8y which is thé fluid compressibility, as an average between ambient

and 80° C, is set to 0.05 kbar !, which is obtained from Figure 4.24.

| Inz'vI'able 8.2 the éoeﬁ'icients uéed in thié section are given with a
brief explanation.and comment.

| ‘The appar_eﬁt po‘rosityvis estimated in Chapter 5 of this report as 0.2
%. This agrees well with a value of 0.3 % for the ‘Stripa granite which is
reported by Nelson et al. (1979). The total porosity is estimated to be
1.5 %, as reported‘ in Table 5.4. The value of 0.9 % porosity reported for

two of the specimens in this paper in Chapter 7 was obtained after the



Coeflicients used for the pore pressure calculations

Variable Description Num.value Unit _Source of data
By compress of fluid 50 Moar—1 Nelson (1982)
fis compress of pores 0.547 Mbar! Bir—Bs
Bs compress of solid 1.878 Moar-1 Table 8.1
ay expansivity of fluid 5%1074 ct . Nelson (1982),
ag expansivity of pores 22x1078 c1 =ay
QA Changes in the fluid 8.21x10°8 c1 Yunlay—ay,)
ag cub thermel exp coeff 22x10-6 c! Myer & Rachiele
Ky bulk mod.(drained) 0.413 Mbar P & K (1980)
B4 compress.(drained) 2.423 Mbar—! P & K (1980)
K bulk mod.poly.crysta. 0.533 Mbar Table 8.1
By, Young's modulus 0.743 Mbar P & K(1980)

at 0,,=14MPa - o R
dry
v Poissons ratio - 0.20 - P.& K (1980)
K constrained 0.828 ‘Mbar =Ky, + %-Gd,
' Jbulkmodulus ] o
B constrained 1.210 Moar—t
compressibility _
Gyr shear modulus 0.310 Mbar - - P&K(1980) !
K, Undrained 0.537 Mbar
By - Undreined’ 1.884 - Mbar™!  (1-Yyun)Bsi+Vunfp
' Prop const. between 0.22 - 1- KI::
pore and bulk vol changes
at constant Pand T
¥ Total porosity 1.5 % Table 5.4
Ve Connected porosity 0.2 % Table 5.4
Yun Unconnected porosity 1.3 % Table 5.4
1 : - BsP
T Undrained 1.05 MWoar~!  y,.(8; —ﬁ,)+—;—;"—
1 i -
i Drained 0.547 Moar1 A
IE Undrained 1.17 Moar! Bp +¥un By —F,)
ép, Constant fluid mass 530 . bars°C ‘=Ray,
L) S )
[%] Constant bulk volume 10.52 bars°C =§(¢ay +a,y,)
m.. ., : :

P&K in this table
refer to Paulsson & King (1980)

Table 8.2

_72
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specimen had(been dried out in a vacuum chamber under a 10 millitorrs
' vacuum for 14 days. The numerical average for the two specimens is
0.93 %. The porosity value, ¥4,, used in this paper, and given in .Table
8.2, fof calculating the heat effect on the effective stress is 1.3 % which
probably is close f.o the true total porosity as that includes the porosity
of larger fractures which Weré not included in the laborat'ory specimen.

3. For an

The density is reported for saturated samples to be 2611 kg / m
axial stress of 14 MPa, Paulsson and King (1981) reported an Young's
modulus of 0.743 Mbars, Poisson’s value of 0.20. Myer and Rachiele
' (1982) reported a cubic thefmal expansion coefficient a, of 22x1078C!

at temperatures of 60°C ahd a confining pressure of 15 MPa. The shear

and the bulk moduli are obtained from the relationships:

- Edr
Ggr = 2(147) [8.12]
and
_ Edr
Kar = 301220 [8.13]

- An equation which describes the changes in the fluid mass content
in a nonisothermal porous medium was given by Biot (1941) as

(m _mo) _

P |
r I —a,y, (T-T,) [8.14]

g
H
where m is the mass of the porefluid per unit volume of the medium. R is

one of Biot's'elastic constants and p, is the density.

Under conditions of constant fluid mass, which appears to be a rea-

sona‘ble‘ assumption after the initial expulsion of water around the
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heater, the constant stress case for the pressure dependence on tem-
perature can be found by setting m—m, to zero in Eq. [8.14] and frém °

this one obtains
(OP/ 0T )pm e = K apy S S [8.15]
For the case of a change in the ﬂuid-mé‘ss coﬁtent; Palciauékaé arici
Domenico (1982) give the following expression )

(m _mo)

A A

Tid e

with ¢ = g— By setting m-m, to zero the following -eXpression is

obtained for the constant bulk volume case

(BP/8T)m s = @ (Cop +0i) [8.17]

The coeflicients O, and ap reflects changes in the fluid mass con-
tent at constant stress and pressure, and the response of the bulk
volume to changes in temperature at constant stress and pressure

respectively. The coeflicients are given b};
O, = Yan (0 —0tp) L - [8.18]
and
o, = (1 —¢un)a5‘.+ wunﬁ,," ‘ [8.19]

where the oy is the fluid expansivity. The value used in these calcula-
tions is 5x1074C™! which is an average value for the range of tempera-
ture to 80°C as seen in Figure 4.24. The pore expansivity a, is assumed

to be the equal to the polycrystalline expansivity as. In Table 8.3 the
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cubic thermal expansion coefficients for polycrystalline materials are

given (after Walsh, 1973) where it is shown that o ™ ay.

Cubic thermal expansion coefficient
oy Ks xy
(Theoretical) (Vol. averaged) (Experimental)
[107%C 1] [1072C™1] [107%C™!]
Ala0Og -14.9 14.9 15.6
RO, 23.9 . 23.6 23.5
CaCOj 11.0 13.8 24+12
Si0. 32.7 ‘ 334 - 36.5

Table 8.3

| i?‘o'r field situations there are both volume and stress changes when

a thermal load is applied. Therefore, the displacement field and ‘the

stress distribution should be derived from the siress equilibrium equa-

tién as described .by Palciauskas and Domenico (1982). For computa-

tions this equation is expressed in terms of displacements, fluid pressure
and temperature through an equation given by Nadai (1963) as

€= K‘;# % + oy (T -T) | [8.20]

Wh'ere £ is the‘ volﬁmetric straih, o the mean stress, ay ié the coeﬁ'icient
of cubical thermal expansion. K is the bulk modulus defined as
Ed,/S(l—Zu). If the temperature distribution around a heater is
described as T(x,y,x,t) whichs tends to a constant 7, at infinite distance.

For a deformation where the curl of the displacement field is equal to
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zero, the volume dilatation due to the thermal stress can be shown to be

(Landau and Lifshitz, 1959),
o= (K+ 5@ ¢A + KT [8.21]

where P; and T; are tﬁe increase of the- pressure and temperature over
ambient, | ‘. H

The first part of the last equation is the definition of 8, Which is the
confined compressibility. For an un&rained case, P is determined by Eq.

[8.16] by setting m=m, giving

+

| 8;: -—[(% Nab + aTm-]T S [8.22]

'Now it is possible to derive the excess pressure P, the volume dilata-
tion ¢ and the hydrostatic changes in the ambient stress, as a function
~of temperature and the parameters of the medium. Combining the last

two equations gives

K ¢® + S0 K, — Koy P

P _ 8.23
T (€% + K;) o
and rearranging |
P Kdant afn) — Karap¢® [8.24]
T P+ K)

and now add and subtract Kj ®(ay¢+a,) to Eq. [8.24] and from Eq.

[8.17] we obtain

[ Kc —Kdr

P _ 1 B "har || 0P
T | e+ K,

ol X omEard ' [8.25]

m,g
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and using Eq.[8.7] to obtain the expression for R

" R=-o—2 [8.26]

and rearranging the second term in [8.28]

_gm Kdr ¢

e [8.27]

and multiply and divide with Eq. [8.26] which gives -

O Ry, (H + ¢9)

H(2 + Kar) 16.28)

v _ %
and dividing with H and from earlier ¢ = % to obtain

Ra,, (K+&%)

8.29
tzq) + Kd‘r [ ]

and from Eq. [8.15] the expression for Fa,, is given and combining the

second term with [8.25] yields

P - I.(qjcz + Kd'r)
aT [ (8¢ + K;)

[ 6P] K Kd‘r)

opP
forlE], oo

oT

The temperature change also alters the bulk volume of the medium

which is given by;’

de | f'(<—3<§ + Ky )

AT | ¢d(¢%d + K,)

: S |
Xl[g—}Ti]ﬁ.s _ {%?LJ [8.30]

and then the change in the hydrostatic stress for this model is described
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by,

3

S

2 = (K — Ky )X(SE [8.31]

The result of applying the Stripa data to these equations is given in

Table 8.4

Volume dilatation, Fluid Pressure and Hydrostatic stress
per unit Temperature for the Stripa quartz monzonite
de -50 ~—1 - -5
T’ 107°°C , 1.312x10
apr o -1
-, 7.77
T bars°C
da ) ‘0 _1' . . '
—_— -54
3T bars°C 5.42

dﬂ'aff . o 1

—_— - 4
ar bars®°C 2

where 1000 bars = 100 MPa

- Table 8.4

From Table 8.4 it ié clear thét the pore pressure P increases faster
than the compressive stress ¢ with temperature. The effective stress
defined 'as the confining stress minus the vpore’ pressure decrea,se with
2.4°C~! bars when the temperature is increased. The measured pore
pressure in a borehole in the fioor of the extensometer drift is 7.5 bars
(Birgersson and Neretnieks, 1982) from which the large effect of the

temperature is easily realized.

13
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The minimum stress has been measured as approximately 45 bars,

‘Doe ef al. (1981). The pore pressure is reported as approximately 10

' bars in boreholes in an adjacent drift, Nelson and Wilson (1980). If the

pore pressure had followed the hydrostatic gradient the p'o're-vpressure
would have been 35 bars but Gale et al. (1982) report that the "hydraulic

gradient is lower than the hydrostatio pressure line. The mine acts as a

‘hydraulic sink and causes the pore pressure to decrease in the mine

su"rroundirigs This would yield a minimum effective stress of '35 bars.
Doe (1981) also reports the 1ntermed1ate stress as 77 bars and the max-
imum prmc1pa1 stress from the extensometer-fullscale drifts as between
199 and 241 bars. The effective intermediate stress is then 67 bars and

the eﬁective 'maximurn stress is between '189. and 231 bars.

The tens1le strength of the Stripa granite is reported by Swan (1978)
as 150 bars Assum_mg that the effective stress is decreasmg at a rate of
2 4 bars C"1 as shown in Table 8.4, a temperature of approx1mate1y 770C
would be requlred to hydrofracture the rock assumlng that a pore pres-

sure of 150 + 35 bars had to created. The pore pressure gradient as-

' func_tion of temperature is shown in Figure 8.1 where also the principal

‘ stresses, after Doe et a.lv.v (1981), are shown together with the tensile

strength. -In a recent experiment the pore pressure was measured in a
vertical borehole drilled from the extensometer drift, shown in Figure
1.7. A pore pressure of 7.3 bars was measured 11 m below the floor of
the drift (Bvirg:ersson and Neretnieks, 1982). The inflow of the borehole
was observed to be’ 168 ml/day. The inflow reported is similar to what
Was found in the M9 borehole in the full-scale drift. If this pore pressure
had been ‘used instead of 10 bars the 'temperature for thermal

hydrofracturing had been raised only with 1°C.
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8.2 Behavior of the rock mass inferred from the V;, and @,.

Both the Velocity data, which are presented in Chapter 5, .and the
attenuation data, which are presented in Chapter 6, show major changes
throughout the experiment. There is however, a difference . in the
response times to various stimuli between the velocities: and the
attenuation of compressional waves recorded in the monitoring lines in
the heater midplane. The reason for this must be the different svensi—
tivity of these parameters to different physical processes. ,1There are: two .
dominant processes which continue during the length of the experiment.
The first is the heating of the rock mass; the second is the dewatering ot
the rock.mass by the 22 diamond-drilled boreholes. While 95 % of the
ultimate temperature increase 0.20 m from the heater was reached 62
days after turn-on of the heater the dewaterlng process extended'
‘throughout the entlre experlment and the rate of Water extractlon was
in most boreholes falrly constant throughout the experlment The two
measured quantities, the P-wave velomty, _V , and the attenuatlon of P-
waves, Qa, are both sensmve to changes 1nstress and saturation. The
"compressional wave velocities are very sensitive _to c_hang_es in stress in
the region 0-200 bars.‘ In this interval the fractures are in the process
of closing. The attenuation Qq is more sensitive to the ﬁnal process of

fracture closure when.the surfaces are in physical contact.

Velocity and attenuation changes in the heater midplane.

The seismic signa'ls recorded have trave_led several meters, and have
thus traversed regions having different states of stress and saturation.
The velocity and the attenuation must then be average values over the

distances traveled. To obtain the mean temperature over the
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monitoring lines as a function of time, the radial temperature function
has been projected on the four monitor lines shown in Figure 3.1 at 100
equally spaced points on a line connelcting the boreholes to.obtain the
mean temperatures for all the days When seismic data were gathered In
this Way the V, Q¢Jl and the temperature are mean values over the same
space. Change in the mean temperature over the four lines with time is
shown in Flgure 8.2 and the data are also tabulated in Appendlx C:1. The
highest mean temperature was found over line M8-M6, followed by M?-MQ
" and M7-M6. Th'e7 lowest mean temperature of 38°C, at day 398 after the
' turn'.on of the H9 hea‘ter, was found over the line M8-M9. The highest
recorded temperature increase in this line is 35°C, which is only 35 % of
the high"esttemperature inorease in the line M'8-M6.A The sharp increase
of"'the'v'a”v‘er*age terriperature after heater turn-on should be noted. For
three of the four lines, 95 % of the total mean temperature increase was
reached after 80 days of heating. The time constants for the cooling
" curves are approXimately the same as for heating I6r all the four lines.

Thermal expansion caused hy the heating increases the compressive
‘stress. "11'1 the absence of pore fluids the'reSponse would simply be that
“the existing fractures close and and as a result, the compressional and
f"transversal velocities would increase. The attenuation would also
“decreéase (ie. increase in Q), which is shown in a fiumber of laboratory
inv"estigations on dry rock.

As practlcally all rock is saturated to some degree at depths Whlc,h
are under cons1deratlon for the storage of h1gh 1eve1 nuclear Waste the
presence of pore ﬂulds must be con51dered The Water table in the area
ts approx1mately 10 m below the surface 1eve1 around the Strlpa mine.

This means that the rock in the test area was fully saturated at the
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beginning of the heater experiment and before dewatering of the rock

mass around the heaters.

The Vg for the monitor lines, as shown 1n Figure 5.1 have a regular
behavior with temperaturre. The V, increase 5-10 % from the ambient
levels, depending on the direction of transnﬁssion. Thé IQ' deCrease
upon turn off of the heater. For at leaét one line, M7-M9, }th‘be' po'st—
heating values are clearly lower than the values observed prior to the
experiment. | | |

The variation of @, calculated over the four heater krinid-plane. mon1—
tor lines is less regular than that for the velocities. This can, howevéml;,
be éxplained first by an increase of the pore pressufe to the péint‘ Whe_re
the tensile strength of the rock or an adjacent fractureii.s reached, ahd
subsequently by a decrease in the pore ﬂuid pressure as it expands inf.o
the newly created pore space. In.the first case there is a deéreése 1n

effective stress and in the second an increase.

| In Chapter 5 it was concluded that the P-wave velocity as f_uncﬁqn__c_af
the temperature was well approximated with a linear function of some
slope which depended on the direction of the cross section. The func-
tion obtained in chapter 5 was from data gathered ét a pérticular day
(398) thus eliminating changes in other parameters suéh és saturation
or pore pressure. The P-wave velocity and'P—wa%le attenuation data
presented in this section are from a period extending 700 days and are
therefore also affected by other processes occurring during this time. In
Figure 8.3a the P-wave velocities in‘ line M7-M6 for a period spanning
from 44 days before thev heater wzis t:urned on to 403 'days after the 3.6
kW heater was turned off after 398 days of‘ operation. The P-wave veloci-

ties increase with increasing temperature. When the heater was turned
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oﬁv the .velocityfat first decreased and then showed an increasle, particu-
larly after the de'watering ‘of the rock mass was terminated. The Q-
values for the M7-M86 line in Figure 8 3b show no linear correlation with
temperature The Qq values stay constant until the maximum mean
temperature is reached, and then over the .m'ain_ part of the experlment,_
when the mean temperature changes very little, increase by 8 units from
an initial value of '13. When the heater is turned of the &, values stay
constant at this higher level and do not go back to the original value

~ until 151 days after the dewatering of the rock mass is terminated.

In line M8-M9 the difference between the.behavior between the P-
wave velocities and the attenuation of P-waves is even. more apparent, as
shown in Figure 8.4. In this figure the effect of terminating the dewater-
ing on the P-wave velocities 'and: the attenuation is especially‘apparent.
‘After the initial increase of the've'locities in this line,hthere is a leveling
off and even a decrease of V, as the temperature is increasing. This
might he dvue: to the bu11d up 'of the pore pressure in this area due to the
heatlng The mcreased pore pressure would decrease the eﬁ'ectwe
stress The temperature 1ncrease is less rapid 1n this line due to the dis-
tance form the heater and it is therefore not surpr1s1ng that other
_processes play relatively larger roles At the turn oﬁ of the heater, the
decrease of the mean temperature in th1s hne as seen in Figure 8. 2 is
more»rap1d' than the corresponding 1ncre_ase at turn on. The slope down
from a high te'mperature —‘.high.velocityv state is :her_e very 1inear with a
slope similar:to the initial temperature—uelocit}r iunction. after HO heater
turn on. Incidentally, the slope for the temporal variation of velocity
with temperature in line M8-M9 is very similar to the spatial variation of

velocity with temperature in cross section M7-M8, as seen in Figure
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5. 15a The two lines M8-MS and M7-M6 are parallel as seen in Figure 5.6.
This observatlon tends to confirm the hypothes1s that the veloc1ty gra-
dient with increasing temperature is a function of direction The linear
part of the temperature velocity plot represents 100 days of data after
the turn off of the heater Finally during the following 200 days the velo-
city values return to values similar to the initial. To sum up the events

in this line:

1. V, increases linearly with temperature
immediately after turn on.

2. Vp levels off and decreases because of an
increase in o, due to retarded flow.

3. Vp decreases as the mean temperature decreases
4.. v

» increases as fractures are closing

due to a decrease in the pore pressure.

Using the.Vp value at day 501, when the yelocitieshave decreased
after cool down but be_fore they haveincrea’sed. dne to fracture clo'snre,
along with a second value at day 7‘11 the change in the porosity can he
.calculated. In table D:1.2 in Appendix D:1, the two .:'..P-wave velocity
values, 5809 m/s and 5855 m/s can be used with the equations giyen in
Chapter 5 to calculate the poros1ty change due to terrrunatlon of the
dewatermg Subtractmg the first por051ty from the second one finds the
change in the part of the path which is water to be 11.6_n1m. In Jaeger
and Cook (1979) a relationship between length and width of a very flat
crack under plane stress, modeled by an elliptical semicylinder is given

by
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where v isvthe semi minor-axis and c the semi major-axis, o is the stress
change and E the polycrystallin Youngs modulus in Table 8.1. The linear

Equation [8.32] make it possible to form

2% - ?E‘L [8.33]
and
n
;’Ui- 2 .
— RO :
- = . , . [8.34]

and.i'den‘tif:yihg' Yv; = 11.6 mm as the total closure of the ffa_&:turésfin
the path. By using the pore pressure increase of 87 bars for an increase
in the temperature of 28°C, given in Figure 8.1, and the Young's modulus
of QO:.BV'?'(‘)'a Mbarfrom Taiblev 8‘.1, c is fouvnrdvtclJ‘be 38 m. This is the total
length of the fractures effected by the pore pressure c.hange between
boreholes M8 and M9. The average aspect ratio using the total fracture
width over the total fracture length is found to be 1.5%107%. This is a
value similar to what is r'epor"ced for a Westerly granite by Cheng and

Toksoz (1979).

In Figure 8.5 the data are presented for the line M8-M6 and the
correspohdingf déta from line M7-M9 are shown in'Figure 8.6. In these
two lines, which are 75° apart as seen in Figﬁre 4.20, the magnitudbes of
the velocity cliange in response to temperature are very different. For
both M8-M6 and M7-M9 the velocity-temperature relationships are very
close to those found for the spatial case, shown in Figure 5.17a and b. In

both Figures 8.5 and 8.6 it is apparent that the process discussed for
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line _ME-MQ is influencing the da'ta. The attenuation also.changes in
these two lines but, as previously discussed for M7-M6 and M8-M9, th.e;i"e
is an increase of @, only‘ after the temperaiﬁres have appfo'achea‘their
final values. For M8-M6 the @, values stay con"sté‘n{-as the f;émﬁéra'f,‘ur"e
decreases from a mean value of 85°C, at day 398 after heater turn-on,
back to the ambient level of approximately 10°C. For M7-M9 the @,
values are constant as the meah temperature increases, then follow the
common pattern of increasé while the temperature is at the maximgm
levél. After the heater was t_urﬁed off however, the Q-values in this line
decreased. The final decrease, as also seen in some other lines, brings
the final Q value to a level lower thai} fhat recorded prior to the heater
experiment. This suggests that at a mcii‘isténce of 0.2 m from the heater
_bo_rehol,e wall _substan_tigl__dgmgge of the__rock 1s occurring.due to heat-

ing.

‘ Permaneéf. velocif.y aqdllgit.tfenﬁé_tion _changés in s1x Ygrﬁcal_c;pss section
near theheater. |

A temperature of 77°C should_. increase the pore pressure
sufficiently to hydrofracture the__;intactAS,trivpa_ rock, assuming a,con_stjant
fluid mass. This temperature is r-ea'ched in four eross-sections; M7-M6,
M7-M8, M8-M6 and M7-M9, as can be seen in Figures 4.3, 44, 4.7 and 4.8.
Over all of thes_“erse.c’gionsf which had temperatures in excess of 75°C,
lower velo_citi_es Were‘_‘revycc;rdedv post_—heat_ing compared_ to _th,o_se meas-
ured pﬁor the heater experiment. R

Damage to rock lying outside the 75°C.isotherm, however, is also
indicated .by the lower velocities measured in cross section :M8-M9, as

seen in Figure 5.9. A plausible explanation is the low tensile strength of
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the rock due to the presence of calcite fractures which are seen in the
rock mass adjacent to the H9 heater. If the effective stress is 35 bars
prior to the heater experiment, an effective stress decrease of 2.4
bars®C~! will reduce to zero the effective stress at an temperature
- increase of approximately 15°C. Such a.temperature increase occurs
- within a radial distancel from the H9 heater of 3.5 m. With low tensile
strength calcite fractures fracturing could occur at larger temperature
increases than 15°C. The1r are no experlments reported which 1nvest1—
gate the tensile strength of the fractures in the Stripa pluton. There
~are, however, fractures in the drift area which are open and thus should
have a very low tensile strength derived from .only the bridges which
connect the fracture surfaces. Other fractures such as the ep1dote frac-
tures encountered probably have a tensﬂe strength approachmg the
__unfractured rock The system of dlﬁ'erent fractures between the M-
boreholesvcan be seen in Figures 2.5-2.10. A more thorough analys1s of
the fracture system in the full scale drift is orovided by Paulsson et al.
(1982).

-The @4 values for M7-M9, as seen.in Figure 6.11, show a tow @4 zone
at the heater level. This low @, zone was not found in the.data taken
prior to the heater experiment. The temperatures reached 130°C over
part ofv this section, a level Whtch is higher than that attained in any
other section. . |

Comparing plots of the 80°C isotherms for the M8-M6 and the M7-M8
cross sections (Figures 4.7 and 4.8) it is aoparent that the area c-overed

- by this isotherm is larger in the latter case. This is a likely reason for
-, the larger interval over vtrhich the P-wave velocities Were depressed in

the final survey, which showed lower P-wave velocities post-heating
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compared with pre-heating. The velocity anomalies are alsc skewed
3 upwards from the heater midplane and a similar shape is found 1n the
velocity difference plot between the first and last surveys. The cnly‘zone
with lower @, values post-heating compared with.pre-'heat_ing.is alcross
the heater in the cross section M7-M9. This section is .cnly 0.20 m from
| the heater, while the M8-M6 section is 0.30: m from it; Thisindiﬁcatesthat
the damaged zone from heating.extends at least 02.20 m but not as Amuch
as 0.30 m from the heater. These va and @, data alsok give an indication
of the different sens1t1v1ty of the two quant1t1es Vo is sensltive to a
widening of existing fractures resultmg in a larger fract1on of the path
which is water. The Qa values are sensitive to an 1ncreased number of
fractures as seen in cross sectlon M'? M9 at the level of the heater (Fig-
ure 6. 11) This is also d1scussed in Chapter ’? The Qa Values are not oth-
erwise sens1t1ve to relatlvely small changes in aperture of already exist-
ing fractures. The Qa Value is sens1t1ve of an 1ncrease of touchmg asper-

¢

ities as this seems to be decreasmg the attenuatlon s1gn1ﬁcantly

8.3 Velocity and attenuation as functions of fracture width.

An experlment was conducted to 1nvest1gate the eﬁ'ectvof a water
filled fracture on P- and S -wave veloc1t1es and P-wave attenuat1on One
of the specimens used in the work presented in Chapter 7 was fractured
into two parts usinga tho ‘thin stainless steel rods and a laboratory
press applying the rods perpendicular to-the axis of the ccre so the frac-
ture would be parallelfto the end surfaces of the ccre. A bicycle inner
tube was then slipped over the two core halves Wlth the valve of the
inner tube across the fracture. By applying tap water at a pressure of

3.4 bars the two halves were separated as much as 5 mm when the plates
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on the labératory press were separated from each other. This was first
done with the tensile fracture in a rough state with all the asperities
intact to simulate the closure of é natural fracture. To complete the
in‘)estigation, the rough érid surfaces were also ground smooth and
parallel to within 0.001 mm and the specimen was tested with the same
procédure as above. The P- and S-wave velocities from the specimen
with rough fracture surfaces are shown in Figure 8.7. From this figure it
can be seen that both thé P-wave and S-wave velocities ére linear func-

tions of the width of é macroscopic fracture. In Figure 8.8a the P-

lwaveforms from the test of the specimen with rough fracture surfaces

~are shown and in Figure 8.8b the P-waveforms from the specimen with

smooth end surfaces are shown. The only apparent difference is the

' shorter travel-time for the specimen with smooth fracture surfaces as

the grounding of the ends shorten the specimen. In Figure 8.9a and b

"the' truncated P-waveforms are shown. In Figures 8.10a and b the P-

wave amplitude spectra are shown and finally, in Figuré 8.11a and b, the
computed @, values are given. The @, values increase slowly as the frac-
ture gap is decreasing from 5 to 1 mun. The "dip” in the curve is a reso-

nance phenomenon. For the application of these laboratory data on the

field results this "dip" is not important because the wavelength for the

field experiment was 20 times the wavelength in the laboratory. The
resonance is caused by the wavelength/fracture width ratio. For the
same thing to happen for the field data the fracture have to be approxi-
mately 10 mm thick and ﬁlléd with water. 'Such fractures do not exist in

the area where the H9 experiment is conducted.

The sharp increase of @, when the fracture close from 0.5 mm to O

is of interest. This increase apparently occurs when the asperities come
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into contact.

8.4 Summary

In this chapter it was shown that for a constant fluid case the pore
pressure in the Stripa granite increases with temperature . at
2.4bars°C™!. Hydrofracturing would occur at 77°C for the intact rock

and at much lower temperatures in existing fractures.

From the monitor data a linear relationship between tefﬁpérature
and velocity was found. The gradient was dependent on the direction of
the line with the smallest gradient in the inferred ambient Omax direc-

tion.

There is no linear correlation between the temperature and the
attenuation of the cross-hole signals. Q values increase after the max-
imum temperature has been. reached, indicating that the long term
effect of fracture closure due.to decreasing poi‘e pressure affecis
attenuatién by a gradual increase in asperity contact as the fractures

close.

The mam result from the survéy‘ data is that V, is sensitive to the
fraction (;f water i’n. the path and therefbre is sensitive to opéning of
existing 6r new fractures. @, is not vefy sensitive to opening of existing
fractures but correlates well with creation of additional fractures and
also correlate well with an inferred increase in the contact area of frac-

ture surfaces.
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Fig. 8.1 Pore pressure increase with temperature for the Stripa quartz monzonite under a constant
fluid mass situation. Also shown are the principal stresses and the tensile strength of the Stripa
rock.
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